Antibes Juan-Les-Pins Conference Centre, France
18-19 September 2018

39th AIVC Conference
7th TightVent Conference
5th venticool Conference

Smart Ventilation for buildings

PROCEEDINGS
In cooperation with:

Acknowledgments
The conference organisers gratefully acknowledge the support from:

AIVC with its member countries : Australia, Belgium, China, Denmark, France, Italy,
Japan, the Netherlands, New Zealand, Norway, Republic of Korea, Spain, Sweden, UK and
USA.
Since 1980, the annual AIVC conferences have been the meeting point for presenting and
discussing major developments and results regarding infiltration and ventilation in buildings.
AIVC contributes to the programme development, selection of speakers and dissemination of
the results. pdf files of the papers of older conferences can be found in AIRBASE. See
www.aivc.org.

TightVent Europe
The TightVent Europe ‘Building and Ductwork Airtightness Platform’ (http://tightvent.eu/)
was launched in January 2011.
It aims at facilitating exchanges and progress on building and ductwork airtightness issues,
including the production and dissemination of policy oriented reference documents and the
organization of conferences, workshops, webinars, etc.
TightVent Europe has been initiated by INIVE EEIG (International Network for Information
on Ventilation and Energy Performance) with at present the financial and/or technical support
of the following partners: Lindab, MEZ-TECHNIK, Retrotec, BlowerDoor GmbH, Eurima,
Soudal, Gonal, SIGA, Buildings Performance Institute Europe and the Covenant of Mayors
for Climate & Energy.

venticool
The international ventilative cooling platform, venticool (venticool.eu) was launched in
October 2012 to accelerate the uptake of ventilative cooling by raising awareness, sharing
experience and steering research and development efforts in the field of ventilative cooling.
The platform supports better guidance for the appropriate implementation of ventilative
cooling strategies as well as adequate credit for such strategies in building regulations. The
platform philosophy is pull resources together and to avoid duplicating efforts to maximize
the impact of existing and new initiatives. venticool collaborates with organizations with
significant experience and/or well identified in the field of ventilation and thermal comfort
like AIVC (www.aivc.org) and REHVA (www.rehva.eu). venticool has been initiated by
INIVE EEIG (International Network for Information on Ventilation and Energy Performance)
with the financial and/or technical support of the following partners: Agoria‐ NAVENTA,
Velux, ES-SO, Wienerberger, WindowMaster, CIBSE nvg, the Covenant of Mayors for
Climate & Energy and REHVA.
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CETIAT
CETIAT (Centre Technique des Industries Aérauliques et Thermiques) is the French technical
centre for the heating, ventilation and air conditioning industries. It was set up in 1960 to
serve manufacturers of HVAC systems, i.e. 360 companies manufacturing ventilation
systems, ducts, air diffusers, fans, air filters, heat exchangers, heat pumps, etc. CETIAT runs
co-operative research for its members, linked to energy and environmental issues, indoor
environment quality, and integration and controls of systems. This research is often operated
in partnership with other organisations, at national and international level. CETIAT has also
an activity of independent testing and research centre, performing tests, calibrations,
consultancy and training, based on four main skills: fluid mechanics, thermal science,
acoustics, metrology. CETIAT is involved in several European and international
standardisation groups. A substantial part of its activity is to disseminate information.

ADEME
The French environment and energy management agency (ADEME) is active in the
implementation of public policy in the areas of the environment, energy and sustainable
development. The Agency provides expertise and advisory services to businesses, local
authorities and communities, government bodies and the public at large, to enable them to
establish and consolidate their environmental action. As part of this work ADEME helps
finance projects, from research to implementation, in the areas of waste management, soil
conservation, energy efficiency and renewable energy, raw materials savings, air quality,
noise abatement, circular energy transition and food wastage abatement. ADEME is a public
agency under the joint authority of the Ministry for an Ecological and Solidary Transition and
the Ministry for Higher Education, Research and Innovation.

INIVE EEIG (International Network for Information on
Ventilation and Energy performance)
INIVE was founded in 2001. INIVE is a registered European Economic Interest Grouping
(EEIG), whereby from a legal viewpoint its full members act together as a single organisation
and bring together the best available knowledge from its member organisations. The present
full members are all leading organisations in the building sector, with expertise in building
technology, human sciences and dissemination/publishing of information. They also actively
conduct research in this field - the development of new knowledge will always be important
for INIVE members.
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INIVE has multiple aims, including the collection and efficient storage of relevant
information, providing guidance and identifying major trends, developing intelligent systems
to provide the world of construction with useful knowledge in the area of energy efficiency,
indoor climate and ventilation. Building energy-performance regulations are another major
area of interest for the INIVE members, especially the implementation of the European
Energy Performance of Buildings Directive.
With respect to the dissemination of information, INIVE EEIG aims for the widest possible
distribution of information.
The following organisations are members of INIVE EEIG (www.inive.org):
BBRI - Belgian Building Research Institute - Belgium
CETIAT - Centre Technique des Industries Aérauliques et Thermiques - France
CSTB - Centre Scientifique et Technique du Bâtiment - France
IBP - Fraunhofer Institute for Building Physics - Germany
SINTEF - SINTEF Building and Infrastructure - Norway
NKUA - National & Kapodistrian University of Athens - Greece
TNO - TNO Built Environment and Geosciences, business unit Building and Construction Netherlands
The following organisations are associated members.
eERG - End-use Efficiency Research Group, Politecnico di Milano, Italy
TMT US - Grupo Termotecnia, Universidad de Sevilla, Spain

IEQ-GA (Indoor Environmental Quality – Global Alliance)
The Indoor Environmental Quality – Global Alliance (IEQ-GA) was started by six (6)
member organizations in 2014 with the signing of a Memorandum of Understanding (MOU).
The member organizations include: AIHA; AIVC; ASHRAE; AWMA; IAQA; REHVA. In
2018, IISHRAE joined as the seventh member organization. The mission of IEQ-GA is to
provide a scientific and technical basis for an acceptable indoor environmental quality
(thermal environment; indoor air quality; lighting; acoustic; etc.) to occupants in buildings
and places of work around the world, and to make sure the knowledge from research on IEQ
is implemented in practice by engineers and practitioners.
The objective of the IEQ-GA is to get the member organizations to think together, work
together and speak with the same voice. Our emphasis is on communications, coordination,
cooperation and collaboration between the member organizations on indoor environmental
quality issues. The alliance is formed as an interdisciplinary, international working group of
member organizations interested in indoor air quality, thermal comfort, lighting and acoustic
science, technology, and applications to stimulate activities that will help in a significant way
to improve the actual delivered indoor environmental quality in buildings.
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Will the “smart” movement lead to an improved indoor
environmental quality?
Bjarne W. Olesen
International Centre for Indoor Environment and Energy
Technical University of Denmark
Nils Koppels Alle b402
DK-2800 Lyngby, Denmark

SUMMARY
The present talk will present some of the initiatives from ASHRAE regarding “smart” in general and then focus
on indoor environmental activities related to “smart” ventilation. The ASHRAE society theme for 2018/19 is
“Building Our New Energy Future”. In the future, our buildings will be interconnected through a “Smart Grid” in
general the electricity grid.

KEYWORDS
Smart grid, indoor environment,

1

THE “SMART” MOVEMENT

Today” smart” has become a buzz word like Smart-cities, Smart-grid, Smart-buildings,
Smart-ventilation. Buildings are connected by the electrical grid. Increasing amount of
electrical energy will in the future come from natural energy sources like sun, wind and hydro
and be intermittent. Buildings are the electricity sectors number one costumer. Therefore, to
optimize the energy use the grid and building must be connected in a “smart” way. Besides
we will in many cases have electricity flowing in both directions. In many countries, the
electricity is not the only grid. Buildings also get tap water from a “grid”. Many places
buildings get hot/cold water from district heating and/or cooling “grids”. In this way the grids,
the buildings and the occupants are interconnected and will influence the optimal use of
energy. This has initiated an initiative in both the EU-commission and US-Green Building
Council (USGBC) to describe a “smart readiness building”. The supply of fresh air is then the
only important resource for the occupants, that is not delivered through a “grid”. Could that
change in the future?
2

WELL BEING INDOOR

It is important that the focus on “smart grid” and “smart buildings” do not impair the indoor
environmental quality. To focus on this ASHRAE has formed a multiple task group, mtg:
“Health and Wellness in the Built Environment”. The scope is to get an overall evaluation of
ASHRAE’s activities related to this topic. ASHRAE has numerous standards and guidelines
dealing with the indoor environment and especially the required ventilation in buildings. A
new certification scheme for wellbeing in buildings, called the “WELL BEING Standard” is
gaining interest around the world. The talk will evaluate how International standards and the
“WELL BEING standard” relate to each other and how they comply with the AIVC definition
of “Smart Ventilation”
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Advances in European residential ventilation systems in
Nearly Zero Energy Buildings
Jarek Kurnitski
Tallinn University of Technology,
Ehitajate tee 5, 19086 Tallinn, Estonia
Aalto University
Rakentajanaukio 4, 02150 Espoo, Finland
Federation of European Heating, Ventilation and Air Conditioning Associations REHVA
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SUMMARY
Energy performance of buildings has been continuously and systematically improved in Europe with next step of
transition to nearly zero energy buildings (NZEB) in 2019-2021. Well insulated and airtight NZEB provide
challenges or opportunities – depending on point of view – for ventilation systems. Heat recovery ventilation may
be expected to be major ventilation solution because in Continental and Nordic climates, it is simply impossible
to build nearly zero energy buildings without heat recovery. In warmer climates, co-benefits of heat recovery
ventilation units as filtration of pollen and carcinogenic particulate matter (IARC 2014) as well as sound insulation
make it very strong alternative to conventional airing solutions, however this existing evidence is not yet widely
accepted and understood (JRC 2016). The role of ventilation is twofold, in addition to energy saving contribution
the main task of ventilation is to provide fresh air so that indoor air quality (IAQ) and thermal comfort are ensured.
In well insulated and airtight buildings, the importance of controlled ventilation is stressed, because air infiltration
through building envelope is practically missing and opening of windows during heating season will waste a big
amount of energy. In addition to supplying proper air flow rates, balanced operation and compensation of cooker
hood, fireplace or central vacuum cleaner have new meaning in airtight buildings, that can be called as a security
issue: if not properly designed for instance children are not able to open doors because of high pressure differences.
Wider application of heat recovery ventilation brings attention to knowledge and regulatory gaps which call for
research and other actions. In EU level there have currently been no binding ventilation and IEQ requirements.
From a regulatory point of view these remain under the competencies and responsibilities of the EU Member
States, but the situation is changing. In the recent review process of Energy Performance of Buildings Directive
(EPBD), the assessment of the implementation status of the EPBD by the EU MS in terms of ventilation and indoor
air quality criteria was conducted by European Commission Joint Research Center (JRC 2016). This assessment
confirmed that there still exist MS without binding ventilation requirements and many inadequate ventilation
problems have been reported especially from renovations, where insulation, improvement of air tightness and
replacement of windows has often stopped air change because adequate ventilation systems have not been
installed. On the other hand, the scientific literature review done by JRC (2016) provided new evidence that
mechanical heat recovery ventilation systems have led to an overall improvement of the IAQ and reduction of
reported comfort and health related problems if properly designed and operated. This reveals that highly
performing and healthy buildings do exist in EU and have improved occupant comfort and satisfaction. Revised
EPBD stresses the importance of ventilation by requiring adequate ventilation in order to optimise health, IAQ
and comfort levels defined by MS, which provides clear mandate to MS to establish minimum ventilation
requirements for new buildings and major renovations to implement the directive.
In many technical questions there is no consensus in national regulations of EU Member States (MS). This applies
for instance for air flow rates, i.e. how much ventilation is needed, restrictions of the use of some heat exchangers
types, connection of cooker hoods to ventilation system and placement of exhaust air devices. While European
standards are well detailed in these aspects for non-residential ventilation, there is very limited information
available for residential ventilation systems. Recent European Guidebook (REHVA GB No 25) have made an
attempt to collect evidence based best practice technical solutions and design principles for residential ventilation.
Still huge research need remains, experience of the use of advanced ventilation systems is needed for further
development of components, system solutions, control and operation strategies as well as proper sizing.
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Selection of air flow rates in dwellings has recently been updated in European and ISO standards (EN 15251, prEN
16798-1, ISO 17772-1:2017). However, the use of these standards in the sizing of air flow rates is not
straightforward, because standards provide airflows in several indoor climate categories and supply air flow rates
are given in L/s per person, while the number of occupants is typically not known information in the design.
REHVA GB No 25 has made a step forward by developing a room-based airflow rate selection procedure
providing L/s per room values for different type or size of rooms, which are calculated with default occupant
density range and indoor climate category II assumptions. While this guidebook recommends continuous operation
of residential ventilation as a robust and reliable solution where are many technical solutions available for demandcontrolled ventilation. Recent research has revealed that demand-controlled ventilation should be controlled in
addition to bioeffluents and humidity generation also by other emission sources (VOC etc.) which do exist all the
time. When these sources are taken into account much longer ventilation operation is needed compared to simple
CO2 control. Walker and Brennan (2008) have shown that instead of 40% energy saving only the saving in between
0-8% can be achieved depending on occupancy pattern and climate.
Air flow selection can be seen as an important, but only the first step in ventilation system configuration selection
and system sizing. General principle of source control first, means that wet rooms are to be equipped with extracts
and kitchens with cooker hoods. Supply air to living rooms and bedrooms has to be transferred and removed by
these extracts. If conventional cooker hoods with their own exhaust fans are used, very high negative pressures up
to 200 Pa may be generated in airtight apartments. To avoid this, cooker hoods need to be compensated in order
to ensure balanced operation. This can be done by connecting cooker hood to ventilation unit, in the case plate
heat exchanger the airflow from cooker hood will go through heat exchanger, but rotary heat exchangers are to be
bypassed to avoid carry over of contaminants and to keep wheels clean. Best practice solutions how to boost
ventilation during cooker hood operation are reported in REHVA GB No 25. This guidebook has also made an
attempt to solve a complicated issue of noise calculation. Simple diagrams developed inform practitioners how
much sound attenuation is needed to achieve silent operation of ventilation.
As a conclusion, there is no conflict between good indoor climate and energy efficiency targets in airtight buildings
if heat recovery ventilation is used. NZEB requirements provide new opportunities for dedicated ventilation
systems and also a lot of research and harmonisation is needed in order to ensure robust and reliable operation of
ventilation satisfying high level of occupant health and comfort requirements.

KEYWORDS
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SUMMARY
The opening keynote will present an overview of the current status and future opportunities for smart buildings in
Europe, in the context of the transition to more sustainable use of energy. In 2017 EASME mapped the activities
of projects working on smart buildings and the extent of EU support given under the Horizon 2020 framework
programme. The results were presented at the conference Sustainable Places 2017 at Teeside University (UK) and
published the same year in a special issue of the peer reviewed journal Buildings. Using the same methodology,
updated data for 2018 is here presented along with an analysis of current research and innovation projects
supported by the programme.

KEYWORDS
smart buildings; energy efficiency; EPBD; Horizon 2020

The European Commission’s Executive Agency for Small and Medium-sized Enterprises (EASME) manages
parts of the Horizon 2020 framework programme for research, innovation and market uptake (2014-2020) ,
including for energy efficiency in the buildings sector. The Agency supports projects under this programme and
ensures that their results are fed to policymaking teams within the European Commission. With the adoption of
the revisions to the Energy Performance of Buildings Directive (EPBD) in 2018, smart buildings have been
given a more prominent place in European energy efficiency policy. The revisions include provision for the
Commission to establish a common European scheme for rating the smart readiness of buildings, optional for
Member States .
Research carried out by EASME (Moseley, 2017) showed that the Horizon 2020 programme was supporting,
since its inception in 2014, some 42 projects carrying out tasks related to smart buildings, in the context of a
transition to more sustainable use of energy . This support included around 259 million Euros of EU funding
spread across a variety of topics and calls for proposals. The data was accessed via manual searches of the
European Commission’s CORDIS database. EASME conducted further searches in June 2018 to produce an
updated dataset. The new data reveals that 64 Horizon 2020 projects are active in this subject area since the
programme began in 2014, which is an increase of some 50% over the previous year’s total. The total budget
costs of these 64 projects amount to 547.9m Euros, of which the EU contribution is 446.7m Euros. The 64
projects are spread across 35 funding topics and 29 calls for proposals. The project coordinators are based in 14
different countries; these are the same 14 countries as those found in the previous year’s search. Close to half a
billion Euros of EU grant funding has been mobilised, the majority of this coming from EU funds. Indeed, the
pace of funding for smart buildings is accelerating. This trend looks set to continue, with smart buildings
becoming more deeply embedded in EU legislation through the revision to the Energy Performance of Buildings
Directive.
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Figure 1: Total budget costs and EU funding for projects working on smart buildings.
“RIA” = Research and Innovation Action; “IA” = Innovation Action; “CSA” = Coordination and Support
Action; “MSCA” = Marie Skłodowska-Curie Research and Innovation Staff Exchange; “ERC = European
Research Council Proof of Concept Grant; eECSEL-RIAe = European Components and Systems for European
Leadership – Research and Innovation Action; “SME Inst” = SME Instrument Phase 2.

Figure 2: Number of projects per coordinator’s country
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1

INTRODUCTION

Indoor air quality and comfort of occupants, in the context of international commitments,
reduction of energy consumption and greenhouse gas emissions is an important subject.
The Paris Agreement of 2015 on Climate set ambitious targets to limit global warming.
The energy and environmental challenges that we collectively face are translated by France
into a proactive policy of reducing energy consumption and carbon footprint, particularly in
the building sector, responsible for nearly 45% of national energy consumption and more than
25% of greenhouse gas emissions.
The ventilation of buildings, in which we spend nearly 80% of our time, is an important
theme of this sector, because of its essential contribution to the quality of indoor air. Thus,
public policies in terms of energy and environmental performance of the building must
imperatively integrate the indoor air quality of the premises
2 ENERGY
2.1 Energy New buildings
Since 40 years, France has been committed to a strong policy of reducing building energy
consumption. The first thermal regulation of 1974 was regularly reinforced, and its scope
extended to non-residential buildings.
The thermal regulation 2012, currently in force, is applicable to all new buildings since 5
years. The successive thermal regulations have allowed to divide by 6 to 7 between 1970 and
2012 the energy consumption of the heating and hot water.
The current thermal regulation, which naturally takes into account heat losses due to air
renewal, requires compliance with a conventional maximum primary energy consumption of
new buildings. The following uses are involved: heating, cooling, lighting, hot water, and
auxiliaries (pumps, fans). The regulation has increased the maximum permeability
requirements of the envelope, thus greatly limiting air infiltration.
This regulation also sets requirements for bioclimatic need and summer comfort.
2.2

Existing buildings

Thermal regulation have also been introduced in existing buildings (housing and tertiary)
undergoing renovation works.
The thermal regulation of the global existing, applicable since 2008 to buildings built after
1948, with a renovated surface area of more than 1000 m² and whose cost of thermal
renovation works exceeds a threshold updated annually, imposes a level of overall thermal
performance of the building.
For the other renovation cases, the thermal regulation of existing elements, applicable since
2007 and reinforced in 2017, requires, for the elements undergoing work (replacement or
installation), the respect of minimum thermal performance.
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In particular, it lays down requirements for the energy performance of ventilation auxiliaries
and, for non-residential buildings, sets a need-based regulation requirement for new
ventilation systems.
The thermal regulation of existing buildings includes requirements for the maintenance of
initial ventilation conditions in case of work.
3

VENTILATION

The regulation on the ventilation of buildings has evolved over time, passing, for housing,
from an obligation by opening windows, to a requirement of general and permanent
ventilation since 1969.
These regulatory requirements are intended to provide adequate ventilation and to avoid
exposing occupants to pollutant concentrations of indoor air.
3.1

New housing

The main principle of regulation is: new housing must benefit from a renewal of the air and a
evacuation of the emanations such as indoor air pollution levels are not a health hazard.
Condensations must be avoided
These requirements naturally come under normal conditions of occupancy.
The regulation is not intended to evacuate large quantities of pollutants produced during
activities such as painting, cleaning, cooking, or pollutants related to the presence of certain
materials.
The implementing decree of March 1982 imposes a general and permanent ventilation of the
dwelling, and sets minimum flow rates of extracted air in service rooms (kitchen, bathrooms,
toilets) according to the number of main rooms. The decree specifies that the extraction of air
can be mechanical or by natural draft duct.
The amending decree of October 1983 opened the possibility of automatic modulation of the
flow rates, the flow rates being reduced provided that the system benefits from an
authorization.
The thermal regulations have favored a large use of this possibility, and today, new homes are
equipped with systems, which automatically regulate flow rates according to the humidity
rate, thus taking into account the actual occupancy of the dwelling (first steps towards
"intelligent ventilation").
With regard to new non-residential buildings, the aeration requirements are set out in the
labor code.
For rooms with specific pollution, the ventilation rate is determined according to the nature
and quantity of pollutants emitted.
3.2

Existing buildings

Concerning existing buildings, the thermal regulation of the existing one imposes, in housing
as tertiary, requirements aiming not to degrade the initial conditions of aeration.
The “global” regulation provides that the renovation works must maintain a general and
permanent ventilation system if one already existed. In the opposite case, the renovation work
must be accompanied by the maintenance or the installation of a system allowing to ensure a
minimum renewal of air by room, either mechanically or by opening windows, or by a
mechanical or natural system providing general and permanent ventilation.
The regulation “by element” provides that the new windows installed in the main rooms of
housing and schools must be equipped with air intakes, except in rooms already equipped.
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It also provides that the thermal insulation works of the walls must retain the existing high
and low air intakes.
In addition, the “decent housing decree” of 2002, amended in 2017, sets specific requirements
for rental housing: the opening devices and any ventilation devices in the dwellings must be
in good condition and allow a renewal of the air and a moisture evacuation adapted to the
needs of normal occupancy of the dwelling.
3.3

Conclusion

As you can see, France has a substantial regulatory arsenal on building ventilation, and the
thermal regulation takes into account the minimum air renewal concerns. Changes in these
regulations must be made by integrating indoor air quality concerns.
4 NON-REGULATORY ACTIONS
4.1 NATIONAL HEALTH ENVIRONMENT PLAN
The current National Health Environment Plan (2015-2019 period) has integrated the Action
Plan on indoor air quality, including information, training, development of pollutant emission
labeling, improvement of knowledge.
4.2 OBSERVATORY
The Observatory of Indoor Air Quality (OQAI), created by the public authorities in 2001,
carries out national campaigns on different living spaces with measures of pollutants of
indoor air in real conditions of occupation: housing, offices, schools, medico-social
institutions. A second housing campaign is under study. The information collected provides to
government information to guide public policy.
The data of the previous national housing campaign have thus made it possible, since 2012, to
introduce the mandatory labelling of emissions of volatile pollutants from construction and
decoration materials.
A program of the observatory, carried out on new or renovated housing, has shown that the
pollutant concentrations of indoor air were generally lower than those observed on the
housing stock existing.
Improving the energy performance of buildings, including their airtightness, is not likely to
affect their indoor air quality.
The data provided by the observatory allows the public authorities to prepare the various
phases of entry into force of the indoor air quality monitoring system in certain public
establishments, particularly with regard to the choice of substances.
The law – the environmental code - requires periodic monitoring of indoor air quality in
certain public buildings with an evaluation of the means of aeration and provisions relating to
the quality of indoor air.
It came into force this January in institutions receiving children.
The evaluation of the aeration means consists of visual checks of the actual possibilities of
aeration (doors opening on the outside, easy access to these openings, visual inspection of
existing ventilation).
Other public buildings will be concerned by next 5 years (2023) and the preparation of future
texts will be based on the results of observatory measurement campaigns.
4.3 VENTILATION CLUB
The right application of the decree of 1982 checked by the controls carried out by the State,
show 50% of non-conformities, even in the most recent constructions, with a low air
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permeability of the envelope. The significant reduction in air infiltration gives a major role to
the proper functioning of the ventilation systems.
It's the reason why the DHUP (administration) created a Ventilation Club, 3 years ago,
associating professionals from the sector, with the aim of pooling observations and
reflections, and improving the quality of ventilation systems.
This Club has notably initiated work on the analysis of nonconformities and the means to
avoid them.
The club has created a reference website, in order to make available to professionals the
regulatory texts, reference documents, frequently asked questions, etc.
The Club also has a validation role, for example for the application of the control protocol
upon receipt of mechanical ventilation systems.
It is a place of reflection for professionals on the measures that seemed the most effective to
improve the quality of ventilation systems. Professionals drawn up a paper with the proposal
for the introduction of a certificate to take into account the aeration regulation.
The exchanges between professionals within the Club have highlighted a problem of moisture
at the end of the construction site.
The end of construction is indeed sensitive because the materials in the drying phase are in
closed rooms to protect them from break-ins, while ventilation is not yet in operation.
Professionals are considering strategies to naturally ventilate or provide temporary site
ventilation to address this.
5

PROSPECT: REWRITING THE CONSTRUCTION RULES

An innovative approach is underway as part of a new law passed last August.
This law empowers the Government to make "any measure aimed at facilitating the
realization of construction projects and promoting innovation".
It is provided 2 texts:
 a first text authorizing building owners to derogate from certain construction rules
provided that proof of the achievement of results equivalent to the rules is provided,
 a second text establishing a permanent right for building owners to meet their
obligations: either by following objectives of regulatory means or by implementing
other means to achieve equivalent results.
This will lead to re-writing the construction rules in performance-based form and no longer in
the form of means requirements, which is an important change and will open up a wide range
of possibilities for professionals.
This law is a real revolution thanks to the freedom offered to professionals and builders to
design high-performance and quality buildings.
We are confident that new building design solutions for indoor air quality can be created.

26 | P a g e

Industry Views with Respect to Smart Ventilation as an
Enabler of Indoor Air Quality
Yves Lambert
EVIA
European Ventilation Industry Association
Avenue des Arts 46,
Brussels, Belgium

SUMMARY
What if all the devices in your life could connect to the internet? Not just computers and smartphones,
but everything: clocks, speakers, lights, door bells, cameras, windows, window blinds, hot water
heaters, appliances, cooking utensils, you name it. And what if those devices could all communicate,
send you information, and take your commands.
With the coming of IoT, it is not science fiction anymore. The problem is that all of these devices are
called “smart”. The word “smart” has been added to so many products in the last few years by
marketeers, to the point where it has lost power or meaning.
And, do you really want to be informed all the time from different sensors about any details and
changes, and do you really what to act manually on any detail with you ‘smart device’? Exciting at the
beginning but later we expect properly working systems which flag parameters when they are out of a
suitable range, but do the rest fully automatically.
Todays’ advantages of smartness are mainly focused on energy efficiency, which is important, but
only a baseline expectation. The focus now should be additionally more human (wellness) because
that impacts productivity for employees and well-being at home. A building that thinks for itself and
adapts to suit the occupants is the new challenge.
The new “Smart Readiness Indicator”, currently under development in the EU, also focuses on energy.
Wellness aspects, or more specifically “health” is only considered as a “boundary condition”. Health
should be a baseline condition. That is why EVIA is developing an IAQ-label for the residential
market.
For this label the University of Ghent and the EU-consultancy VHK have developed a methodology to
assess the actual air exchange rates occurring per room. This specific Air Exchange Performance
(AEP) determines to which extent the ventilation system is able to remove and/or dilute pollutant
concentrations in the various rooms, especially during presence when exposure occurs. Compared to
current practice, where only the air exchange rate over the building is assessed, this represents a major
step towards more relevant ventilation performance assessment.
Whilst still in the final development phase, this methodology should prove the positive impact on IAQ
of smart (automatic) ventilation systems, using local sensors and local airflow controls.

KEYWORDS
Smartness, IAQ, Label, ventilation, industry
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ABSTRACT
Since January 1st, 2018, airtightness testing has become implicitly mandatory for every new residential building
in Flanders. There is no minimum requirement for airtightness. However, there is one for the global performance
of the building envelope (S-level, taking into account thermal insulation, airtightness, solar gains, etc.), and a
poor airtightness would jeopardize the chance to reach the required S-level. Before 2018, the Flemish Region
was already promoting airtightness tests by using a very disadvantageous default value in the Energy
Performance Calculation when the test was not performed.
To guarantee the reliability of airtightness tests, each test must be declared conform according to STS-P 71-3
requirements and legal requirements. This means that the tester shall be qualified and its company recognised to
perform the test. BCCA (Belgian Construction Certification Association) has set up a quality framework to
recognise airtightness testers and their companies.
This paper describes the requirements of the Flemish Energy Agency for the organizer of such a quality
framework and, more specifically, requirements for the airtightness testers themselves. Among others, these
requirements include the inspection of airtightness testers onsite, through desktop inspection, and the obligation
to register every test in a database.
This article will describe the inspection process and its output. Desktop and onsite inspections represent both
10% of tests performed. These are done by a dozen of qualified inspectors all around Flanders. The tester has to
inform BCCA of every measurement at least the day before and send a text message when the test actually starts
and ends. The tester is informed within 5 minutes after the end of the test when there will be an inspection. 634
onsite inspections have been performed in 2017, of which less than 1% has resulted in a difference of more than
10% with the first measurement (and those were performed at little flowrate). Furthermore, 11 major nonconformities (2%) and 40 small non-conformities have been reported through onsite inspection. Therefore, this
inspection process seems relevant to deter testers from manipulating results.
With the desktop inspection, BCCA spots non-conformities in the reports. In 2017, out of the 631 desktop
inspections, 52 major non-conformities and 111 small non-conformities have been pointed out.
The database gathers around 7000 tests per year. Information in the database includes: administrative data, main
destination (residential, school, ...), time and location of the test, leakage rate (m³/h), heat loss area (m²) and/or
internal volume (m³) and the full test report. Statistics show a skew-normal distribution of measurement results
with an average of v50= 3.36 m³/h/m².
This paper concludes that it is possible to develop a qualification framework at limited cost for the testers, with
an efficient inspection process that avoids manipulation of results and hence improves the reliability of results.

KEYWORDS
Airtightness measurement, quality framework, database

1

INTRODUCTION

Building airtightness is a key issue to achieve low- and very low-energy targets. Therefore, an
increasing number of tests is performed in European countries and qualification schemes for
airtightness testers are being developed all over Europe (Leprince, Carrié, and Kapsalaki
2017).
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In Flanders, there is no minimum requirement for airtightness. However, since January 1st,
2018, there is one for the global performance of the building envelope (S-level, taking into
account thermal insulation, airtightness, solar gains, etc.), and a poor airtightness would
jeopardize the chance to reach the required S-level. If no airtightness test is performed, a
default value of v50= 12 m3/h/m² shall be used in the Energy Performance Calculation, with
which the mandatory S-level is almost impossible to achieve. Therefore, airtightness testing
has become implicitly mandatory for every new building in Flanders.
Before 2018, Flanders was already promoting airtightness testing by using a very
disadvantageous default value in the Energy Performance Calculation when the test was not
performed. As a result, at the end of 2016, almost 90% of new residential buildings were
tested, while it was less than 5% in 2006.
In the context of the Flanders' regulation, the test has to be performed by a qualified tester of a
recognised company, to be registered in a database and to be declared conform to the STS-P
71-3 requirements.
The objectives of this article are to:
•
Describe the Flemish quality framework for airtightness testing
•
Explain the efficient inspection process to improve the reliability of results
•
Give output and lessons learned from the quality framework
2

METHOD

2.1 STS-P 71-3 : the key document
The STS are "Unified technical specifications". They are edited by the Belgian Federal Public
Service for Economy to optimise and standardise construction quality. Various STS exist on
the construction field, STS-P 71-3 is for airtightness testing (SPF Economie 2014).
To guarantee the reliability of airtightness tests, tests must be declared conform to STS-P 71-3
requirements according to the Flemish regulation (Vlaamse Overheid 2007).
The STS-P 71-3 include (SPF Economie 2014):
 Possible objectives of the airtightness test and requirements according to the objective
 Steps of an airtightness test and "who does what"
 Details, in addition to NBN EN 13829:2011, on
o Definitions
o Building preparation
o Pressure steps, etc.
o Leakage detections
o Measurement devices and calibration
o Calculation process
o Report
 A general description of a quality framework (Annex 6)
Annex 6 on a quality framework for the airtightness tests is informative but its application is
imposed by the Flemish regulation, therefore in this context, there should be a collective
monitoring system, the tester must be qualified, its company recognised and the tests
registered in a database.
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2.2 The Flemish regulation
The Flemish regulation has been promoting airtightness testing since 01/01/2006 by using a
very disadvantageous default value in the Energy Performance Calculation, when the test was
not performed. Since 1/1/2015, it imposes also that the test is performed according to the
STS-P 71-3 and that the tester is qualified according to Annex 6 of the STS-P. Since
1/1/2018, airtightness testing has become implicitly mandatory for every new building in
Flanders.
In December 2017, the Flemish government has tightened the requirements on a quality
framework for airtightness testers:
- The organizer of a quality framework must have a qualification procedure for
airtightness testers, which include at least
o an optional training,
o a mandatory theoretical and practical exam.
- The organizer of a quality framework must guarantee the quality of the airtightness
measurements by running desk and onsite inspections combined with effective
enforcement.
o Minimal random annual desk and onsite inspection is 10% each.
o Random checks are supplemented by targeted checks so that 90% of the active
airtightness testers are checked at least once a year.
- The organizer of a quality framework shall develop a database gathering all
measurement data that can be consulted by the government.
- The organizer of a quality framework is impartial: he should not have any members or
directors who also carry out airtightness measurements in the context of the
regulation.
- The organizer of a quality framework must have an accreditation in accordance with
NBN EN ISO 17065 (certification of products or services).
A quality framework has to be approved by the Flemish Government.
The tester shall be qualified and its company recognised by an approved qualification body to
perform a test in this context.
2.3 The BCCA quality framework
Since the new requirements on qualification bodies, the quality framework for airtightness
testers of BCCA (Belgian Construction Certification Association) is approved by the Flemish
government. BCCA provides a complete quality framework for a company which includes the
qualification procedure for the tester.
The qualification procedure for the tester includes:
- Optional theoretical training (1 day)
- Theoretical exam (multiple choice questionnaire with 50 questions)
- Practical exam (performing a complete test with test report in presence of an
examiner)
- At least 5 reports (not older than 1 year) from tests performed following the rules of
the STS-P 71-3
To be recognised, a company must:
- have an insurance covering possible damage by airtightness tets
- have calibrated devices and software conform to STS-P 71-3
- have at least one qualified tester.
To retain the recognition the company must perform at least 5 tests each year to maintain the
practice of performing tests and to allow inspection. The qualification is valid for 5 years.
However, non-conformities during testing or reporting may put it on standby.
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As required by the Flemish regulation, the quality framework includes onsite and desktop
inspections for 10% of tested buildings (for each) and lodgement of all measurements in a
database.
The process of an onsite inspection
The onsite inspection is either performed:
- Option 1: During the building preparation or during the measurement
- Option 2: After the communication of the test result with a check on this result by a
second (partial) measurement (at least half of onsite inspections are performed in
Option 2).
To allow this inspection, at least one day before the test is performed, the company shall fill
in the BCCA system some required information that includes:
- Information on the building (location, volume, building destination, etc.)
- Information on the qualified tester
- The foreseen timing of the test.
Exceptionally, the timing can be notified the day of the test. In this case, an additional e-mail
shall be sent to BCCA. In this case, the information shall be registered at least 1 hour before
the test starts and the test shall finish at least 3 hours after the e-mail has been sent. When a
new test is planned in the BCCA system, the system automatically provides a file number.
When the tester is onsite, before starting the preparations of the building, he sends a "START"
text message to BCCA with the following information
- File number
- Foreseen ending time of the test (at least 30 minutes after the START message)
At the end of the test, the measurer shall send a "STOP" text message with the result (the
flowrate at 50 Pa) or a "QSTOP" if it is not possible to performe the test. The tester shall
remain available until the foreseen ending time even if he ends the test before that.
After the "STOP" message, the measurer shall remain available for 5 minutes, to allow the
inspector to contact the measurer. When an inspection is performed, the inspector is onsite
within 15 minutes after the phone call.
If the tester is not reachable the inspector will leave a message and send a text, in this case,
the inspector has up to 30 minutes after the STOP message to set an inspection. If the
inspection is not possible, this is considered as a "non-conformity" (see below) so the test has
to be redone.
During his inspection, the inspector checks
- the qualification of the tester and the company
- the equipment
- the building preparation
- the compliance with the STS-P 71-3
He also performs a second test to check the flowrate at 50 Pa (with the tester equipment). It is
done either by a one-point measurement or by a complete measurement.
BCCA has several qualified inspectors, distributed over the area of Flanders to perform
inspections all over Flanders. Inspectors have at least the same qualification as testers plus a
specific training for inspections. Furthermore, inspectors are checked onsite by their manager
and internal meetings are set up.
The process of a desktop inspection
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After performing the airtightness test, when the report is finished, the tester has to upload the
report in the BCCA database before the conformity declaration can be issued.
If a desktop inspection is done, the inspector will check at least the following:
- The report is complete and made according to the STS-P 71-3
- The timing is correct (lodgement of information, etc.)
- Text messages have been sent according to the schedule
- Required data for the conformity declaration
- The information in the report is consistent (e.g. description of the measured zone and
pictures included in the report)
Non-conformities and sanctions
Non-conformities are classified into 4 categories:
- Unacceptable non-conformities (ONC): such as deliberate manipulation of results in
the reported flowrate, repeated "major non-conformities" with no correction
- Major non-conformities (GNC): anomalies with regard to the STS-P 71-3 with an
important impact on the test result, repeated "minor non-conformities"
- Minor non-conformities (KNC): anomalies with regard to the STS-P 71-3 that have
a small impact on the result, repeated remarks
- Remarks (REM)
For a minor non-conformity, the frequency of desktop or onsite inspection is increased.
For a major non-conformity, also the test report and/or the measurement shall be redone.
In case of major non-conformity, due to calibration validity, the recognition may be
withdrawn temporarily.
Cost
The first year of qualification the company of the tester has to pay 400€ to enter the system.
Then, the tester pays for each test performed, for which a conformity declaration is issued on
the BCCA system. The cost depends on the volume and on the external area of the building. It
rates from 40€ (single dwelling or building volumes up to 16000m³) to 240€ (building
volumes larger than 250000m³). If there were not enough conformity declarations issued
during a year, the measurer may have to pay an additional fee the next year.
The optional training (including participation in the theoretical exam) costs 285EUR. The
theoretical exam without training costs 150EUR, the practical exam costs 490EUR.
Database
Information gathered through the process described above is inserted in the BCCA database.
Therefore it includes:
- Administrative data (address, ...)
- Main destination (residential, school, ...)
- For multifamily buildings: if tested as a whole or as individual units
- Timing of the test
- Leakage rate (m³/h)
- Heat loss area (m²) and/or internal volume (m³)
- Full test report (.pdf, ...)
- Pictures of the tested building with the testing equipment installed
From January 2015 to May 31th 2018, 22588 airtightness tests have been performed by
qualified testers and inserted into the database.

32 | P a g e

3

RESULTS

3.1 Qualified tester
In February 2018, 142 companies were recognised with a total of 189 qualified testers. The
number of conformity declarations per year is given in Figure 1. More than 6000 tests are
reported per year.

Figure 1: Cumulative number of conformity declarations in the last three years

The decrease in number of conformity declarations registered in the BCCA database, in 2017
can be explained by two phenomena. Firstly, more multifamily buildings are tested as a whole
instead of testing each dwelling separately. Secondly, a second organisation for inspection
was founded.
3.2 Desktop inspection
In 2017, 631 desktop inspections have been performed (10.1% of reported tests). All
recognised companies were inspected at least once. Figure 2 gives the inspection rate for each
active company and indicates the average caseload (number of tests per year) for each
category. For 65% of the recognised companies 5 to 15% of the tests reported have gone
through a desktop inspection. For companies performing few tests per year, the share of
inspection logically increases.

Figure 2: desktop inspection rate of active companies

In 2017, 52 desktop inspections have led to detect major non-conformities (see Table 1).
Table 2 gives the top 10 of major non-conformities detected through the desktop inspection.
Table 1: number of non-conformities and compliance detected through desktop inspection

Desktop

Major non-conformities

Minor non-conformities

No non-compliance

52 (8%)

111 (18%)

467 (74%)
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Table 2: Top 10 of major non-conformities detected by desktop inspections, on the left the number of occurrence
20 GNCR1 – Calibration data of the thermometer and/or manometer are missing in the test report
12 GNCR6 - The software and software version used to calculate the result is not mentioned in the test report
GNCM1 - Non-lockable openings were still sealed in an unauthorised manner with an expected large impact
9
on the result.
8 GNCR15 - Fan serial number is missing in the test report.
7 GNCR5 – The administrative company details are missing in the test report
7 GNF - The test report was not added to the dossier in the web-application before validation of the dossier.
GNCM5 - The required meteorological conditions were not respected: the natural pressure difference as
5
reported by the measurer was too high.
3 GNCM12 - The flow coefficient n is too low or too high.
GNCM14 - There is a difference between the indicated sealed/closed openings compared to the rules in STS3
P 71-3 with an expected impact greater than or equal to 5%.
3 GNCR14 - The description of the measured zone is missing.

Those desktop inspections have led to:
 149 increased monitoring frequency
 43 adjustments of test reports
 13 new measurements
3.3 Onsite inspection
In 2017, 634 onsite inspections have been performed (10.2% of the reported tests). 140
companies (92%) were audited. 66% of those inspections have been performed after sending
the "STOP" text message (Option 2). Inspections are also performed during the weekend.
The average duration of inspection is 21.5 min. The average time for an inspector to get onsite
after the "STOP" text message is 2.8 min. This means that no more than 25 minutes are
needed in average (waiting time included) to perform an inspection. As 10% of tested
buildings are inspected, this means, on average, 2.5 min per tested building.
Figure 3 gives the inspection rate for each active company and indicates the average caseload
(number of test per year) for each category. For 54% of the companies 5 to 15% of the tests
reported have gone through an onsite inspection. Similar as for the desktop inspections, for
companies performing few tests per year, the share of inspection logically increases. 9% of
the companies have not gone through onsite inspection as they are performing very few tests
per year. Companies performing less than 5 tests per year lose their recognition the next year.

Figure 3: Onsite inspection rate of active companies
Inspected buildings are representative for the tested buildings. As shown in Figure 4 the same
repartition of building destination is observed in inspected buildings as in all the
measurements performed. Figure 5 shows that the same share of large buildings is observed in
inspected buildings as in all measured buildings. Moreover, the inspections are performed all
over the area of Flanders as shown in Figure 6. Figure 7 shows that the same repartition of the
testing day is observed in inspected buildings and in all measurement performed (even during
the weekend).
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Inspected buildings

Measured buildings

Figure 4: Repartition of building destination in inspected building and in all measured buildings

Inspected buildings

Measured buildings

Figure 5: Share of large buildings (≥ 4000m³) in inspected buildings and in all measured buildings

Inspections performed in 2017

Measurements performed in 2017

Figure 6: inspections and measurements performed in 2017

Inspected buildings

Measured buildings

Figure 7: Repartition of the testing day for inspected buildings and for all measured buildings
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Inspected buildings

Measured buildings

Figure 8: Repartition of v50 for inspected buildings and for all measured buildings

Finally, the repartition of the inspected measurements and all measured buildings for the v50value is shown in Figure 8. This shows that not only the very leaky or very tight buildings are
inspected, but that the inspections are evenly spread over the measured buildings.
Those results have been obtained by making the inspectors aware that they should not avoid
some kind of building (for example large buildings) and that they should also work in the
weekends. The inspections were not targeted towards those parameters.
In 2017, 11 inspections have led to detected major non-conformities (see Table 3). Table 4
gives the list of major non-conformities detected through the onsite inspection.
Table 3: number of non-conformities and compliance detected through onsite inspection

In situ

Major non-conformities

Minor non-conformities

No non-compliance

11 (2%)

40 (6%)

583 (92%)

Table 4: Major non-conformities detected with onsite inspection, on the left the number of occurrence
4
4
4
2
1
1

GNCM1 - Non-lockable openings were still sealed in an unauthorised manner with an expected large impact
on the result.
GNCM5 - The required meteorological conditions were not respected: the natural pressure difference as
reported by the measurer was too high.
GNCM14 - There is a difference between the indicated sealed/closed openings with STS-P 71-3 with an
expected impact greater than or equal to 5%.
GNCA2 - The calibration of the thermometer is more than six months overdue.
GNCM2 - The coefficient of determination r² is less than or equal to 0.95.
GNCM - deviation from the procedure with suspected major impact on the measurement result by breaking
down the inspection

Those onsite inspections have led to:
 46 increased monitoring frequency
 7 new measurements
 2 temporarily qualification withdrawals (due to non-valid calibration)
When an inspection is performed in "Option 2" (418 inspections out of 634 in 2017), the
inspector performed a new test (either a 1 point test or a complete measurement). For each
test, the flowrate at 50Pa obtained by the tester and the inspector is compared in Figure 9. The
percentage difference is given in Figure 10.
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Figure 9: Comparison of the flowrate at 50Pa obtained by the tester (SMS) and the inspector

Figure 10: Percentage difference between tester and inspector result according to the flowrate

96% of inspector tests are within 5% of the first test result. Some larger deviation is observed
at very small flowrates, when the measurement uncertainty is larger. The flowrate measured
by the inspector is in 53% cases over the initial flowrate and in 47 % under the initial flowrate
so it may be due to measurement uncertainty rather than manipulation from testers.
3.4 Key results of the database
The average airtightness value is v50= 3.36 m3/h/m², the standard deviation is 4.52 m3/h/m²
and the median value is 2.84 m3/h/m². The distribution for the measured buildings is given in
Figure 11.

Figure 11: v50 distribution for measured buildings

As there is no limit value for airtightness, the distribution is close to a skew-normal
distribution with no gap as observed in the French and British database (Bailly, Guyot, and
Leprince 2016) (Cope 2017) (Love et al. 2017).
4

DISCUSSION

The inspection process set up for qualified airtightness testers in Flanders seems efficient to
detect non-conformities and avoid manipulation of results from testers.
26% of the desktop inspections have led to the detection of a major or minor non-conformity
and therefore to the improvement of tests and to the constant training of airtightness testers.
When major non-conformities are detected, BCCA can ask either to correct the report or to
perform a new measurement; this last option has been done in 13 buildings out of the 631
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inspected (2%). This proportion is consistent with the number of major non-conformities
detected during onsite inspections.
The low proportion of major non-conformity that may have a large impact on the test result
and the very good agreement between tester and inspector test (for 96% a difference below
5%) shows that the inspection process is effective to deter testers from manipulating the
results.
The inspection process has also proven to be low time consuming, with less than 25 minutes
(on average) needed for the inspector to get onsite and perform the inspection. Inspection is
performed on every company and everywhere in Flanders.
Furthermore, onsite inspections are also a good way to point out problems experienced by
testers. For example, testers get the issue, when measuring at very low flowrate (very tight
and/or small buildings), to reach the 10 Pa point measurement. At very low flowrates, the
measurement device may have difficulties to stabilise which may lead to a non-accurate
measurement. This resulted in a minor non-conformity for that test. Therefore the commission
has decided to adapt the requirement for the low-pressure point and to allow not going below
25 m³/h when the low-pressure point remains below 25 Pa.
The main drawback of this inspection process may be the extra cost, however, it remains
limited to around 15% of a test cost and it is proportional to the number of tests performed.
In Flanders, it is also mandatory to perform a report of the ventilation system of every new
residential building with a building permit delivered after the1st of January 2016. BCCA has
also set a quality framework for residential ventilation systems similar to the system described
in this paper. Results will be discussed as soon as relevant data is obtained.
5

CONCLUSION

The new energy performance levels, as imposed by the Flemish Energy Agency now
implicitly require that the airtightness of every new building is tested by a qualified tester.
BCCA has set a quality framework for airtightness testing. This quality framework includes
desktop and onsite inspections that both represent 10% of tests performed.
The inspection process has proven to be efficient to avoid the manipulation of results with
low time consumption for the tester. 634 onsite inspections have been performed in 2017, less
than 4% has resulted in a difference of more than 5% with the first measurement (and those
were performed at very low flowrates). Furthermore, 11 major non-conformities (2%) and 40
small non-conformities have been reported through onsite inspection.
With the desktop inspection, BCCA spots non-conformities through the reports. In 2017, out
of the 631 desktop inspections made, 52 major non-conformities and 111 minor nonconformities have been pointed out.
The quality framework also includes lodgement of every test performed in the context of the
Flemish regulation. The database gathers around 7000 tests per year. Statistics show a skewnormal distribution of measurements results with an average of v50= 3.36 m³/h/m².
The results given in this paper show that it is possible to develop a qualification framework at
limited cost for the testers, with an efficient inspection process that avoids manipulation of
results and improves the reliability of results. A similar system has been developed for
ventilation system reporting.
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ABSTRACT
The French database of building airtightness has been fed by measurement performed by qualified testers since
2006. In 2015 and 2016, the database was enriched by 63,409 and 65,958 measurements respectively, which is
74% more than in 2014, making the total number of measurements about 215,000. However, residential
buildings (multi-family and single dwellings) account for almost all of measurements, only 4% of tests are
performed in non-residential buildings. Indeed, since 2013 the French EP-regulation requires a limit for
airtightness level for all new dwellings. The justification of the building airtightness level shall be done either by
an airtightness test or by the application of a certified quality management approach.
In the first part, this paper summarizes the recent results of the database regarding buildings’ characteristics
(building area, main material, ventilation system, insulation...).
The second part proposes first results regarding the evolution of air permeability. In single dwellings, the air
permeability at 4 Pa (per unit of envelope area) slightly decreases from year to year with a mean value around
0.41 m3.h-1.m-2 in 2015. In multi-family buildings, the yearly mean air permeability fluctuates between 0.60 and
0.65 m3.h-1.m-2. In non-residential buildings, it fluctuates around 1 m3.h-1.m-2. However non-residential buildings
cover a wide variety of buildings. A special focus is made on non-residential buildings depending on the use of
the building and its size.
The last part of this paper deals with the impact of the seasonal variations on the measured air permeability in
single dwellings depending on climatic zones and buildings construction materials (wood, concrete and brick
constructions). An impact of seasonal variations on air permeability is only observed in the case of wood
constructions, with slightly higher values during summer in the south of France in particular.

KEYWORDS
Building airtightness, measurements, database, field data

1

INTRODUCTION

Building airtightness is a key issue to achieve low- and very low-energy targets. Therefore, an
increasing number of tests are performed in European countries. To improve the reliability of
those tests, qualification schemes for airtightness testers are developing all over Europe
(Leprince et al., 2017). France, UK and Belgium have taken advantage of those schemes to
impose systematic record of airtightness test and to develop databases (Leprince et al.,
2017)(Cope, 2017).
The French database of building airtightness was created in 2007 following the
implementation of a national qualification scheme for building airtightness measurement.
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Thus each qualified tester is required to register all test results in a formatted table and send
this register table to the certification body every year. The database is fed annually by these
tables. The structure of the table is presented by (Bailly et al., 2015).
The number of measurements in the database has strongly increased since 2013 thanks to the
mandatory requirement of the French Energy Performance (EP) regulation which requires a
limit airtightness level for new residential buildings. The justification of the building
airtightness level shall be done either by an airtightness test performed by a qualified tester, or
by the application of a certified quality management approach on building airtightness. Also
low-energy labels have helped to strengthen airtightness requirements.
Currently, about 215,000 measurements have been recorded in the database. It includes all the
measurements that were performed by certified testers till the end of 2016. In June 2018, they
are 871 certified testers.
This paper summarizes the recent results of the database regarding buildings’ characteristics,
the evolution of air permeability, and the impact of seasonal variations.
2

DATABASE OVERVIEW

Figure 1 shows the evolution of the number of building airtightness measurements and the
percentage of measurements depending on the use of the building.
In 2015 and 2016, the database was enriched by 63,409 and 65,958 measurements
respectively, which is 74% more than in 2014, making the total number of measurements
about 215,000. The number of measurements has been boosted by the mandatory requirement
for new residential buildings which has been introduced since January 1st 2013 based on the
date of building permit. However, it is only since 2015 that every new residential building is
being measured given the delay between the dates of building permits and the achievement.
We can expect that the number of tests will be stable around 65,000 tests per year.
Residential buildings account for almost all of measurements (64% for single-family
dwellings with 140,542 measurements, and 32% for multi-family buildings with 70,632
measurements), only 4% of tests are performed in non-residential buildings (7,997 buildings).
This is due to the fact that the mandatory requirement applies only for residential buildings:
for non-residential buildings, it is still possible to use default values in the EP-Calculation.
However, since 2013 new “Effinergie” labels require an airtightness measurement for nonresidential building with an area below 3,000m². Thus, more data should be collected for
these buildings in the next years.
2016

65958

2015

63409

2014

28464

2013

25538

2012
2011
Before 2010

19658
8611
3324
Number of measurements

Figure 1:Evolution of the number of building airtightness measurement in France (left) and percentage of
measurements depending on the use of the building
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Figure 2 presents the distribution of the measurements number depending on the measurement
time and the measured extent of building. It shows that only 10% to 15% of residential
buildings are tested during construction, against more than 30% in non-residential buildings.
Commissioning tests in residential buildings are always reported in the database. However, it
is possible that some tests during construction are not filled in the database by the testers.
Regarding the measured extent of the building, almost all measurements in single-family
dwellings are performed on the whole building. Conversely, more than 85% of the
measurements in multi-family buildings are carried out on a part of the building. In nonresidential buildings, almost 70% of measurements are performed on the whole buildings.
This results are in accordance with the compulsory measurement protocol which allows
measurements based on a sampling method for multi-family buildings over 10m in height (NF
EN ISO 9972, 2015) (FD P50-784, 2016).

Figure 2: Number of building airtightness measurements depending on the measurement time (left) and the
measured extent of building (right)

3

RESULTS

3.1 Main characteristics of buildings
Figure 3 presents the share of buildings with EP-labels depending on the building use and the
year of construction. During the first years, measurements in residential buildings were
carried out mainly in the buildings with EP-labels. Since 2014, the share of residential
buildings with label have dropped due to the mandatory requirement. Thus, measurements
from 2015 can be considered as representative of new French residential buildings.
For non-residential buildings, almost 70% of the tested buildings have no label, which means
that for non-residential building the main reason for testing is probably to improve the EPcalculation and not to comply with a label. However, to increase the number of test performed
either a mandatory requirements or more penalizing default values are needed.

Figure 3: Percentage of buildings with EP-label
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Figure 4 presents the characteristics of buildings regarding main construction material and
ventilation system for single-family, multi-family and non-residential buildings. The majority
of single-family houses are built of masonry, mainly with brick (47%) followed by concrete
(28%). Wooden houses account for 8%. For Multi-family buildings, concrete is the main
material (44%), followed by brick (28%). Wood accounts only for 2%. For non-residential
building, concrete is also the main material (36%), but the wood seems to be more widely
used (17%) as it is more than brick (15%).
It is important to note that the airtightness of concrete and brick constructions is treated in the
same way in France, in most cases it is made through plasterboards and mastics at the inside
facing of the walls. The wooden constructions are mainly wood frame structure, and the
airtightness is ensured by the vapour barrier.
Regarding ventilation systems, we first observe that all residential buildings have been
equipped with mechanical ventilation, mostly single exhaust systems (94% for single-family
houses and 98% for multi-family buildings buildings). In fact, the French regulation requires
general and permanent airing of residential buildings. Single exhaust systems include
humidity sensitive ventilation system which is the most commonly used system in French
residential buildings. Non-residential buildings are also almost all equipped with mechanical
ventilation system, with mainly balanced systems (52%).

Figure 4: Number of building airtightness measurements depending on the buildings main material (left) and
ventilation system (right)

3.2 Evolution of measured building airtightness
The results presented here are expressed according to the air permeability French indicator
Q4Pa-surf, which is the airflow rate at 4 Pa per unit of envelope surface area excluding lowest
floor (m3.h-1.m-2). Only measurements performed upon completion are presented and analysed
hereafter in order to perform relevant comparisons.
Figure 5 presents the annual evolution of the number of tests and the average value of the air
permeability for residential and non-residential buildings.
For residential buildings, results show a fast increase of the number of airtightness
measurements since 2007. This dynamic was first triggered in 2007 by the French EP-label
“BBC-Effinergie” and then accentuated with the mandatory requirement in 2013.
The annual increase in the number of measurements comes together with a significant drop in
the average value of the air permeability (and thus an improvement in airtightness) during the
first years. Since 2013, it has stabilized around 0.4 m3.h-1.m-2 in single-family houses and 0.65
m3.h-1.m-2 in multi-family buildings. The slight increase in multi-family since 2015 can be
explained by the fact that every new building is now tested and not only exemplary ones that
were applying for a label. The EP-regulation requires that Q4Pa_surf is below 0.6 m3/h/m² for
single-family houses and 1 m3/h/m² for multi-family buildings.
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Figure 5: Evolution per year of construction of the number of measurements and the mean air permeability in
residential buildings (left) and none-residential buildings (right)

Figure 6: Distribution of building air permeability measured in single-family houses (left) and multi-family
buildings (right)

Figure 6 presents the distributions of building air permeability measured in single-family
houses and multi-family buildings.
For single-family dwellings, we observe the threshold effect of the mandatory requirement of
the EP-regulation at 0.6 m3.h-1.m-2 which creates a discontinuity in the distribution of the
measured values of the air permeability. This is due to last-minute corrections during the
commissioning test to force the measured air permeability below the regulatory threshold.
Thus 93% of the measurements are below 0.6 m3.h-1.m-2. Also more than half (53%) are
below the threshold of EP-label “Effinergie+” 0.4 m3.h-1.m-2.
For multi-family building, the distribution is more regular and is close to a skew-normal
repartition. The threshold of 1 m3.h-1.m-2 seems to be easier to reach in multi-family buildings
with 86% of measurements below this threshold, and 73% below the threshold of EP-label
“Effinergie+” 0.8 m3.h-1.m-2. Note that most tests are performed by sampling, so in most cases
only dwellings are tested and not common parts.
For non-residential buildings, as seen above, the number of measurements is much lower.
However, results show an annual increase in the number of measurements since 2011. Also
the mean value of air permeability has decreased annually to reach 0.82 m3.h-1.m-2 in 2016. In
addition, this value is similar for buildings with or without an EP-label.
As for multi-family buildings, Figure 7 shows that the distribution is close to a skew-normal
repartition as there is no mandatory requirement; 87% of measurements are below the default
value of the EP regulation (1.7 m3.h-1.m-2 for all non-residential buildings except commercial,
gym, industrial and transportation buildings for which the default value is 3 m3.h-1.m-2), and
67% below the threshold of multifamily buildings (1 m3.h-1.m-2).
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Figure 7: Distribution of building air permeability measured in non-residential buildings

The mean value of air permeability of non-residential in 2016 (with or without EP-label) is
approximately half of the default value of the EP-regulation. According to (Leprince et al.,
2011), we can expect an energy saving from 10% to 30% when using the average value (0.8
m3.h-1.m-2) rather than the default value.
Despite the absence of a mandatory requirement, airtightness of non-residential buildings
continue to improve, but only for those who have decided to care about it.
Non-residential buildings cover a wide variety of buildings. The average value can mask
different situations depending on the type of building and the volume. Therefore, a special
focus is made on non-residential buildings depending on the use of the building and its size.
We present in Figure 8 main summary of the volume of non-residential buildings depending
on their use, and in Figure 9 the variations of air permeability depending on the building use
and the range of volume for office buildings. In order to perform relevant comparisons, this
analysis is based only on non-residential buildings constructed since 2013 as they present
comparable values of the annual average air permeability.
The main parts of non-residential buildings are offices (25%), schools (20%) followed by
hospitals (10%), gym, restaurants and other non-residential buildings (commercial, hotel,
nursery, industrial…). All non-residential buildings present similar volumes with average
values below 5,000 m3, with the exception of Gyms with higher value which is logical for this
kind of buildings. The median values are globally less than 1000 m3 except for schools and
gyms with 1,311 m3 and 1,294 m3 respectively.
The statistical values of the air permeability of the different uses are globally equivalent, with
the exception of restaurants with slightly higher values. This is probably due to the hoods, and
to the complexity of the technical equipment which multiplies the number of penetrations
through the building envelope.

Figure 8: Descriptive statistics of the volume of non-residential buildings since 2013
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Figure 9: Variation of air permeability depending on the building use (left) and the range of volume for office
buildings (right)

The distributions of air permeability by building use are globally heterogeneous with mean
values closer to the 3rd quartile than the median. We also observe the same heterogeneity as a
function of volume classes for office buildings.
3.3

Impact of the seasonal variations

The impact of seasonal variations on airtightness was already considered by (Kim & Shaw,
1986) (Wahlgren, 2014). A variation of the airtightness depending on the season has been
observed in particular for the wood structure houses which can be air tighter in summer than
in winter. Another study has also shown that the airtightness of a timber building is affected
by the indoor relative humidity (Domhagen & Wahlgren, 2017).
In order to investigate the seasonal impact on airtightness, we have analysed the seasonal
variation of air permeability of single-family houses according to the method of construction
and local climate. We have classified houses into 3 categories depending on their sensitivity
to moisture and the treatment of airtightness:
 wood structure houses where the airtightness is ensured by the vapour barrier;
 heavy structure with interior insulation where the air barrier is ensured by
plasterboards and mastics at the inside facing of the walls;
 heavy structure with exterior insulation where the air barrier can be ensured either by
plasterboards and mastics (like interior insulation) or by coating on the masonry.
As the relative humidity varies according to the season and the climatic zone, we considered 3
different climates based on the climatic zones of the French EP-regulation: continental
climate (H1), oceanic climate (H2), and Mediterranean climate (H3).
Figure 10 to Figure 12 show the seasonal variations of air permeability of single-family
dwellings depending on the construction method respectively.
For wooden houses, we do not observe seasonal variations for continental and oceanic
climates. On the other hand, for the Mediterranean climate, we observe globally higher values
for all seasons. In addition, the summer period shows higher values than in winter for the
Mediterranean climate. This result is different from what was observed before for wood
houses with higher airtightness during summer period. However, in France, wood
constructions are almost always done with a vapour barrier, so the impact of wood distention
with humidity is assumed to be low which may explain the difference in conclusion. In
addition, the number of measurements in the Mediterranean climate is relatively low
compared to other climates, which limits the statistical interpretation of these results.
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For heavy structure houses with interior insulation, the results do not show seasonal variations
for any climate. As for wooden houses, we observe slightly higher values of air permeability
for the Mediterranean climate during all seasons.
Finally, for heavy structure houses with exterior insulation, the number of measurements is
not sufficient to make statistical analyses, in particular for the Mediterranean climate. It seems
that houses are less air tighter during mid-season. This results needs to be further investigated.

Figure 10: Variation of air permeability for wood structure houses depending on climate and season (mean value
is indicated by the red dashed line)

Figure 11: Variation of air permeability for heavy structure houses (with interior insulation) depending on
climate and season (mean value is indicated by the red dashed line)
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Figure 12: Variation of air permeability for heavy structure houses with exterior insulation depending on climate
and season (mean value is indicated by the red dashed line)

4

CONCLUSIONS

Since its creation in 2007, the French database of building airtightness has been annually fed
by measurements performed by qualified testers. The total number of measurements is now
about 215,000 mostly residential buildings (multi-family and single dwellings). This is due to
the fact that the French EP-regulation requires since 2013 a limit for airtightness level for all
new dwellings. Therefore, the share of residential buildings with EP-label has dropped since
2014 due to the mandatory requirement. Measurements from 2015 can thus be considered as
representative of new French residential buildings.
In single dwellings, the air permeability at 4 Pa (per unit of envelope area) slightly decreases
from year to year with a mean value around 0.4 m3.h-1.m-2 in 2016. In multi-family buildings,
the yearly mean air permeability fluctuates between 0.60 and 0.65 m3.h-1.m-2. In nonresidential buildings, it is around 1 m3.h-1.m-2. However non-residential buildings cover a
wide variety of buildings. Offices and schools are the main part of tested non-residential
buildings in the database. The air permeability of the different uses is globally equivalent,
with the exception of restaurants with slightly higher air permeability. Also air permeability
of office buildings is globally equivalent for different volume ranges.
Finally, the impact of the seasonal variations on the measured air permeability in single
dwellings was analysed depending on climatic zones and buildings construction materials
(wood, concrete and brick constructions). An impact of seasonal variations on air
permeability is only observed in the case of wood constructions, with slightly higher values
during summer in the south of France in particular. This result needs to be deepened with
more measurement results especially in the Mediterranean climate.
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ABSTRACT
The air leakage impact on energy performance in buildings has already been broadly studied in USA, Canada
and most European countries. However, there is a lack of knowledge in Mediterranean countries regarding
airtightness. An extensive study has been carried out in order to characterize the envelope of the existing housing
stock in Spain. Preliminary results of more than 401 dwellings tested are shown. The sample includes different
typologies, year of construction and climate zones. Blower door tests were performed and thermal imaging was
used to locate leakage paths.
Results indicate that the mean air change rate at 50 Pa of the whole sample was 7.52 h-1 and the mean air
permability rate was 5.91 m3/h·m2. Different parameters were statistically analysed. Climate zone was found to
have a great impact on airtightness. Other parameters such as typology, retrofitting intervention, heating and
refrigerating systems, construction technology or the position of the rolling shutters were also analysed.
Regarding the year of construction, unlike the trend in other European countries, it is not clear that Spanish
recent dwellings have a better performance of the envelope than the old ones.

KEYWORDS
Air leakage; residential buildings; fan pressurization test; Blower Door; database

1

INTRODUCTION

The concern for the energy performance of buildings, and specifically for air infiltration, has
grown in the past few years. However, in the Mediterranean countries, and in the case of
Spain in particular, climate benevolence and the tradition of ventilating naturally have led to
very few studies focusing on this area (Fernández-agüera, Sendra, Suárez, & Oteiza, 2015;
Jiménez Tiberio & Branchi, 2013; Montoya, Pastor, & Planas, 2011). Air infiltration has
complemented natural ventilation, supplying the lack of specific ventilation systems.
In Spain the Technical Building Code (Ministerio de Fomento del Gobierno de España, 2006)
requires the implementation of controlled ventilation systems in new buildings to ensure
adequate indoor air quality. Therefore, it is essential to insist on the need for airtight
envelopes to avoid oversized ventilation systems and excessive energy consumption.
Infiltrations have been proved to be responsible for 10.5% to 25.4% of the energy demand in
winter for residential dwellings built in Spain after 2006 (Meiss & Feijó-Muñoz, 2014).
Given the relevance of this matter, INFILES project, in which this research is included, aims
to characterize the envelope of current buildings in Spain, in relation to airtightness. Through
an extensive field study throughout the Spanish geography, apartments and houses of
different typologies and years of construction have been analysed. The purpose of the study is
the creation of a database that gathers air infiltration results and building characteristics to
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determine the factors that have a major impact on airtightness. Although the sample size is
limited, and some sub-groups are not sufficiently represented, this study provides the basis of
a wide national database to be extended over time.
Other countries have already developed databases with a great number of cases, which allow
the estimation of the impact of regulations on building airtightness and provide statistical data
to establish the impact of building characteristics on building airtightness (Leprince,
Kapsalaki, & Carrié, 2017). The most relevant one has been developed in US (ResDB) since
90’ and contains building envelope air leakage data from nearly 150,000 cases (Chan, Joh, &
Sherman, 2013). In Europe, databases are being addressed in the UK, Germany, Belgium,
Czech Republic, Estonia, Ireland or France (Leprince, Carrié, & Kapsalaki, 2017).
2

METHODOLOGY
2.1

Studied dwellings

The dwellings tested were chosen based on a representative sample of the existing housing
stock in Spain by means of a non-probabilistic quota sampling scheme (Feijó-Muñoz et al.,
2018). The sampling method considered relevant factors that have an impact on airtightness
as control variables, namely climate zone, year of construction and typology. Airtightness
tests were conducted in 401 dwellings built between 1880 and 2015 in various locations of
Spain, whose owners allowed voluntarily for the performance of the test.
For sampling purposes, the year of construction was considered either for original dwellings
or renovated ones. This fact was taken into account as a characterization parameter in order
to be able to analyse its possible impact. The sample included 275 original dwellings (68.6%)
and 126 had been fully renovated (31.4%).
According to the planned sampling scheme, 325 cases were apartments (81%) and 76 cases
were single-family houses (19%). Sub typologies were also considered: closed city blocks of
apartments (62.6%), isolated blocks of apartments (18.5%), individual houses (7.2%), row
houses (11.8%), etc.
Although building characteristics may vary, there are some common features that could
define the architectural housing stock in Spain. Massive brick construction system has been
broadly extended in the country over the past century (99.3% of the sample). Lightweight
construction systems are very rarely used in this area. Rolling shutters are rather extended in
the country, although they often constitute a discontinuity of the envelope and therefore a
typical leakage path. Only 63 (15.7%) of the dwellings tested had no rolling shutters.
Regulations in Spain did not introduce ventilation control in dwellings until 2006 with the
implementation of the Technical Building Code (CTE) DB HS3 (Ministerio de Fomento del
Gobierno de España, 2006). This fact explains that most of the dwellings tested were
ventilated naturally (99% of the cases). Ventilation is provided by opening the outer windows
and air infiltration of the building envelope. Kitchens are usually supplied with a hood (89.8%
of the sample).
Regarding heating and cooling, the presence of these systems was not uniform, since
dwellings were located in different climate zones with different needs. A broad majority of
the tested dwellings (85.5%) had a heating system whereas only nearly half of them (44.1%)
had refrigeration.
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The size of the dwellings also covered a wide range. Floor area ranged from 20.59 m2 to
332.15 m2. Table 1 summarizes the dimensions of the dwellings tested and its distribution.
Table 1: Dimensions of the tested dwellings
Parameter

Minimum

Maximum

Mean

Floor area (m2)

20.59

332.15

93.52

Standard
deviation
48.73

Volume (m3)

51.48

952.13

240.96

130.80

Envelope area (m2)

107.34

988.17

293.17

116.92

Compactness (m-1)

0.67

2.32

1.29

0.20

2.2

Ranges

n

0-49
50-99
100-149
150-199
200-249
250-299
300-350
0-99
100-199
200-299
300-399
400-499
500-599
600-699
700-799
800-899
900-1000
0-99
100-199
200-299
300-399
400-499
500-599
600-699
700-799
800-899
900-1000
0-0.49
0.5-0.99
1-1.49
1.5-2

40
239
85
17
13
4
3
20
165
131
47
19
6
6
5
2
2
0
55
202
88
34
13
5
1
1
2
0
36
323
37

% of the
total
10
59.6
21.2
4.2
3.2
1.0
0.7
5.0
41.1
32.7
11.7
4.7
1.5
1.5
1.2
0.0
0.5
0.0
13.7
50.4
21.9
8.5
3.2
1.2
0.2
0.2
0.5
0.0
9.0
80.5
9.2

Measurement methods

For the purpose of the study, the airtightness level of the tested cases was measured with the
extended technique Blower Door test, according to EN 13829 (AENOR, 2000). Both
pressurization and depressurization tests were carried out within the internal volume of the
deliberately conditioned space of the dwelling. Two different protocols were followed in
order to obtain both the airtightness behaviour of the building in use (Method A) and the
building envelope (Method B) (AENOR, 2000). Pertinent preparations of the building were
performed accordingly. An automated test was performed with 10 measurement points for
each test in the range 11-65 Pa. The infiltration curve is calculated as follows (Equation 1):
∆
where:
Venv: air flow rate through the envelope of the dwelling (m3/h)
Cenv: air flow coefficient (m3/ (h∙Pan))
∆p: induced pressure difference (Pa)
n: pressure exponent

(1)
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The correct calibration of the equipment was ensured to maintain accuracy specifications of
1% of reading, or 0.15 Pa. The parameters obtained from the power law that allow the
comparison of results in different buildings are listed in Table 2:
Table 2: Parameters obtained from the power law equation.
Parameter
V50
air flow rate at 50 Pa
n50
air change rate at 50 Pa (ACH50)
w50
specific leakage rate at 50 Pa
q50
air permeability rate at 50 Pa

Equation
Cenv(50)n
V50/V
V50/AE
V50/AF

Unit
m3/h
h-1
3
m /h·m2
m3/h·m2

where:
V (m3): internal volume. Volume of air inside the measured building, calculated by
multiplying the net floor area by the ceiling height. The volume of the furniture is not
subtracted.
AE (m2): envelope area. Total area of walls, floors and ceilings bordering the internal volume
subject to the test.
AF (m2): net floor area. Total floor area of all floors belonging to the internal volume subject
to the test.
The tested dwellings were widely characterized so that results could be compared and further
analysis performed. A software tool was developed in order to retain the information in a
uniform and systematic way, standardizing assessment criteria among technicians. Its
extended use could constitute the establishment of a national air leakage database. The
methodology followed in this study was further detailed by Feijó-Muñoz (Feijó-Muñoz et al.,
2018).
3

RESULTS

Firstly, the distribution of the air change rate (h-1) and the air permeability rate at 50 Pa
(m3/h·m2) results were analysed (Table 3). Histograms of the distribution can be seen in
Figure 1. The range of the measured n50 values was large, from 1.19 to 39.42 h-1, as well as
the q50 values, from 0.96 to 29.92 m3/h·m2. The data set constitutes a large sample and thus a
small number of outliers was expected. Some of the values obtained were outliers, although
they have not been considered as experimental errors, since they correspond to really leaky
cases. Therefore, outliers have not been excluded from the data set.
Normality of the data was analysed with Kolmogorov-Smirnov normality test using the
extended statistics tool IBM SPSS Statistics (Table 3). The null hypothesis of normality H0
was rejected both for n50 and q50, given the obtained p-values with a significance level applied
for the analysis α = 0.05 (5%). That indicates non-normal distribution of the data.
Table 3: Normality test results
Parameter

n

mean

median

sd

n50 (h-1)
401
7.52
6.39
4.91
q50 (m3/h·m2)
401
5.91
5.00
3.85
n: number of dwellings tested.
sd: standard deviation.
*: significant results are marked with this sign.

skewness

kurtosis

2.62
2.41

11.25
9.14

Kolmogorov-Smirnov
test
Statistics
p-value
0.13
0.00*
0.13
0.00*
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Figure 1: Histograms of the distribution of the air permeability results of the tested
dwellings.
1a) n50 (h-1)
1b) q50 (m3/h·m2)

The impact of different parameters on airtightness has been analysed. Given the nonnormality distribution of the sample, non-parametric tests were performed to study if there
was a statistically significant relation between the obtained n50 values and different properties
of the dwellings. Results were analysed according to construction period, climate zone,
typology, retrofitting state, heating system, refrigerating system, construction technology and
position of the rolling shutters. Kruskal-Wallis test was performed in order to statistically
verify the independence of the variables. Table 4 shows the permeability values for each
variable and the significant results found.
Figure 2 is a set of boxplots of the air change rate at 50 Pa of the dwellings for the parameters
analysed.
Table 4: n50 results (h-1) of the tested dwellings according to different parameters and Kruskal-Wallis test values.
Variable

Period of
construction

Climate zone
Typology
Retrofitting
Heating system
Refrigerating
system
Construction
technology
Rolling shutters
position

Category

n

mean

median

<1900
1900-1939
1940-1959
1960-1979
1980-2006
>2007
Oceanic
Continental
Mediterranean
Canary Islands
Multi-family
Single-Family
Original
Retrofitted
Heating
No heating
Refrigeration
No refrigeration
Single massive wall
Double massive wall
Non-integrated
shutters
Exterior shutters
Interior shutters

sd

min

max

3
22
36
148
158
34
47
129
209
16
325
76
275
126
343
58
177
224
57
344
19

8.58
8.42
7.30
7.93
7.19
6.85
4.64
6.98
8.66
5.43
7.66
6.92
7.83
6.87
7.25
9.16
8.08
7.09
7.25
7.57
7.96

5.83
7.29
5.91
6.47
6.19
6.70
3.56
6.20
7.05
4.38
6.50
6.17
6.75
5.79
6.21
6.92
6.80
6.00
5.99
6.40
8.08

5.32
4.62
5.48
5.58
4.42
3.19
3.06
3.58
5.63
3.57
5.13
3.78
4.61
5.45
4.40
7.05
4.89
4.89
4.20
5.02
2.43

5.19
2.47
1.19
1.41
1.39
1.90
1.41
1.19
1.90
2.18
1.19
1.39
1.39
1.19
1.19
1.90
1.93
1.19
1.19
1.39
3.86

14.71
23.38
31.88
38.96
39.42
13.46
15.26
21.80
39.42
15.07
39.42
23.38
39.42
38.96
38.96
39.42
38.96
39.42
23.38
39.42
13.58

296
23

7.46
7.70

6.31
3.56

4.60
10.15

1.19
1.41

38.96
39.42

Chisquare

Sig.

3.05

0.69

51.84

0.00*

0.56

0.46

10.09

0.00*

3.50

0.06

9.75

0.00*

0.08

0.77

13.96

0.00*
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No shutters

63

7.64

6.76

4.06

2.18

23.38

Figure 2: Airtightness of the tested dwellings.
2a) Periods of construction

2b) Climate zones

2c) Typology

2d) Retrofitting

2e) Heating system

2f) Refrigerating system
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2g) Construction technology

2h) Position of the rolling shutters

As can be deduced from the data obtained, there is not a statistical significant relation
between airtightness and the period of construction of the dwellings (p-value = 0.69). It is
relevant, though, that there is just a slight trend of improvement of the mean and median
values of the air change rate over the years. Newer buildings obtained better airtightness
values than the old ones but only within a tight range, even though construction technology
and regulations have had a great development. As an example, dwellings built after 2007 have
a mean value of n50 = 6.85 h-1 whereas the ones belonging to the period 1940-1959 have a
mean air change rate of 7.30 h-1, although the sample size of both periods is limited.
Nevertheless, an improvement can be seen between the periods with a larger sample: 19601979 and 1980-2006. The air change rate varies from a mean value of 7.93 to 7.19 h-1. The
implementation of Spanish regulations in 1979 (Ministerio de Fomento del Gobierno de
España, 1979) concerning the energy performance of buildings could be an important aspect
to explain this fact.
Regarding climate zone, a statistical relationship with the air change rate was found (p-value
= 0.00). Dwellings in the Mediterranean area are the leakiest with a mean of 8.66 h-1 whereas
the ones located in the Oceanic area are the most airtight with a mean o n50= 4.64 h-1.
However, this result should be verified with a larger sample size for the Oceanic zone and the
Canary Islands. It is relevant also the fact that dwellings in the Mediterranean area are leakier
than the ones located in the Continental area (n50 = 6.98 h-1). This fact could be derived from
the extreme temperature conditions found in the Continental area, which differs with the mild
climate found in the Mediterranean part of the country.
Multi-family and single-family buildings were analysed. The relationship between the air
change rate at a pressure difference of 50 Pa and typology was not significant (p-value =
0.46).
Retrofitting of the dwellings was also found to be statistically relevant for airtightness (pvalue = 0.00). The sample size for both situations is large enough to draw conclusions. An
improvement on the air change rate was found for retrofitted dwellings (n50 = 6.87 versus 7.83
h-1 corresponding to the original ones). However, this improvement could be greater if
airtightness was considered and specific measures taken during the retrofitting process, even
though Spanish current regulations do not establish certain permeability rates limits.
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As for the conditioning systems provided for each case, different conclusions were drawn
from heating and refrigerating systems. The presence of a refrigerating system was found to
be significant regarding airtightness, whereas for heating it was not. Dwellings with
refrigerating system were leakier (n50 = 8.08 h-1) than the cases without it (n50 = 7.09 h-1). The
performance and efficiency of these systems is affected by the presence of infiltrations. This
result could be explained given the fact that refrigerating system can be found mainly in
locations with a mild climate.
Additionally, as it has already said before, construction systems in Spain have not
experimented a large development during the past century. An analysis has been carried out in
order to determine if the fact that the envelope was single massive or double had an impact on
airtightness. No statistical relationship was found.
Finally, the impact of the positions of rolling shutters was analysed. The shutters were
classified into four categories. One of the categories included dwellings without rolling
shutters, although other shadowing systems could be found. The most usual system is the
integration of the window and rolling shutter into the interior side of the envelope in such way
that it rolls through the outside of the window. In the Oceanic area of the country, specifically
in A Coruña, located in the north of the country by the Atlantic Ocean, an unusual system was
found, with shutters rolling through the inside. Lastly, non-integrated rolling shutters, a
solution employed in the case of windows that originally had no shutters, were considered. A
statistically significant relationship (p-value = 0.00) between the position of the shutters and
the airtightness level was found.
4

CONCLUSIONS

Preliminary airtightness results of residential buildings in Spain are shown. 401 buildings
constitute this database at the moment, which has been created with the aim of setting the
basis of a national and further developed one, completed by constructors and public or private
agents. It has been designed together with an application that allows the storage of unified
information, including test results and a whole characterization of the dwellings.
The sample size was designed by means of a non-probabilistic quota sampling scheme
considering the climate zone, year of construction and typology. Nevertheless, a larger sample
should be considered in order to draw more accurate conclusions. The mean air change rate of
the whole database is 7.52 h-1 and the mean air permeability rate at 50 Pa is 5.91 m3/h·m2. A
great potential for energy savings through the improvement of construction elements can be
derived from the results.
An analysis was performed in order to statistically verify the independence of different
variables. Climate zone, retrofitting, refrigerating system and the position of the shutters were
found to be in relation with the air change rate of the dwellings tested. On the other hand, no
significance was found related to the period of construction, typology, heating system or
construction technology.
Further conclusions will be derived from a deeper analysis of the data and the increase of the
number of cases tested.
5
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ABSTRACT
In this study, durability of building airtightness was assessed by means of repeated airtightness testing of the
studied houses. This approach generally involves the following issues which complicate the comparison of the
test results:





a lack of knowledge about the modifications of the air barrier system between two tests
differences in building preparation
differences in testing procedure and equipment if the tests are performed by different technicians
different conditions during each test

In this study, all the tests were performed by the same technician using the same equipment. The technician
always prepared the building in the same way and followed the same measuring procedure. The majority of the
tests were carried out in the same period of year under similar climatic conditions. Therefore, the differences
between the test results should reflect namely the impact of ageing and the impact of the air barrier system
modifications. Information concerning interventions to the building envelope was collected from the building
users or the caretaker. Therefore, the impact of such interventions on the building airtightness is traceable.
The studied buildings were built in 2007 using the same construction system with an emphasis on the quality of
execution of the air barrier system. They have a very similar size, the same timber structure and the same air
barrier system (PE foil, butyl tapes). Building A and D are an inhabited single family houses. Building B is a
showhouse of the construction company and the building C serves as training centre and conference room. This
allows a comparison of the potential impact of different users’ behaviour on the airtightness durability. The
buildings A and B were tested at the commissioning, 3 years after and then each 2 years or even each year. The
buildings C and D were tested only twice, at the commissioning and 11 years later.
In all the buildings, airtightness has deteriorated over 11 years. The n50 of buildings A and B increased from 0.5
h-1 to 0.7 h-1. The n50 of building C and D increased more significantly from 0.5 h-1 to 1.3 h-1 and from 0.7 h-1 to
1.4 h-1 respectively (due to improper repair works after a failure of the sewage water system and due to a
refurbishment carried out with little concern about airtightness). The results show that a good airtightness
durability (relatively small increase of the n50 value) can be achieved if:
 the air barrier system is designed and executed carefully
 the users respect some basic restrictions concerning the modifications of the building envelope which aim to
protect the air barrier system
 all interventions into the air barrier system that can occur e.g. during refurbishment or repair works are
properly repaired (inversely, improper interventions can significantly deteriorate the airtightness)
The results confirm that the airtightness decreases namely during the first years of the building service (e.g. in
building B, the n50 increased from 0.5 h-1 to 0.65 h-1 during the first 3 years and from 0.65 h-1 to 0.7 h-1 during the
next 7 years).

KEYWORDS
Air leakage, airtightness durability, airtightness testing, air barrier system, passive house
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1

INTRODUCTION

Several field studies of the building airtightness durability are reported in (Leprince 2017).
The authors usually compare the results of the airtightness tests of the same building
performed at different stages of its life cycle (typically just after the completion and after
several years of the buildings service). Besides, the repeated testing, information about the
conditions of the buildings service over the period between the successive tests is collected in
order to explain the differences between the test results. This approach generally involves the
following issues and limitations which complicate the comparison of the test results:
 a limited knowledge or even a lack of knowledge about the modifications of the air barrier
system between the two successive tests
 significant modifications of the building carried out between the two successive tests
making the comparison of the test results complicated (e.g. an extension of the building or
an extensive refurbishment)
 differences in the building preparation for the two successive tests
 differences in the testing procedure and the equipment used if the tests are performed by
different technicians
 different conditions during the tests – differences in the indoor and outdoor climatic
conditions not only influence the accuracy of measurement and its result (e.g. wind) but
might cause some deformations of the building structure which may affect the airtightness
itself (certain authors point out the seasonal variation of building airtightness)
In this study, the durability of airtightness of 4 passive houses was assessed using the same
approach. The buildings were tested several times over a period of 11 years. Relatively
frequent testing provides an insight into the evolution of the airtightness during the first years
of the building service which seem to be critical according to certain authors (Leprince 2017).
All the tests were performed by the same technician using the same equipment and following
the same measuring procedure. The buildings were prepared in the same or a very similar way
(the differences are traceable). Most of the tests were carried out in the same period of year
under similar climatic conditions. Therefore, the influence of the issues mentioned above on
the reliability of the assessment was minimised and the differences between the test results
should reflect mainly the impact of ageing and the impact of users´ interventions.
The studied buildings have a very similar size and were built using the same construction
system, by the same construction company in the same place and within a short period of
time. Therefore, one can expect a very similar impact of ageing of the air barrier system
components on the durability of airtightness. However, the studied buildings are used by
different users for different purposes. For most of the buildings, the users´ interventions,
potentially affecting the building airtightness are well documented. This allows for a reliable
assessment of a potential impact of different users’ behaviour on the airtightness durability.
2

METHOD

The same technician carried out all the tests reported in this study according to (ČSN EN
13829). The measurement procedure was identical for all the tests. The sequence of induced
pressure differences was always the same, the measuring device was fastened into the same
opening (the entrance door) and the external pressure tap was placed in the same position. The
same measuring device (a blower door) was used for all the tests. The pressure sensors were
calibrated yearly. The blower door fan was not calibrated in the course of the study.
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The details concerning the building preparation were recorded for each test. These records
allowed the technician to prepare the building for testing always in the same way (method B
according to (ČSN EN 13828)). Nevertheless, in the case of all the buildings studied, the
preparation for the first test differed from the preparation for the successive tests – before the
first test, the attic hatch was closed and sealed with an adhesive tape, while before the
successive tests it was only closed but not sealed.
The test results (air change rates at 50 Pa, n50 [h-1]) were calculated according to (ČSN EN
13829). The uncertainty of the n50 values reported in this study includes the uncertainty of the
internal volume and an estimate of the effect of the wind.
Information concerning later interventions to the building envelope was collected from the
building users or the caretaker by means of a questionnaire. Some of them were interviewed.
However, for the building D, only limited information is available.
3

BUILDINGS TESTED

All the 4 tested buildings were built from 2006 to 2007 as a part of a pilot project of a
development of 13 passive houses (fig. 1). The construction company leading this project
aimed at evaluation of the design and serial production of their first construction system
complying with the criteria for the passive houses. The airtightness of the building envelope
was identified to be one of the key issues from the initial phases of the project. Therefore, a
special attention was paid to the airtightness throughout the design and construction process.

Figure 1 The studied buildings. Left – construction process. Right – completed buildings in 2007

The buildings have the same shape and nearly identical size, typical for single-family houses
in the region. They have the same wooden skeleton structure assembled on-site (fig. 1). The
building envelope is insulated by means of mineral wool thermal insulation. The buildings are
equipped with the same balanced ventilation system with heat recovery. The buildings serve
for different purposes (see below).
The air barrier system was designed with a special care. The designers consulted the solutions
with a technician who had a previous experience with design and airtightness testing of
passive houses. The air barrier layer of the slab on the ground consists of bitumen sheets
(waterproofing membrane) with welded joints. The air barrier layer of the external walls and
the roof consists of the PE foil sheets. The joints of the sheets are sealed with butyl adhesive
tapes and secured with wooden battens. In order to minimise the number of penetrations, the
electrical and other building installations are led in a cavity between the PE foil and the
internal cladding (gypsum boards). Special products e.g. the butyl tapes, the “window tapes”,
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rubber sleeves were designed for sealing the connections of the PE foil to other building
components and for sealing the penetrations.
Usually, in similar wooden frame buildings, the air/vapour barrier layers of the external wall
of the 1st and the 2nd floor are connected with a piece of foil running over the ends of the
ceiling joists lying on the top of the 1st floor wall. However, in this construction system, such
a solution would seriously complicate the building process and presented a risk of air leakage
due to damage of the connecting piece of foil during the construction process. Therefore, two
separate air barrier systems were designed for the 1st and the 2nd floors (fig. 2).
The air barrier system was executed with an emphasis on the quality of the workmanship. Its
execution was supervised. Several preliminary airtightness tests were carried out in order to
identify the sources of the air leakage with subsequent repair. However, several leakage paths
were not completely eliminated and persisted in a major part of the buildings.
air barrier layer
wind barrier layer

Usual solution

Studied buildings

Figure 2 The air barrier system of the studied buildings. Cross section, schematic representation

4
4.1

BUILDING A
Use of the building

The building A (fig. 3) is an inhabited single-family house. The owner is a technician with a
good knowledge of the principles of passive houses. He is well aware of the importance of the
airtightness, therefore he always managed the works in the house in order to preserve the
integrity of the air barrier system. Otherwise, the users’ behaviour is typical for a singlefamily house.
4.2

Service life

The building has been continuously inhabited since 2007. The furniture and household
equipment were fastened without any intervention to the air barrier system (the owner
supervised the works). In 2013 a new heat source was installed - again, without any
intervention to the air barrier system. The owner did not report any other interventions
potentially affecting the air barrier system (refurbishment, repair or maintenance works). On
the other hand, the owner claims a poor airtightness of the attic hatch which seems to
deteriorate over time.
4.3

Testing and test results

The building was tested first at the moment of commissioning in 2007, then in 2010, in 2014
and then regularly with a period of 2 years, in 2016 and 2018. For the building preparation,
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see tab. 1. All the tests were carried out in spring or summer. Therefore, one can expect a
minimal impact of the seasonal variation of the building airtightness on the test results. The
test results are given in tab. 1 and fig. 4.
attic hatch sealed
attic hatch closed

Figure 3 The building A in 2018

Figure 4 Repeated testing results for building A

Table 1: Building preparation and repeated testing results for building A
Test
No
1
2
3
4
5
6

4.4

Test
date
31.7.2007
19.6.2010
29.5.2014
7.6.2016
31.5.2018
31.5.2018

Building preparation
ventilation system
chimney flue
sealed
sealed
sealed
sealed
sealed
sealed
sealed
sealed
sealed
sealed
sealed
sealed

attic hatch
sealed
closed
closed
closed
closed
sealed

Test result
n50 [h-1]
0.51 ±12 %
0.67 ±8 %
0.68 ±8 %
0.71 ±8 %
0.86 ±8 %
0.69 ±8 %

Comments

The airtightness of the building A has deteriorated over the 11 years - the n50 value rose from
0.51 h-1 in 2007 to 0.71 h-1 in 2016. The n50 value increased mostly in the first 3 years,
between 2007 and 2010 (from 0.51 to 0.67 h-1). It is not clear whether the difference between
the test results from 2007 and 2010 is due to the effect of ageing or rather to different building
preparation (sealed attic hatch). Between 2010 and 2016 the n50 value increased slightly, but
the differences between the test results are lower than the uncertainty. Between 2016 and
2018 the n50 value increased suddenly and significantly. A defect or accelerated degradation
of the attic hatch gaskets are very likely causes of this change as shows the result of the
second test carried out in 2018 with sealed attic hatch.
5
5.1

BUILDING B
Use of the building

The building B serves a “show house” of the construction company exhibiting the
construction system and building technologies to the potential clients. It is not inhabited
permanently. The presence of people is limited to some short intervals (excursions and other
similar events). The effects resulting from the activities of the inhabitants which can influence
the airtightness durability are only minimal in this house (e.g. generation of heat and
moisture, their fluctuations, fastening of furniture, etc.)

63 | P a g e

Once per year (since 2010) the building is used for the round-robin testing of the local
airtightness testers network (Association Blower Door CZ). During this event (from 2 to 3
days) the participants (approx. 10 technicians) perform in total 10 to 20 airtightness tests
according to (ČSN EN 13829). The cyclic pressure load induced by the measuring devices
may act as a factor which accelerates ageing of the air barrier system.
5.2

Service life

The building was commissioned in 2007. At that moment, the household equipment and
furniture which are usually fastened to the building structure and involve a risk of a damage
of the air barrier system, were not installed (fitted kitchen, cupboards). In 2016, the building
was partly refurbished and furnished:
 the internal cladding of the 1st floor walls was removed as well as the 1st floor flooring
 the connection of bitumen sheets of the slab on the ground to the PE foil air/vapour barrier
of the 1st floor walls was repaired and sealed again
 a new heat pump was installed, involving the penetrations of the pipework through the
air/vapour barrier of the 1st floor walls
 the new external venetian blinds were installed involving the penetrations of the electrical
wires through the air/vapour barrier of the 1st floor walls
 the new electrical lighting system was installed in the 1st floor involving the penetrations of
the electrical wires through the air barrier layer of the 1st floor ceiling
 the new flooring of the 1st floor and internal cladding of the 1st floor walls were installed
 the new fitted kitchen, cupboards and other pieces of furniture were installed
The quality of the execution was supervised, the presence of leakages was checked during the
process. No other interventions to the air barrier system were made from 2007 to 2018.
attic hatch sealed
attic hatch closed

Figure 5 The building B in 2018

5.3

Figure 6 Repeated testing results for building B

Testing and test results

The building was tested first at the moment of commissioning in 2007, then in 2010, in 2014
and then regularly each year. For the building preparation, see tab. 2. All the tests were
carried out in spring or summer, so minimal impact of the seasonal variation can be expected.
The test in 2016 was carried out before the start of the refurbishment. The refurbished
building was first tested in 2017. The test results are given in tab. 2 and fig. 6.
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Table 2: Building preparation and repeated testing results for building A
Test
No
1
2
3
4
4
4
5
6

5.4

Test
date
30.8.2007
18.6.2010
28.5.2014
9.6.2015
6.6.2016
12.6.2017
31.5.2018
31.5.2018

Building preparation
ventilation system
chimney flue
sealed
sealed
sealed
sealed
sealed
sealed
sealed
open
sealed
sealed
sealed
sealed
sealed
sealed
sealed
sealed

attic hatch
sealed
closed
closed
closed
closed
closed
closed
sealed

Test result
n50 [h-1]
0.53 ±12 %
0.72 ±12 %
0.69 ±9 %
0.90 ±8 %
0.67 ±8 %
0.73 ±5 %
0.75 ±8 %
0.72 ±8 %

Comments

The n50 value rose from 0.53 h-1 in 2007 to 0.75 h-1 in 2018. The most significant increase
occurred between 2007 and 2010 (from 0.53 to 0.72 h-1). Unlike in the case of the building A,
the difference between the test results from 2007 and 2010 seems not to be a consequence of a
different building preparation (sealing of the attic hatch has a little influence – see the test
results of 2018). Between 2010 and 2018 the airtightness of the building remained almost at
the same level (the test of 2015 should be disregarded because of a different building
preparation). Surprisingly, the n50 decreased between 2010 and 2016 but the differences
between the test results are lower than the uncertainty. After the refurbishment in 2016, the
n50 increased, but the increase is not really significant with regard to the measurement
uncertainty. The n50 measured in 2017 and 2018 is very similar to the value of 2010.
6
6.1

BUILDING C
Use of the building

The building C serves as a training centre of the construction company. The company
organises workshops for its employees and conferences in the conference room, which
occupies most of the 1st floor area. The presence of people in the building is limited to some
short intervals (typically one or several days). During the events lasting several days, the
participants may be accommodated in the bedrooms situated in the 2nd floor. Like in case of
the building B, the impact of users on the durability of the air barrier system does not
represent a pattern typical for residential buildings.
6.2

Service life

The building was commissioned and furnished in 2007. No information is available whether
the installation of numerous pieces of furniture and household equipment was supervised or
not. The caretaker reported an accident of sewage water system between 2007 and 2018. The
repair of the damaged pipework required a partial disassembly of the external wall and
involved interventions to the air barrier system. The repair was carried out urgently, without
any special supervision.
6.3

Testing and test results

The building was tested only at the moment of commissioning in 2007, and in 2018.
Unfortunately, the tests were not carried out in the same season (see tab. 3). The test results
are given in tab. 3 and fig. 8.
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6.4

Comments

The n50 value obtained in 2018 is substantially higher than in 2007. The most likely cause of
this increase is neglected sealing of the air barrier layers during the repair of the sewage water
system failure. An improperly sealed penetration the sewage water pipework (significant
leakage path) was found in an accessible installation gap. Perhaps, similar leakage paths
resulting from improper repair works remained undiscovered in inaccessible parts of the
external wall as well.
attic hatch sealed
attic hatch closed

Figure 7 The building C in 2018

Figure 8 Repeated testing results for building C

Table 3: Building preparation and repeated testing results for building A
Test
No
1
2
3

7
7.1

Test
date
30.9.2007
14.2.2018
14.2.2018

Building preparation
ventilation system
chimney flue
sealed
sealed
sealed
sealed
sealed
sealed

attic hatch
sealed
closed
sealed

Test result
n50 [h-1]
0.53 ±10 %
1.31 ±8 %
1.26 ±8 %

BUILDING D
Use of the building

The building D (fig. 9) is an inhabited single-family house. Several years after the
completion, the building changed the owner. Both families used the building in a typical way
and without any special concern about the airtightness and its durability.
7.2

Service life

Before moving in, the second owner changed completely the 1st floor plan including the
electrical and water installations. The information about this refurbishment is limited,
however, it is clear that the airtightness related issues were not taken into account, e.g. no
airtightness tests were performed during the execution.
7.3

Testing and test results

The building was tested only at the moment of commissioning in 2007 and in 2018. The tests
were carried out in summer and spring respectively. The test result obtained in 2018 with the
sealed attic hatch is only indicative. The test results are given in tab. 4 and fig. 10.
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attic hatch sealed
attic hatch closed

Figure 9 The building D in 2018

Figure 10 Repeated testing results for building D

Table 4: Building preparation and repeated testing results for building D
Test
No
1
2
3

7.4

Test
date
2.8.2007
30.5.2018
30.5.2018

Building preparation
ventilation system
chimney flue
sealed
sealed
sealed
sealed
sealed
sealed

attic hatch
sealed
closed
sealed

Test result
n50 [h-1]
0.69 ±10 %
1.41 ±8 %
1.40 ±15 %

Comments

The n50 value increased significantly between 2007 and 2018. Very likely, this increase
results from the refurbishment carried out without any special concern about the airtightness.
8

DISCUSSION AND CONCLUSIONS

Despite the effort made during the design and the construction process, the initial level of the
n50 was generally rather high. The unusual concept of the air barrier system did not prove the
expected performance. In the next generation of the construction system, the complicated
details were optimised (e.g. the connection of the air barrier layers of the 1st and the 2nd floor).
The airtightness of all the studied buildings has deteriorated over the 11 years of monitoring,
but not uniformly. In case of the buildings A and B the n50 value increased namely during the
first 3 years of the service and then remained almost stabilised. In the building B the n50 did
not change significantly between 2010 and 2018 despite rather extensive refurbishment. In
this case, the refurbishment works were supervised and executed with the aim to preserve or
improve the airtightness. The total increase of the n50 value was rather small for both
buildings A and B. In these buildings the air barrier system has proved its long term
performance. Inversely, in the buildings C and D the total increase of the n50 value was
significant, despite the quality of the air barrier system design and execution was similar to
the buildings A and B. Unlike in buildings A and B, the later interventions into the building
envelope were carried out with a little concern about the airtightness. The results obtained in
buildings A and B strengthen the conclusions of other authors concerning the basic
prerequisites for durability of building airtightness: detailed design and conscious execution
of the air barrier system using appropriate products (Peper 2017). The example of the
buildings C and D shows that in order to achieve the durability, it is essential to maintain the
concern about the integrity of the air barrier system over the whole service life of the
building, namely at the moments of furnishing, repairs or refurbishment. The example of
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building B shows that if these conditions are met fulfilled, the durability may be achieved
even under higher mechanical loads (represented in this case by the round-robin testing).
Even in buildings A and B where the prerequisites for airtightness durability were met the n50
increased of about 0.2 h-1 (about 30 % of the initial value). It makes sense to set stricter target
value for the initial airtightness in order to maintain the n50 below the required value of 0.6 h-1
during the whole life span of the building.
The cause of more pronounced increase of the n50 value during the first 3 years remains
unclear. It seems not to be directly linked neither with the users´ behaviour nor with the
rheology of the buildings load-bearing structure. The increase of the n50 of the buildings A
and B was very similar during the first 3 years, although the building A was furnished and
inhabited during this period while the building B was not. The air barrier system is composed
of tensile materials (PE foil, butyl tapes) and therefore it should be able to withstand standard
deformations of the structure without any substantial loss of airtightness.
The total increase of the n50 between 2007 and 2018 may involve an increase of heat demand
of about 10 % with reference to the heat demand corresponding to the level of airtightness in
2007 in case of the buildings C and D and about 3 to 5 % in case of buildings A and B. This
estimation is based on a numerical study of the impact of airtightness on the heat demand of a
typical single-family passive house in the climate of the Czech Republic (Vlk 2017). The
deterioration of the airtightness would not cause a dramatic increase of the heat demand,
however it may involve a serious risk of interstitial condensation and consequent structural
damage (like e.g. in the building C where the air leakage is probably concentrated into one or
few large leakage paths resulting from improper repair works).
9
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ABSTRACT
The increasing weight of building leakages energy impact on the overall energy performance of low-energy
buildings led to a better understanding of the actual airtightness performance of buildings. However, low
expertise is available today on the durability of airtightness products in mid- and long-term scales. The French
ongoing research project “Durabilit'air” (2016-2019) aims at improving our knowledge on the variation of
buildings airtightness through onsite measurement and accelerated ageing in laboratory controlled conditions.
This paper is issued from the second task of the “Durabilit'air” project. This task deals with the quantification
and qualification of the durability of building airtightness of single detached houses. It is done through field
measurement at mid-term (MT) and long-term (LT) scales.
This paper first presents the field measurement protocol. For the MT campaign, a sample of 30 new singledetached dwellings has been selected nationwide. During the study, the airtightness of each building is to be
measured once per year over a 3-year period. A part of this sample is to be also measured twice per year in order
to investigate the impact of seasonal variations. The LT campaign is to be carried out with a second sample of 31
existing single-detached dwellings constructed during the last 10 years. The airtightness of each dwelling is to be
measured once.
A specific measurement protocol was defined after a detailed literature review. The protocol is mainly based on
the standard ISO 9972 for the measurement method with additional requirements for the measurement conditions
(same tester, same calibrated measurement device, same building preparation, same pressure difference
sequences, same season…). It also includes a detailed qualitative leakage detection and questionnaire for
occupants.
The main challenge is to understand the variations of the airtightness and to identify whether it is related to the
products/assembly ageing, the maintenance conditions or other factors such as the occupants’ behaviour.
Secondly, this paper presents the 61 dwelling samples construction characteristics. All dwellings were tested
upon completion. The air flow rates at 4 Pa per envelope area excluding lower floor of both samples show the
same mean value around 0.3 m3.h-1.m-2 (n50 of 1.4 h-1), with larger variations among the LT sample.
Finally, we discuss first measurement results. Regarding MT sample, results after 1-2 years show a slight
increase of airflow rate at 50 PA (q50) with a median value of +6%. However, with exposed timber framing, q50
has increased by more than 100%. Regarding LT campaign, measurements results after 3-10 years show a more
important increase of q50 with a median value of 28%.
The measurement campaigns and data analysis will continue over 2018 to complete the work in order to better
understand the in situ variations of the buildings’ envelope airtightness.
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1 INTRODUCTION
The increasing weight of building leakages energy impact on the overall performance of lowenergy buildings led to a better understanding and characterization of the actual airtightness
performance of buildings. Several European countries have already included in their EPregulation mandatory requirements regarding the building airtightness. This is the case in
France, where the EP-regulation requires a limit airtightness level for residential buildings
that must be justified by measurement. However, low expertise is available today on the
durability of building airtightness and its evolution in mid- and long-term scales.
The French ongoing research project “Durabilit'air” is conducted since 2016 for a 42-month
period, in order to improve our knowledge on the variation of buildings airtightness through
onsite measurement campaigns and accelerated ageing in laboratory controlled conditions.
As part of this project, a comprehensive literature review about building airtightness
durability was realized by (Leprince et al., 2017). This review showed an important evolution
over time of the air permeability in real buildings, with an increase of more than twice in
some cases. The air permeability seems to increase in the 3 first years and then stabilise.
This paper is issued from the second task of the “Durabilit'air” project. This task deals with
the quantification and qualification of the durability of building airtightness of single detached
houses. It is done through field measurement at mid-term (MT) and long-term (LT) scales.
This paper presents the first results of both MT and LT measurements.
2 METHODOLOGY
In order to evaluate the durability of the building airtightness in real conditions at mid- and
long-term scales, two field measurement campaigns were conducted: a mid-term (MT)
campaign and a long-term (LT) campaign.
The MT campaign aims at characterising the yearly evolution of building airtightness of new
dwellings over a 3-year period. Therefore, a sample of 30 new single-detached low-energy
houses, measured upon completion, has been selected nationwide. The following
measurements are to be performed:
 The airtightness of each building is to be measured once per year over the 3-year
period.
 Five buildings of this sample are to be measured twice per year in order to investigate
the impact of seasonal variations.
 For six buildings of this sample, the airtightness of an installed window is to be
measured once per year over a 3-year period.
The LT campaign aims at characterising the evolution of building airtightness of existing
dwellings over a longer period from 5 to 10 years. A second sample of 31 existing singledetached dwellings, measured upon completion, has been therefore selected. The dwellings
have been constructed during the last 10 years. The airtightness of each dwelling was
measured once.
All dwellings were selected according to well-defined criteria to reduce uncertainties about
main factors impacting building airtightness. In particular, all dwellings should be tested upon
completion, and the test reports should be available and in accordance with the standard ISO
9972 (NF EN ISO 9972, 2015) and its French implementation guide (FD P50-784, 2016).
Information about the treatment of the building airtightness must also be available. In
particular, dwellings of the MT sample must be certified according to French quality
management approach, thus making available information about construction details.
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The main challenge of this project is to understand the variation of the airtightness and to
identify whether it is related to the products/assembly ageing, the maintenance conditions or
other factors such as the occupants’ behaviour. Therefore, a specific measurement protocol
was defined after a detailed literature review (Leprince et al., 2017). The protocol is mainly
based on the standard ISO 9972 and its French implementation guide for the measurement
method with additional requirements for the measurement conditions in order to reduce
uncertainty due to measurement procedure:
 Each dwelling is to be measured under the same conditions as the first measurement
upon completion as far as possible (same tester, same calibrated measurement device,
same building preparation, same pressure difference sequences, and same season).
Measurements are to be performed both in pressurization and depressurization.
Deviations from the conditions of the first test are to be reported.
 Detailed qualitative leakage detection is to be performed at each measurement
according to the leaks categories of the French implementation guide of ISO 9972. In
particular, an annual follow-up of leaks is to be performed for the dwellings of MT
sample during the 3 years.
 Questionnaires for occupants is to be filled at each measurement in order to identify
the modifications of the building envelope due to the action of the occupants (i.e.
drillings made in the air barrier after the first test, replacement of products…).
At the total, 90 and 31 measurements of building airtightness are to be performed with MT
and LT samples respectively, plus an extra of 10 measurements for the seasonal impact, and
an another extra of 18 measurements for the airtightness of windows.
This paper explores the measurements results of the first 2 years of MT sample (60
measurements) and the LT sample (31 measurements). The results presented here are
expressed according to two indicators:
 the airflow at 50 Pa (q50);
 and the air permeability French indicator Q4Pa-surf, which is the airflow rate at 4 Pa per
unit of envelope surface area excluding lowest floor (m3.h-1.m-2).
As the measured air leakage rate at 50 Pa is more accurate than at 4 Pa (Delmotte & Laverge,
2011), main analysis of the evolution of the airtightness will be based on “q50”. The French
indicator “Q4Pa-surf” will be used to check compliance with the mandatory requirement.
3 RESULTS
3.1 Main characteristics of buildings
Figure 1 shows the distribution of buildings of MT and LT samples depending on the year of
construction and buildings main material and type of air barrier.

Figure 1: Distribution of buildings depending on the year of construction (left) and buildings main material and
type of air barrier (right); Air barrier-A when the air barrier is ensured by vapour barrier, Air barrier-B by
coating on the masonry, and Air barrier C by plasterboards and mastics at the inside facing of the walls
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The MT sample is composed of 30 new single-detached low-energy dwellings constructed
mainly in 2014 and 2015, with 20 one-story houses and 10 two-story houses. The average
floor area is 124.1 m² with a minimum of 87 m² and a maximum of 172.2 m², and the average
volume is 217.1 m3 with a minimum of 156.1 m3 and a maximum of 363.9 m3. All houses are
built of masonry with interior insulation (16 houses with concrete blocks and 14 with hollow
bricks). The majority of roofs are made of light-frame wood truss (20 houses), against 8
houses with traditional wood frame and 2 houses with an exposed traditional wood frame. All
houses are equipped with humidity sensitive single exhaust ventilation system. The
airtightness of all houses is treated in the same way, through plasterboards and mastics at the
inside facing of the walls (air barrier C).
All dwellings of the MT sample are certified according French quality management approach
for building airtightness. Also they are constructed according to the current French Energy
Performance (EP) regulation which requires a limit value of 0.6 m3.h-1.m-2 for Q4Pa-surf in
single-family houses. Besides, 9 dwellings had a target value lower than the mandatory
requirement of 0.6 m3.h-1.m-2 (6 houses with a target value of 0.5 m3.h-1.m-2 and 3 houses with
0.4 m3.h-1.m-2).
The LT sample is composed of 32 single-detached low-energy dwellings constructed between
2009 and 2015, with 7 one-story houses and 25 two-story houses. The average floor area is
147.9 m² with a minimum of 83.1 m² and a maximum of 269 m², and the average volume is
256.6 m3 with a minimum of 138.9 m3 and a maximum of 478.2 m3. The majority of houses
are built of masonry with interior insulation (25 houses with hollow bricks and 3 with
concrete blocks), against 6 wooden houses. The majority of roofs are made of light-frame
wood truss (27 houses), against 5 houses with flat roof. Almost all houses are equipped with
humidity sensitive single exhaust ventilation system (only one house with balanced
ventilation system). The airtightness of masonry houses of the LT sample is mainly ensured
by coating on the masonry (air barrier B), while the airtightness of wooden houses is ensured
by the vapour barrier (air barrier A).
Dwellings of the LT samples were all constructed before the current French EP regulation.
However, the majority are certified according the French EP label “BBC EFFINERGIE”
which has the same requirement of maximum air permeability of 0.6 m3.h-1.m-2.
Figure 2 presents the results of the measured air permeability Q4Pa-surf upon reception of all
buildings. The figure shows also the target values of air permeability. Both samples present
the same average and median values of air permeability, around 0.3 m3.h-1.m-2, however the
LT sample shows more variations than the MT sample. All buildings of LT and MT samples
meet their air permeability target values respectively, except one house of the MT sample
with an air permeability of 0.42 m3.h-1.m-2 slightly higher than 0.4 m3.h-1.m-2.

Figure 2: Boxplot and scatterplot of the measured air permeability of buildings at reception (measurement n0)
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For MT sample, 1st-year measurements (measurements n1) started in November 2016 and
finished in May 2017, thus from 1 to 3 years after the measurements upon completion
(measurements n0). The measurements were delayed due to the difficulty in finding occupants
who agree to participate in 3 year-long measurement campaigns. The 2nd year measurements
(measurements n2) started in February 2017 and finished in June 2018, less than one year after
n1 to compensate for delays. A house was excluded from the MT sample because of problems
during measurement n1.
For LT sample; all measurements (measurements nx) were conducted in 2017, from 3 to 8
years after n0. Only 9 houses aging more than 5 years were measured. This is due to the
difficulty of finding houses corresponding to the selection criteria, and also to have the
agreement of occupants.
3.2 Results of MT measurements
Figure 3 presents the deviations of the measured q50 between n0, n1 and n2 for the
pressurization test, the depressurization test and the average between both tests. For the
measurements n0, the dwellings were tested either in pressurization (26 houses) or in
depressurization (3 houses), contrary to the measurements n1 and n2 performed both in
pressurization and depressurization. The measurements are classified into four categories
depending on the deviation of q50 between n1 and n0: the 1st category with a significant
decrease of q50 (less than -50 m3.h-1), 2nd category with small variations (from -50 to +50 m3.h1
), 3rd category with a moderate increase of q50 (from +50 to +150 m3.h-1), and 4th category
with strong increase of q50 (more than +150 m3.h-1). In "n2" it is also the same categories
determined by the deviation between n1 and n0 that are used.

Figure 3: Deviation of q50 between n0, n1 and n2 for the MT sample for the pressurization test, the
depressurization test and the average between both tests. Measurements n2 are coloured using the same
categories determined by the deviation between n1 and n0.

Results show that the deviations of q50 between n1 and n0 (for both pressurization and
depressurization) vary in a wide range between -150.8 m3.h-1 (-42%) up to a maximum of
599.3 m3.h-1 (181%) with an average value of 52.7 m3.h-1 (16%). However, half of
measurements present a deviation lower than 6% (median value of 13.0 m3.h-1). The value of
q50 has moderately increased for 6 houses. It has strongly increased for 5 houses (in particular
for houses tested in pressurization upon reception).
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Figure 4: Boxplot of the measured Q4Pa-surf of the MT sample depending on the measurement year for the
pressurization test, the depressurization test and the average between both tests

Figure 4 presents the variations in term of the French indicator Q4Pa-surf. Compared to the
target values. Results show very small variations with almost the same mean and median
values, except of the three houses tested in pressurization upon reception. Therefore, the
majority of houses remain below the target values during n1 and n2, except 2 houses
exceeding the limit value of 0.6 m3.h-1.m-2.
In order to investigate the variations of q50, Figure 5 presents a comparison of the measured
values during n1 and n2 against n0 depending on the type of roof and the number of levels. The
impact of the type of roof or the number of levels is not clear, but it seems that the air leakage
rates are, in average, more increasing for two-story houses than one-story houses. Also the air
leakage rates increase slightly more for houses with traditional wood frame than houses with
light-frame wood truss.

Figure 5: Comparison of q50 for MT sample between measurements n1 (rectangular points) and n2 (triangular
points) against measurement n0 depending on the type of roof (left) and the number of levels (right)

We observe the particular case of a measurement that is largely above the others. It’s a twostory house with an exposed wood frame roof where q50 has increased by +180%. For this
house, it was observed a significant increase of the number of leakages at the junctions
between the wood frame and the ceiling or the walls (Figure 6).
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Figure 6: leakages at the junctions between the wood frame and the ceiling or the walls

As mentioned in paragraph 2, a detailed qualitative leakage detection is performed at each
measurement. Figure 7 presents the comparison of the numbers of observed leakages between
measurements n0, n1 and n2 for each category of leakages as defined in (FD P50-784, 2016).
Results show an increase in the number of leakages for doors and windows, electrical
components, penetrations through envelope and finally junctions between walls and
doors/windows. In particular, the numbers of leakages of doors and windows are largely
higher than other categories. However, it’s difficult to conclude about the impact of the
number of leakages on the evolution of q50. Further analysis is needed in order to investigate
the correlation between the leakages and q50.

Figure 7: Comparison of the numbers of observed leakages of MT sample between measurements n0, n1 and n2
for each category of leakages

3.3 Results of LT measurements
Figure 8 the deviations of the measured q50 between n0 and nx for the pressurization test, the
depressurization test and the average between both tests. For n0, the dwellings were only
tested in depressurization, contrary to the measurements nx performed both in pressurization
and depressurization. The measurements are classified into four categories in the same way as
for MT sample.
As for MT sample, results show that the deviations of q50 between nx and n0 vary in a wide
range between -208.9 m3.h-1 (-30%) and 521.7 m3.h-1 (+292%) with an average value of 79.4
m3.h-1 (+28%). LT sample presents globally higher increase of q50 than MT sample, with half
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of measurements increasing by more than 29% (median value of 67.8 m3.h-1). Only 8 houses
show small variations of q50, whereas 10 houses with moderate increase and 8 houses with
strong increase.

Figure 8: Deviation of q50 between n0 and nx for the LT sample for the pressurization test, the depressurization
test and the average between both tests

Figure 9: Boxplot and scatterplot of the measured Q4Pa-surf of the LT sample depending on the measurement year
for the pressurization test, the depressurization test and the average

Figure 9Figure 4 presents the variations in term of the French indicatorQ4Pa-surf. Compared to
the target values. Results show slightly higher variations than MT sample, with an average
value at nx of 0.39 m3.h-1.m-2 against 0.33 m3.h-1.m-2 at n0. The majority of houses remain
below the target values during nx, except 5 houses exceeding the limit value of 0.6 m3.h-1.m-2.
In order to investigate the variations of q50, Figure 10 presents a comparison of the measured
values during n1 and n2 against n0 depending on the type of air barrier and the number of
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levels. As for MT sample, the distribution of the points does not allow to identify an impact of
the type of air barrier or the number of levels.

Figure 10: Comparison of q50 for LT sample between measurements nx (rectangular points) against measurement
n0 depending on the type of air barrier (left) and the number of levels (right)

Figure 11 presents the comparison of the numbers of observed leakages between
measurements n0, n1 and n2 for each category in the same way as for MT sample. Results
show also an increase in the number of leakages for doors and windows, electrical
components, penetrations through envelope and junctions between walls and doors/windows.
However, the numbers of leakages are much lower than MT sample. Indeed, the leakage
detection of LT sample was performed in a less detailed manner than the MT sample as there
is no annual follow-up of leakages to be performed.

Figure 11: Comparison of the numbers of observed leakages of LT sample between measurements n0 and nx for
each category of leakages
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4 CONCLUSIONS
The building airtightness durability of French low energy single family dwellings was
assessed in real conditions at mid- and long-term scales, through two field measurement
campaigns: a MT campaign with a sample of 30 new houses, and a LT campaign with a
sample of 31 existing houses.
Regarding mid-term sample, results after 1-3 years show a slight increase of the air leakage
rate at 50 Pa (q50) with an average increase of +16% and a median value of +6%. However,
q50 has increased by more than +100% in the case of a 2 -story house with an exposed wood
frame roof, due to many leaks at the junctions between the wood frame and the ceiling or the
walls. For the LT sample, results after 3-8 years show a more important increase of q50 with
an average and a median value around 28%. The increase in building air permeability is less
important than in the previous studies (Bracke et al., 2016)(ADEME, 2016). A significant
increase of the number of leakages was observed for doors and windows, electrical
components, penetrations through envelope and junctions between walls and doors/windows.
However, it’s difficult to conclude about the impact of the number of leakages on the
evolution of q50.
The measurement campaigns and data analysis will continue over 2018 to complete the work
in order to better understand the in situ variations of the buildings’ envelope airtightness
depending on the envelope characteristics. Further analyses will also be performed in order to
investigate the impact of seasonal variation, the durability of airtightness of installed
windows, and the correlation between the leakages and the air leakage rate.
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ABSTRACT
One of the main factors influencing building airtightness is the construction typology. As building environmental
performance requirements raise so does the prevalence of less conventional envelope construction systems as
modular structural insulated panels (SIPs) buildings.
In this paper, the airtightness performance of a constructive solution based on SIPs was evaluated. Airtightness
tests were performed on the laboratory according to the EN 12114-2000 methodology. One complete exterior wall
assembly and another one with the inclusion of a window were tested to determine their performance as an
effective air barrier. The impact of the window framing in the overall resistance to air leakage was also determined.
Additionally, the airtightness of a dwelling using these SIPs was measured during the construction phase and after
commissioning. The objective was not only the assessment of the n50 difference between the two stages, but also
the comparison with previously tested conventional envelopes on the same climate.
Laboratory and field test data resulted in mismatching values. Workmanship and unforeseen leakage paths were
found to be the main contributors to these findings. Moreover, the case study displayed a superior airtightness
performance when compared to heavy type construction solutions, common amongst the Portuguese building
stock. Additional work is needed to identify and quantify envelope air paths in order to properly design lightweight
buildings solutions.

KEYWORDS
Airtightness, SIPs, laboratory tests, in-situ blower door tests

1

INTRODUCTION

One of the main factors influencing building airtightness is the construction typology. The
growing demand on the environmental performance of buildings has inspired the development
of new envelope construction systems such as modular structural insulated panels (SIPs). SIPs
are commonly composed by a thermally insulating core material skinned by structural sidings,
among others, wood or metal-based, and may include internal reinforcement. When
reinforcement is included, the panels are of the closed box type otherwise, they represent
sandwich-type panels. SIPs can be applied in roofs, ceilings and floors, internal and external
walls and claddings. These uses are dependent on the panels contribution to the loadbearing
capacity of the building, which not all types are designed for.
In a building, human well-being and safety, construction materials durability and energy-related
issues are greatly dependent on the relationship between the ventilation strategy and the air
permeability of its envelope. Airflow patterns, ventilation rates and heating/cooling loads are

79 | P a g e

among the variables highly dependent on the building level of airtightness. On account of the
Energy Performance of Buildings Directive (EPBD) application, as conduction through
building components is being progressively addressed, the convective heat transfers gain more
relative importance on the energy demand of buildings. Addressing airtightness is, therefore, a
main issue for Europe’s ambition of a correct implementation of the nearly zero energy
buildings (nZEB) strategy.
In the European Technical Approval Guideline (ETAG) 16 (EOTA 2003), on self-supporting
composite lightweight panels, and in the ETAG 19 (EOTA 2004), on prefabricated woodbased load-bearing stressed skin panels, the Essential Requirements (ER) address air
permeability assessment. Issues regarding energy economy, cold draughts and the risks of
water vapour condensation inside the envelope assembly are emphasized. As most issues are
cross-referenced between different ERs the guidelines express that the properties should be
addressed under the most important one. Additionally, quantified mandatory national building
regulations on air permeability in European countries are not widespread. Most of the existing
ones address whole building airtightness and do not mandate the evaluation of separate
building parts. By virtue of these considerations, it is not uncommon for the performance of
the air permeability of these panels to not be determined in the European Technical Approval
(ETA) of a panel product.
As buildings become more complex and occupants more demanding, there is an obvious trend
for smart design, supervised workmanship and materials durability, especially in the design of
buildings envelope systems. In the particular case of SIPs, the critical air paths occur on joints
between panels and joints between panels and other components (Kalamees 2007). Air
permeability at these paths allows for moisture deposit in the insulation layer (Langmans, Klein,
and Roels 2012), negatively impacting the panel serviceability. In chamber tests of wind barrier
materials impact on panel joints permeability reductions by 96% and over were found in
comparison with a situation without any sealing method (Relander et al. 2011). These tests
occurred at a 50 Pa pressure difference with the studied assemblies ranged from gypsum boards
and horizontally and vertically rolled wind barrier sheets. Prefabricated timber frame building
envelope joints were assessed both in laboratory conditions and in already built houses
(Kalamees, Alev, and Pärnalaas 2017). Results were found to be largely different from the
laboratory to in situ case studies. Causes were related to workmanship on joint site sealing and
the presence of other leakage pathways not studied. Additionally, self-adhesive tape seemed to
be the best solution for improving the airtightness levels of the joints. The laboratory
measurements in this study followed the EN 12114 (CEN 2000a) standard procedure. Another
study on the airtightness properties of wood frame houses (Langmans et al. 2010) investigated
the performance in different construction stages. Alongside field measurements, laboratory
tests underwent on specimens of the building envelope in order to investigate possible local air
leakage paths. Laboratory tests found that air permeability at material level is independent of
the moisture content for as long as it does not exceed acceptable limits. Still on in situ
measurements, the presence of moisture content in the wind barrier reduced the overall
airtightness performance by up to 30%. It was highlighted that workmanship is the most
decisive source of error. Along with it, the unforeseen leakage paths were ascribed as the main
influencers for the mismatching air permeability results between laboratory and in situ
measurements.
The design target for airtightness of an envelope should not be solely assessed at commissioning
stage but also during construction stage if the proposed limits are not to be surpassed (Relander,
Holøs, and Thue 2012). A stronger focus on airtightness at design phase could avoid costly
operations on corrections on later stages. A study on wood frame low energy houses reports a
20 to 30% reduction on air change rate at 50 Pa (n50) from the wind-barrier finishing stage to
the commissioning stage (Holøs and Relander 2010). Still, another study (Iordache et al. 2016)
points to the fact that even though finishing works normally improve airtightness levels, further
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works, such as HVAC equipment installation, can compromise the improvements and even
increase the air permeability of the envelope in relation to the performance at a previous stage.
Although the construction phase measurement is an important reference for the overall building
performance it does not serve as insurance that the airtightness can only get improved in
subsequent phases of construction. The in-situ measurements followed the EN13829 (CEN
2000b) blower door test method.
The present work pretends to discuss the air permeability performance of a lightweight
construction solution. Summarily, the aim of the study is apprehended by the following
objectives:
- Assessment of the airtightness offset between the finished wind barrier construction
stage and the commissioning stage;
- Comparison of the airtightness performance in laboratory and field application of the
SIPs envelope solution.
2

MATERIALS AND METHODS

2.1 Structural insulated panel
The SIP solution evaluated in this paper is composed of metal framing elements, a core of
expanded polystyrene (EPS) and oriented strand boards (OSB) sidings. Figure 1 illustrates the
composition and the assembly details. The constructive solution includes connection modules
that fill the space between the metal frame profiles. At the connection between panels, the OSB
sidings are theoretically in contact. To ensure the continuity and performance of the
construction system all the joints are sealed with a continuous mastic strand both on the exterior
and interior side.
A specimen of 360x300 cm2 was used for the laboratory tests. After the initial assessment, a
55x70 cm2 tilt and turn window was added to the setup. Figure 2 shows the two laboratory SIPs
specimens ready for testing. The interior surface remained unfinished but the exterior one was
finished using the same materials used in the in-situ example: magnesium oxide-based boards,
with a coating of synthetic mortar reinforced with a fibreglass mesh. The specimen has an area
of 10.8 m2, 9.6 linear meters of joints between panels and 2.5 linear meters of joints between
the SIPs and the window.

Figure 1: Details of the SIPs assembly.
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a)

b)

Figure 2: SIP modules tested: a) wall assembly; b) with a tilt and turn window.

The in-situ case study corresponds to a single floor modular dwelling built in the north region
of Portugal. The slab is of reinforced concrete. The rest of the structure is made of the SIPs. As
referred before, an additional exterior cover of magnesium oxide-based boards was added to
the SIPs and covered by a synthetic mortar reinforced with a fibreglass mesh. On the interior
side, a plasterboard finishing was applied. The roof is composed of the same SIPs with an
additional liquid waterproofing layer on the exterior surface. All the exterior openings, with the
exception of the entrance door, are double glazed side hung aluminium frames. There are
mechanical exhausts in the bathrooms and kitchen and grilles for fresh air admission in the
living room and in the laundry.
Table 1 presents the dwelling relevant geometric properties.
Table 1: Modular home geometric properties
Floor area [m2]

Volume [m3]

Envelope area [m2]

103.0

319.3

322.0

SIPs – windows joints
length [m]
64.0

Internal SIPs joints
length [m]
329.5

2.2 Laboratory tests
The laboratory tests were carried out according to the procedure described in EN12114-2000.
The test starts by imposing three pressure pulses, 1.1 times higher than the maximum pressure
difference, followed by increasing levels of pressure up to a maximum of 1000 Pa, both for
negative and positive pressures. At each step of the process, the corresponding airflow is
measured. The pressure differences used in the tests were 50, 100, 180, 320, 560 e 1000 Pa.
The measurements were performed with temperatures ranging between 15 and 16 ºC and
relative humidity between 55 and 60%. An integrated electromechanical system was used to
control, measure and record the test data. The pressure transducer measures a minimum of 50
Pa pressure difference with an accuracy of ±5 Pa. The accuracies of the flowmeter and the
anemometer are ±0.05 l/min and ±0.05 m/s, respectively.
2.3 In-situ tests
In the in-situ case study (Figure 3), the airtightness measurements occurred during the
construction stage and at commissioning. The tests were performed with the blower door
Retrotec1000 model, following the procedure described in the standard EN13829-2000.
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Figure 3: In-situ case study

In the measurement carried out at construction stage, the whole envelope was already assembled
and the exterior coating was already applied. Nevertheless, the connection between the window
frame and the interior plasterboards was not completely sealed. Additionally, no other
penetrating elements in the exterior walls, such as the electrical ones, were installed. At
construction stage, only method B of the EN 13829 was addressed. At commissioning stage,
both methods A and B were applied.

3

RESULTS AND DISCUSSION

Figure 4 portrays the air flow/permeability per linear meter of internal joints for the test
specimens with and without window. The left graph displays pressurization measurements.
Depressurization data can be found in the right-side graph. The contribution of the internal SIPs
joints to the airtightness is 0.0048 m3/(h.m) at 50 Pa of a pressure difference. This result is
approximately 30% below the average contribution found by previous authors for both
horizontal and vertical joints (Newell and Newell 2011). The inclusion of a window to the setup
increases the airflow volume to 0.0113 m3/(h.m) at 50 Pa. This is mainly justified by the
window permeability. However, the different geometry of the SIPs-window joints in
comparison with the internal SIPs joints is another factor to take into account the permeability
differences between the specimens. Still, the results show a good performance throughout the
range of studied pressure differences, never exceeding the DIN 4108-2 limit. This proves the
reliability of the envelope system on creating airtight environments with no further addition of
sealing elements.
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Figure 4: Air flow across joints for the test specimens at positive and negative pressure differentials

Concerning the in-situ tests, Table 3 shows the air change rate across the building envelope at
50 Pa divided by the indoor volume – n50 – for the different stages and scenarios under study.
A very airtight building was expected after the laboratory experimental results, particularly for
method B measurements since the openings are sealed. Nevertheless, even for this situation,
the n50 was 1.55 h-1 increasing up to 1.98 h-1 when method A is used. This result is in line with
findings published in a previous study about wind barriers on wood frame houses (Langmans
et al. 2010) where the field measurements largely exceeded the theoretical values found in the
laboratory. Still, this data contrasts with the results found on reinforced concrete and masonrybuilt flats, representative of typical multi-family Portuguese buildings (Ramos et al. 2015). In
that example, the airtightness averaged 6.8 h-1.
Table 3: Air change rates and air permeability at 50 Pa during different building stages of measurements
according to EN 13829-2000
Building stage
Construction - method B
Commissioning - method A
Commissioning - method B

n50 [h-1]
2.49
1.98
1.55

q50 [m3/(h.m2)]
2.47
1.96
1.54

Moreover, the results show a 37.8% reduction of the air permeability of the envelope, when
measured by method B, from the construction to the commissioning stage. As exterior works
were already finished during the construction stage measurement, it can be stated that interior
works on the envelope were not negligible for the final airtightness performance. The purpose
provided openings contribution is of 0.43 m3/h at 50 Pa, only 21% of the total air change rate.
This differs significantly from other values found in a similar study (Pereira et al. 2014). In this
case study, the air renovation is mostly dependent on the infiltration through envelope leaks.
Theoretically, the infiltration should not be dependent on internal SIPs joints and on joints
between SIPs and windows. If the less airtight value estimated on laboratory is considered, the
influence never surpasses 1.5 % of the n50 measured in situ.

84 | P a g e

4

CONCLUSIONS

In this work, the airtightness characterization of a constructive solution based on SIPs was
addressed. For that end, both laboratory and in-situ tests were carried out and from the acquired
data the following conclusions can be drawn:
- The SIP envelope system complies with the permeability requirements of DIN 4108-2
standard. In the mild climate of Portugal and in terms of airtightness, this construction
system can be an alternative to the traditional heavy construction solutions;
- The effect of workmanship was confirmed as one key factor influencing the airtightness
of a building. Airtightness laboratory results should not be the only method to
estimate/evaluate real case performance scenarios, and should be perceived as an
optimum benchmark for the comparison and selection between building envelope
solutions;
- Unforeseen air paths, and others not studied in the present work, as concrete
slab/exterior wall joints, electrical/plumbing/gas facilities, etc. substantially influence
the overall airtightness performance.
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ABSTRACT
The “VIA-Qualité” project (2013-2016) aims at developing quality management (QM) approaches (ISO 9001)
on ventilation and indoor air quality (IAQ), for low-energy, single-family buildings. The goal of these QM
approaches is to improve both ventilation and IAQ actual in-situ performance. The main benefits of those
approaches are to: 1-Improve ventilation system performance from design to implementation; 2-Limit indoor
internal pollution sources, monitoring building materials selection and design regarding the outdoor pollution
sources; 3-Improve final users understanding.
The first part of the paper is dedicated to the presentation of the schemes developed to help builders implement
quality management approaches on ventilation and IAQ. The quality management approaches structuration led
to the development of key tools. The first QM tool presents the main steps, processes and documents that should
be implemented by a single-family house builder. The second QM tool is composed of technical drawings for the
workers. The third QM tool, dedicated to the final user, aims at raising awareness on ventilation system
maintenance and IAQ.
The second part of the paper presents the evaluation of the QM approach implementation by two French builders
on 8 houses. We measured ventilation and IAQ performance at commissioning and measured results are
disappointing. However lessons learnt are positive. The results focus on the implementation and the feedback on
these approaches on the success factors or barriers to apply them, including training evaluations.
The paper concludes on lessons learnt by the development and the application of quality management
approaches on ventilation system and IAQ and proposes some hints to implement such approaches.

KEYWORDS
Ventilation, indoor air quality, quality management approach, low energy single family houses

1

INTRODUCTION

The “VIA-Qualité” project (2013-2016) aims at developing quality management (QM)
approaches on ventilation and indoor air quality (IAQ), for low-energy, single-family
buildings. The goal of these QM approaches is to improve both ventilation and IAQ actual insitu performance.
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The first step of the “VIA-Qualité” project was to analyse current building performances,
regarding ventilation systems and IAQ. The first step pointed out main ventilation systems
actual dysfunctions and main steps that had failed and caused them. As a consequence, the
second step of the “VIA-Qualité” project aims at proposing QM approaches on ventilation
and IAQ. Indeed, the implementation of QM tools to better practices at every stage of the
construction could avoid many dysfunctions.
The first part of the paper deals with the development of QM approaches on ventilation and
IAQ. It presents the structuration of the QM approaches, and the 3 main tools implemented:
the first one is dedicated to the single-family house builders, the second tool is composed of
technical drawings, for the workers, and the third tool is dedicated to the final users.
The second part of the paper presents the evaluation of the QM approach implementation by
two French builders on 8 low energy houses. First, the way the 2 builders were guided by the
“VIA-Qualité” partners is presented. Then, results of the application of the QM approaches on
8 low-energy dwellings are presented.
2

DEVELOPMENT OF QUALITY MANAGEMENT
VENTILATION AND INDOOR AIR QUALITY

APPROACHES

ON

The implementation of QM approaches on ventilation and IAQ needs feedbacks on currents
results and dysfunctions analysis. (Jobert et Guyot, 2013) analysed results of regulatory
compliance controls of 1287 dwellings ventilation system. This analysis enabled us to draw
up categories of mechanical ventilation system elements, where dysfunctions are found. This
analysis confirms that, even if industrials solutions are available, ventilation systems
dysfunctions are very frequently observed in low-energy dwellings like in every dwelling,
which entails the reliability of these installations. (Jobert et Guyot, 2013) highlighted too
main steps that had failed and caused ventilation system dysfunctions and put forward lacks in
professional organisation, training and current work. Moreover, the “VIA-Qualité” project
conducted an original campaign on ventilation performance and IAQ in 21 low-energy
dwellings representative for French buildings stock. The campaign results confirm the first
analysis ones.
Then, a deep analysis of French building organisation of work enabled to identify the main
rules of each work in dwellings conception and construction. This step enabled us to better
understand the way French building workers were organised and the step when each
dysfunction could be anticipated and treated.
Finally, the French experience on regulatory envelope QM approaches, related by (Charrier et
al., 2013), helped structuring QM approaches on ventilation and IAQ. The “VIA-Qualité”
project proposed two QM approaches: one dedicated to the ventilation, and the other one
dedicated to ventilation and IAQ.
2.1

Structuration of quality management approaches

The 2012 French energy performance regulation (RT 2012), that enables QM approaches on
buildings envelope, helped structuring QM approaches on ventilation and IAQ. A QM
approach is applied at each stage of a building project. In a QM approach, we must know, at
any stage, “who” “does what”, “how”, “when” and which document will trace each action.
Thanks to the above described analysis, we have been able to identify ventilation main actors,
depending on the stage of the conception. Main protagonists (“who”) acting in ventilation
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systems conception and installation are: the client, the QM approach headmaster, the
engineering department salesperson, the engineering department, the site supervisor and
craftsmen. Moreover, for each dysfunction point observed, we analysed who should have
acted to avoid it (“what”).
Then, the main stages of a building conception and construction that have been noticed are the
following (“when”): preliminary studies, engineering studies, beginning of the construction,
dwelling construction, dwelling delivery and dwelling life and maintenance.
Thus, the first step of the QM approach structuration has been to create a QM board,
detailing, at each stage of a building conception and construction, for each actor, the list of
actions (“what”): processes to be applied and examples of documents that could trace their
application. In addition, processes and documents descriptions have been implemented so that
to help builders to implement their QM approaches. A synthesis of the processes and
documents chronology is presented in figure 01.

Figure 01: examples of processes and documents that could be implemented for a QM approach

This QM approach structuration led to the identification of 3 main tools: a single-family
house builders guide, a craftsmen guide and a final users guide.
2.2

Tool 1: Guide for single-house family builder

This guide is dedicated to single-family house builders, in order to help them to implement a
QM approach on ventilation and IAQ. The guide is the result of the “VIA-Qualité” project.
Indeed, it synthesizes the proposed QM approaches and the feedbacks of their application by
two builders. The guide is divided into 4 parts:
- The first part is dedicated to the reasons why a single-family builder should implement
a ventilation or IAQ QM approach. Indeed, during the project, we realised that
builders needed strong arguments to be convinced of the benefits of involving in a
ventilation or IAQ approach. Therefore, this first part explains a QM approach
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-

-

objectives and what is at stake. It gives also argues to help builders to be convinced of
the health, economic, energetic and others benefits.
The second part aims at helping the builder answering the questions “who-why-whatwhat for-where-when-how”. This part explains QM approaches on ventilation and
IAQ contents.
The third part details the main steps of a ventilation or IAQ QM approach. It
describes, step by step, what is expected, the questions a builder will have to answer
and the way the builder can get better. The main steps that have been identified are
described in table 01.
The last part details processes that could be implemented in a QM approach, giving
examples of contents and tools.
Table 01: Main steps to implement a QM approach

2.3

Tool 2: Guide for installers, technical drawings

The second guide, and not the least, is the craftsmen guide. It is composed of technical
drawings. The tool aims at helping installers being aware of ventilation system components
and rules and to know how to implement each one. It was also used to develop professionals
training. In France, there is no craftsman which job is dedicated to the ventilation systems
installation. In general, electricians or plumbers install the ventilation system. Moreover, there
is few or no technical training for installers. The only existing professional trainings focus on
ventilation systems conception and sizing, dedicated to engineering departments.
As a consequence, this guide answers the essential questions of ventilation systems
understanding, its rules and its components. It is composed of technical drawings. It can be
used at different steps of a QM approach: for professional training and during the
construction, by craftsmen during the ventilation system installation and by the site supervisor
for checking points.
The guide is divided into 6 parts.
- The first part explains the way ventilation systems work and the different ventilation
systems that exist in France: simple exhaust (self-adjusting), simple exhaust humidity
demand-controlled and balanced ventilation. This part has been added during the
“VIA-Qualité” project because it appeared useful for builders and craftsmen to get this
definition part.
- Then, the 5 following parts are dedicated to the 5 main ventilation system
components: air inlet, air transfer, air exhaust, ventilation unit, ductwork, as shown in
figure 02.
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Air inlet
Air transfer
Air exhaust
Ventilation unit
Ductwork

Figure 02: 5 main ventilation system components – simple exhaust ventilation

In each part, the introduction describes where the components have to be installed and
regulations. Then, around ten technical drawings give a description of the ventilation system
components, their characteristics, regulations and, when available, pictures of bad and good
practices. Figure 03 is an example of technical drawing. The installers guide is composed of
around 50 technical drawings.

Figure 03: example of a technical drawing

2.4

Tool 3: Guide for final users

This tool is dedicated to final users and aims at raising awareness on ventilation system
maintenance and IAQ. Indeed, in a building, final users will influence ventilation system
quality and indoor air quality, by choosing final painting or surfacing, by using cleaning
products, by being responsible for the ventilation system cleaning and maintenance, etc. As a
consequence, the final users guide has been developed in order to inform users on how to
choose products or to live in its dwelling with good ventilation and IAQ concerns.
The guide for final users is composed of 20 forms, organized into 3 main parts: “I embellish
and convert my home”, “I live in my home” and “I change my indoor air”. Examples of forms
that have been described: “I am painting”, “I am gardening”, “I am cooking”, “I am sleeping”,
“I am washing”, “I am playing with children”, “I am aerating”,..
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The users guide content has been defined by the « VIA-Qualité » project. Then, the
Auvergne-Rhône-Alpes region decided to publish and distribute it. As a consequence, 1000
specimen have been published and distributed to inoccupants. The guide was named “Guide
Grand Air” and was welcomed by every user who received it.
3

IMPLEMENTATION OF THE QUALITY MANAGEMENT APPROACHES ON 8
SINGLE-FAMILY DWELLINGS

Two single-family builders proposed to apply the main steps and tools of the proposed QM
approaches on 8 single family dwellings. The “VIA-Qualité” partners guided builders on their
implementation and application and, then, measured and analyzed ventilation systems and
IAQ performances. The two volunteer builders were chosen as they had a certified QM
approach on building airtightness. They were aware of QM approaches structuration and
organization.
3.1

Sample selection and description

The two volunteer builders proposed 8 single family-dwellings. Each builder proposed 4
dwellings. 3 of them had simple exhaust humidity demand-controlled ventilation and the
fourth one got a balanced ventilation. Moreover, each builder applied the ventilation QM
approach on 3 dwellings and the IAQ QM approach was applied on one dwelling. For a
builder, the IAQ QM approach was applied on a simple exhaust ventilation dwelling and for
the other, it was applied on the balanced ventilation dwelling.
The main difficulty in the selection of the sample has been to find dwellings construction
chronology fitting the “VIA-Qualité” project one.
3.2

The way builders implemented the QM approaches steps and tools

As it was not possible to make builders change their certified QM approach on building
airtightness only for 4 buildings, we organised meetings in order to imply builders in
ventilation and IAQ QM approaches. With one builder, those meetings enabled to choose the
most appropriate dwellings and to analyse indoor air pollutants in its current sale brochure.
With both builders, meetings enabled to define professionals training and to supervise
construction. Moreover, for the dwelling applying the IAQ QM approach, a 6 months
measuring system after the building delivery needed to be installed. As a consequence, we
prepared an informing and engaging letter for the future user.
Then, the “VIA-Qualité” partners helped builders implementing and applying five main steps
of the ventilation or IAQ QM approach. First, the project partners helped builders for the
conception. To that goal, the project partners implemented two tools:
- A site analysis tool. This tools aims at identifying pollutants sources and conception
solutions to avoid indoor air pollution.
- A simplified pressure drop calculation tool. Indeed, this tool had not been identified
during the QM approaches implementation but it appeared necessary for builders and
their internal engineering department. As a consequence, the tool helped builders to
calculate pressure drop for the selected dwellings. This revealed that builders were not
used to anticipate pressure drop before.
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Then, training has been an important step in the partners support. The goal purchased was to
raise awareness among engineering departments, site supervisors and installers, about
ventilation and IAQ subjects and actors involvement to obtain good results. Training used the
installers guide, presented in part 2.3. Two trainings have been organized:
- Engineering departments and site supervisors training. It aimed at presenting the QM
tools, regulation and warning conception and supervision points.
- Installers training. It consisted in presenting regulation points, mains defaults in
current practices and the installers guide. Then, practicing was proposed, with
measures of good and bad practicing on ductwork and air inlets.
After that, the project partners helped builders in their supervision site. To help site
supervisors verifying practices, the “VIA-Qualité” project partners implemented a site
supervision board. It described the dwelling characteristics and proposed a list of points a site
supervisor had to check during its weekly supervisions. These check-list was a summary of
the installers guide drawing details. The tool proposed, for each point, to precise whether it
suited with good practices or not. Moreover, photos could be integrated in the board.
The last step in the partners helping builders has been to raise awareness among future users,
for dwellings applying IAQ QM approach. This consisted into a two hours meeting with final
users, explaining indoor air quality and presenting the “Guide grand Air” (cf part 2.4).
To conclude, the builders’ involvement was not the expected one. One of the two builders
tried to apply as much as possible the QM approach steps and tools. The other one did not
involve that much. Moreover, it is worth saying that it was very difficult to find dwellings
chronology that suited with the project one. As a consequence, little of QM approaches has
been actually implemented.
3.3

Measures campaign and results of QM approach implementation

After having applied ventilation and IAQ QM approaches steps and tools, the “VIA-Qualité”
project aimed at measuring ventilation performance on the 8 dwellings and IAQ performances
on the 2 dwellings applying the IAQ QM approach.
Regarding ventilation performances, following measures have been made: visual checks,
airflow or pressure measures, ducts airtightness, envelope airtightness. Regarding IAQ
performances, following measures have been made: passive measures, the same as those
described by (Guyot et al, 2013), and dynamic measures. The results have been analysed
thanks to the site supervision boards. Moreover, because of a conflict between the builder and
one future user, only 7 houses have been involved in the experimentation.
Results of the measures are disappointing, but not surprising.
Regarding ventilation systems performances, 5/7 dwellings have non correct exhaust airflow
or pressure measures. Concerning demand-controlled ventilations, 6/6 have non-correct fan
pressure and concerning balanced ventilation, both have compliant fans pressures. Regarding
ducts airtightness, the objective was to achieve class B. As regards demand-controlled
ventilation, 4/5 ducts are class A, and one is out of class A. As regards balanced ventilation, ½
is class B, and the other one is out of class A. At least, the mean value of non-compliant
points is 3.7, where we analyzed a mean value of 3.6 in the first campaign of the project.
Table 02 summarizes the ventilation performance results and compares them to those of the
first measuring campaign, detailed by (Guyot et al, 2013).
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Table 02: Comparison of the 8 dwellings results with the 21 houses first campaign results
7 dwellings with QM approach
Minimum exhaust
airflow
Mean value of non-compliant
points
Defaults points

% duct airtightness class ≤ A

No over-ventilated dwelling
2 regulatory airflows
5 under-ventilated dwellings
3.7

21 dwellings without QM
approach
3 over-ventilated dwelling
4 regulatory airflows
14 under-ventilated dwellings
3.6

Fan : 35%
Air exhaust : 23%
Ducts : 19%
System configuration : 12%
Air transfer : 8%
Air inlet : 4%
71%

Fan : 24%
Air exhaust : 31%
Ducts : 15%
System configuration : 15%
Air transfer : 5%
Air inlet : 11%
47%

Those results have been analyzed with each site supervision board filled by the project
partners. For each dwelling, we have been able to analyze positive and negative points in the
dwelling conception and construction.
Regarding IAQ performances, the first dwelling results are positive. Internal comfort
(temperature and indoor humidity) are good in every part of the house. Some volatile organic
components (VOC) pics have been measured during meals. A mean value of VOC has been
analysed, revealing the envelope impact on IAQ. At least, PM 2,5 are noticed at breakfast,
linked to the toaster use. This first dwelling got a balanced ventilation, with good ducts
airtightness class (class B). Regarding the second dwelling, which had worse ventilation
performance results, it got bad IAQ performances too. Indoor temperatures vary a lot in the
whole day. Humidity is quite stable. CO2 concentration is quite high in a bedroom, mainly in
winter, not in summer, maybe due to a door opening during the summer nights. Moreover,
VOC high levels have been measured, probably due to insufficient exhaust flow.
Finally, the first house has good results but is not representative of current practices as the
ventilation system has been installed by the builder itself, in its future house.
3.4

Feedbacks

The project partners and the two builders agree to say that the application of the QM
approaches on 8 single-family dwellings, only 4 for each builder, depending on different
construction teams, is not enough to validate the QM approaches. Moreover, one of the two
builders did not end the experimentation as he decided not to debrief after the delivery
measures. And, last but not least, the project timing did not match easily with the buildings
conception and construction one. However, the application of the QM approach tools and
steps enabled to point out key steps to begin improving practices.
Regarding the two builders involvement in the project, a success factor has been their
involvement in the teams’ training, as they got implied so that the second training matched
with the teams’ interest. Moreover, one of the two builders actually involved in the project: he
tested non usual ventilation ducts systems, proposed different solutions, checked for
dysfunctions reasons, and after the project, evolved so as to better consider ventilation and
IAQ interests, implementing self-commissioning controls for ventilation systems for instance.
The main negative point has been, for the two builders, the lack of coordination between the
engineering department and site supervisors and craftsmen.
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Regarding the help for conception, a positive point has been the builders involvement, as it
led to the implementation of two tools: a simplified pressure drop calculation tool and a
construction site supervision tool. The use of the first tool made builders realize the
importance of the calculation and the performance of the different existing systems.
Concerning the conception step, it has been difficult to apply the QM approach proposals as
the dwellings selection occurred after the conception step. Moreover, when client choices
implied conception modifications, no new calculation or engineering department request was
made. And, finally, builders and the project partners did not agree on how precise the map of
ventilation systems should be. Nevertheless, the simplified pressure drop calculation tool
implementation pointed out the pressure drop under-estimation of French technical rules and
entailed their modification.
Regarding engineering departments and craftsmen training, it has been positively welcomed
by everyone, thanks to the installers guide. Practical training, by installing ventilation ducts
and then measuring their performance, has been welcomed. However, builders chose to focus
on traditional systems, which entailed craftsmen difficulties to install non usual systems.
Moreover, training occurred one year before the systems installation. The delay was too long
between the training and the installation.
Regarding site supervision, some companies implied themselves in the correct installation of
non-usual systems: they took care and proposed those systems to other dwellings. Moreover,
a builder proposed to use the site supervision tool, for the future dwellings constructions.
However, builders’ involvement was not the expected one. Indeed, in most cases, site
supervision board was not used by site supervisors. Only the project partners filled it.
Last but not least, one of the two builders, the most involved one, published in the project
reports, its analysis of QM approaches on ventilation and IAQ. He highlighted the necessary
conception step, as useful as the installation one. Moreover, as it has been useful for building
airtightness, he points out the necessary craftsmen and engineering departments training and
awareness. The global awareness on ventilation system and IAQ, can take time.
4

CONCLUSIONS

The “VIA-Qualité” project aimed at proposing the main steps of quality management
approaches on ventilation and indoor air quality, and at testing them on 8 single-family
dwellings. The validation of the approaches has not been possible, because of different time
non-matching issues and others.
Nevertheless, the proposition and application of the QM approaches enabled to point out the
main steps in the QM approaches implementation and application. Moreover, it enabled to
highlight key rules that had not been identified at the beginning.
Thus, the main steps in a QM approach on ventilation and IAQ, are: conception, training,
involvement and site supervision. The main tools that appeared useful for builders are:
- a guide for single-family builders, that explains how to implement a QM approach on
ventilation and IAQ,
- a guide for installers composed by technical drawings,
- a guide for final user,
- and for builders: a simplified calculation drop tool and a site supervision document.

95 | P a g e

The “VIA-Qualité” project enabled to begin a global questioning of quality of ventilation
systems and indoor air quality in French practicing. It enabled to define responsibilities, key
rules and key steps. In addition, it implemented guides and tools that will help any
professional to get better. French professionals are quite young on these subjects, but we can
expect a future involvement as high as it occured for quality of building airtightness 10 years
ago.
5
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ABSTRACT
In France, the new Promevent protocol for ventilation system inspection in new dwellings has been published in
2017. It proposes a complete method for checks and measurements in order to uniform and improve the quality
of inspection performed by measurers. The Promevent protocol proposes a methodology for pre-check,
functional checks, functional measurements at air terminal devices and ductwork airtightness measurement. It
also includes requirements for sampling and gives guidelines for the report. One important new requirement in
France concerns the choice of the measuring instrument which has to be adapted to the geometry of the air
terminal devices (ATD), calibrated and has to respect a maximum permissible measurement error.
Since the publication of this protocol and its practical guide, Promevent has become the national reference. It is
referenced in regulations and largely used in certifications. It is also integrated into training programs and has
been used during the reviewing of the European standard prEN 14134.
In order to widen this method to non-mechanical ventilation systems and to non-residential buildings, new
similar projects have been launched in France.

KEYWORDS
Ventilation system, protocol, inspection

1

INTRODUCTION

Since many years, checks and measurements to assess the functioning of buildings ventilation
systems are performed according to various different protocols (e.g. standards, guides,
certification requirements). Moreover, the uncertainty of the measurements results is most of the
time not evaluated. In order to make these practices more uniform and to improve the reliability of
ventilation systems inspection, 8 French organizations have conducted the Promevent project
(2014-2017) (Bailly and Lentillon, 2014) (Bailly Mélois et al., 2017). The objective of the
Promevent project was to propose a protocol to assess the quality of the residential mechanical
ventilation system including specifications for visual checks and measurements with acceptable
uncertainties. This protocol and its practical guide have been published (in French) in 2017.

2

REQUIREMENTS OF THE PROMEVENT PROTOCOL

The Promevent protocol applies to new dwellings, both single-family houses, and multifamily buildings, equipped with balanced ventilation system or single humidity demand-
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controlled ventilation system. It proposes a methodology in 4 steps (consistent with EN 14134
and EN 16798-17):
● pre-check (mandatory),
● functional checks (optional),
● functional measurements at air terminal devices: airflow measurement and static
pressure measurement (optional),
● special measurement: ductwork airtightness measurement (optional).
It also proposes a methodology for sampling and gives guidelines for the report. A ventilation
system inspection performed according to the Promevent protocol includes at least a precheck, and one of the three next steps. Figure 1 summarizes the Promevent methodology. The
next paragraphs explain what the operator has to do when he performs a ventilation system
inspection according to the Promevent protocol.

Figure 1: Organisation of a ventilation system inspection according to the Promevent methodology

2.1 Pre-check requirements
According to the Promevent protocol, the pre-check has to include the study of several
documents such as building drawings and ventilation system design specifications. First, the
operator has to control if these documents are complete regarding ventilation system. Then,
he has to collect data he will need for functional checks and measurements. The Promevent
protocol gives a checklist of elements to guide the operator through this step. At the end of the
pre-check, the operator has to identify the place of the check and measurement according to
the sampling rules. He also has to list the missing data he needs to perform checks and
measurements and to identify the design specifications which might not comply with relevant
regulations or standards.
2.2 Functional checks requirements
When functional checks are required, the operator has to check whether:
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● all the components of the ventilation system have been installed and are in good
condition,
● the system has been installed correctly and in accordance with the design
specifications and relevant regulations and standards,
● the system is free from loose objects and clean,
● there is adequate access to the ventilation system for the purposes of operation and
maintenance,
● all controls are readily accessible.
The operator has to check that all the components listed in the protocol are present and
installed as required in the design specifications. He has to check that these components are
correctly fitted and that they function. These components are:
● externally mounted air transfer devices,
● internally mounted air transfer devices,
● ducted air terminal devices (inside),
● ductwork,
● air handling unit including heat recovery system and filters,
● air intake and discharge openings.
The protocol gives detailed checklists of verifications for all these components.
2.3 Functional measurements requirements
The purpose of functional measurements is to verify if the airflow rates delivered by the
ventilation system comply with the design specifications. Depending on the nature of the
ventilation system, two different types of measurement can be performed at ATD: airflow rate
measurement and static pressure measurement. For both, the protocol gives:
● measurement conditions, such as the position of the doors and windows (closed), the
settings at ventilation unit and at the ATDs,
● measurement principle, such as the types of measuring instrument, the minimum
duration of the measurement, the position of the instrument. For this last point, the
Promevent practical guide gives detailed explanations, especially regarding centering
and airtightness (see Figure 2) of the cone for airflow measurement,
● relevant corrections to apply.

During Promevent campaigns, both on-site
and in-laboratory, leaks between the
measuring instrument and the wall have
been responsible for errors on the
measured airflow up to 30%.

Figure 2: Extract of the Promevent practical guide – Impact of a leak between the wall and the measuring
instrument

Moreover, for airflow measurement, Promevent requires that:
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● The measuring instrument respects a maximum permissible measurement error of 10%
of the measured value when the measuring instrument is used according to the
situation presented in Table 1. In this case, the total maximum uncertainty is fixed at
15%;
● OR The total uncertainty is precisely evaluated and is under 15%.
Table 1: Extract of Promevent guidance – Use of measuring instrument depending on ATD geometry

Extract ATD

Supply ATD

One-point
thermal
anemometer
+ cone

✔

✔

✘

✘

✘

Checkered
thermal
anemometer +
cone

✔

✔

✔

✔

✘

Cone with
compensation

✔

✔

✔

✔

✔

✔

✔

✔

✔

✘

✔

✔

✔

✔

✔

Propeller
anemometer +
cone (without
extension)
Propeller
anemometer
+ cone
(without
extension)

For static pressure measurement, Promevent requires that:
● The measuring instrument respects a maximum permissible measurement error of 3%
of the measured value or 0.5 Pa, whichever is the greater, and in this case, the total
maximum uncertainty is fixed at 10% or 5 Pa;
● OR The total uncertainty is precisely evaluated and is under 10% or 5 Pa.
2.4 Ductwork airtightness measurement requirements
Regarding ductwork airtightness measurement, the Promevent protocol supplements the
French national standard FD E51-767. First, it defines new sampling rules in order to improve
the representativeness of the sample. Secondly, it specifies how ATDs should be prepared in
order to measure the leak between ducts and ATDs but not the leaks of the ATDs themselves.
With a similar aim, it specifies the how unit connections should be prepared. When some
connections are not taken into account, the Promevent protocol defines a penalty coefficient
to correct measurement results. Finally, when the ventilation unit is included in the sample
(for single-family houses), the protocol defines a fixed leakage airflow rate which can be
deduced from the total measured airflow rate.
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3

PROMEVENT PROTOCOL USED IN FRENCH REGULATION AND CERTIFICATION PROGRAMS

During the different steps of the Promevent project, a very large group of professionals have
been consulted: from the French Ministry in charge of Construction and from the French
Environment and Energy Management Agency (ADEME), but also from various associations or
federations representative of industrials, builders, measurers, certification organisms,
standardization organisms, training organisms, etc. Due to this consultation, the Promevent
protocol is very largely accepted and it is becoming the national reference for inspection of
mechanical ventilation systems in dwellings.
In a regulatory context, the Promevent protocol has to be applied in two situations. First, when the
design energy consumption of a building is 20% below the regulatory limit (40% for office
buildings), the builder can obtain a “bonus of constructability” which allows him to build a bigger
building. To obtain this bonus, the building has to respect two criteria among three: one is about
greenhouse gas emission, the second one relates to the valorization of the construction waste, and
the last one requires specific choices of material regarding the impact on the indoor air quality and
the quality of the ventilation system. In this last case, an inspection of the ventilation system has
to be performed according to the Promevent protocol (JOFR, October 2016). At the end of 2016,
another regulatory document was published and refers to the Promevent protocol. This text
defines the criteria for public buildings showing exemplary energy and environmental. As for the
former, the building has to respect two criteria among three, and one demands that the ventilation
is controlled according to the Promevent protocol (JOFR, December 2016). As far as we know,
these two regulatory actions have not led yet to many applications of the Promevent protocol.
So far, most of the inspections of dwellings ventilation system are performed in order to obtain an
Effinergie label. Effinergie is a French association which proposes certification for energy
efficiency initiatives in new and renovated buildings (Carrié and Dervyn, 2017). With its first
labels, Effinergie has promoted the importance of building airtightness. Since 2012, the
association is engaged in the quality of ventilation system and requires functional checks and
ductwork airtightness measurements for its new labels. More specifically, these requirements are
mandatory to obtain Effinergie+ certification, which has been delivered to 13,153 dwellings (data
from June 2018). Since the publication of the Promevent protocol, Effinergie decided to replace
its own protocol by the Promevent protocol. Then, for each dwelling candidate for an Effinergie
label, an independent and state-approved (Charrier et al., 2017) measurer has to verify the quality
of the ventilation system according to the Promevent protocol. Others methods and reference
documents are being modified or will be modified in order to integrate the Promevent protocol.
For example, the reference document of the French national indoor air quality observatory
(OQAI) refers to the Promevent method and the checklists for ventilation system inspection
therein. As well, the certification organism CERQUAL Qualitel Certification has included the
Promevent protocol in its reference document.
In order to raise awareness among ventilation professionals, the Promevent protocol has been
included in the Praxibat training course. Praxibat is a national training plan regarding buildings
energy efficiency. It includes 203 technical facilities in France, with 74 dedicated to ventilation.
The ventilation training lasts 3 days and includes theoretical parts to understand the different types
of ventilation systems, and practical parts to learn how to install a ventilation system, and how to
verify it. The Promevent protocol will also be presented in a MOOC dedicated to indoor air
quality and buildings ventilation.
Finally, the Promevent protocol has been used during the reviewing of the European standard
prEN 14134 Ventilation for buildings - Performance testing and installation checks of residential
ventilation systems. The method and its checklists were used as the starting point of the draft
document, modified and completed to match with the scope of the European standard.
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4 COMPLEMENTARY PROJECTS TO PROMEVENT
As the Promevent protocol is related only to mechanical ventilation systems in dwellings,
there are still needs regarding non-mechanical ventilation systems and non-residential
buildings. In France, several research projects have been launched to meet these needs. First,
the VNat project has begun at the end of 2017 and aims at studying the possibility of a similar
protocol for hybrid ventilation systems in dwellings, in order to enable the improvement of
the control strategy of hybrid ventilation systems (Remion et al., 2018). Secondly, Gabriel
Remion Ph.D. work has begun in 2017 in France (ENTPE and Cerema) and concerns the
“Assessment of natural and hybrid ventilation systems' performance for low energy
buildings”. Finally, the new PromevenT project will be launched by the end of 2018 and will
concern non-residential buildings, in particular, office buildings, hostels and school, equipped
with mechanical ventilation systems.
5

CONCLUSIONS

The Promevent research project finally resulted in a reliable and robust reception protocol for
residential ventilation systems. This has been achieved in line with the European standard
guidelines for inspection of ventilation systems.
A large part of the work consisted in working on the uncertainties related to the measurement
of flow rates and pressures at the air terminal devices, taking into account both the uncertainty
related to the equipment and the uncertainty related to the measurement method. A guidebook
has been edited complementary to the protocol in order to explain and illustrate each point.
The Promevent protocol is widely used in certification programs for mechanical ventilation
systems installed in residential buildings and new research programs concern natural
ventilation systems and non-residential buildings.
6
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ABSTRACT
Indoor environment and indoor air quality (IAQ) are considered as subjects of major concern: as we build more
and more energy efficient and airtight buildings, the conflicting issues of energy efficiency, adverse health effects
and discomfort become more relevant. Significant rates of malfunctions of ventilation systems are still observed
among new constructions. They are caused by technical reasons (poor design, inappropriate choices of equipment,
poor installation, inappropriate use, poor maintenance) and by organisational issues due to the multiple interactions
between professions during the construction phase.
In the face of this issue, in 2016, the French ministry in charge of construction decided to invite all major actors
of the ventilation field to join a working group called “Club Ventilation”. The aim of this group is to identify the
main pitfalls, to propose major projects and to prefigure future labels and regulations. The 45 participants include
building manufacturers, building managers, craftsmen, building companies, label and certification, and ventilation
manufacturers representatives but also specialists of the ventilation field including training organisations, public
agencies, engineering consultants.
In order to prevent degradation of the IAQ and the building itself, specialists agree on the need to improve the
knowledge and the know-how of professionals by providing them with training resources and accompaniment
tools.
We present two on-going multi-partner projects that aim at developing such resources for French professionals on
IAQ and ventilation, namely :
- the development of a massive open online course (MOOC), by Cerema and Platform Tipee, under the
initiative of ADEME
- the development of a resources centre internet platform, by Cerema and CETIAT, with a serious game
developed by ACA-O, with Cerema, under the initiative of the French Ministry for construction (DHUP).
Both projects will be released by the end of 2018. They are accompanied by the PACTE Program (Programme of
Action for the quality of the Construction and the energy Transition), that was launched in 2015 by the French
public authorities with the ambitious goal to accompany the necessary skill development of the professionals of
the building sector in the field of energy efficiency, and this, in order to enhance the quality in construction and
reduce the loss ratio.

KEYWORDS
Ventilation, Indoor Air Quality, Resources Centre, MOOC, Serious Game
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1

CONSTRUCTION OF
VENTILATION ISSUES
1.1

A

NATIONAL

CONSULTATIVE

BODY

ON

Context

Indoor environment and indoor air quality (IAQ) are considered as subjects of major concern:
as we build more and more energy efficient and airtight buildings, the conflicting issues of
energy efficiency, adverse health effects and discomfort become more relevant.
In France, the recent thermal regulation (RT2012) generalizes low energy dwellings and
imposes envelope airtightness requirement for any new dwellings. For a single-family
dwelling, the requirement is Q4Pa_Surf=0.6 m3.h-1.m-2, that is around n50=2.3 h-1. This energy
performance-regulation does not include any new requirement on ventilation rates. Dwellings
airing is concerned by another 30 years old regulation (JO, 1982).
Yet, dysfunctions analysis of a 1287 dwellings sample allowed us to establish that onsite ventilation systems quality was often low (Jobert and Guyot, 2013) with a noncompliance rate of 47% for the whole sample, 68% for single-family dwellings and 44% for
multi-family dwellings. This analysis confirms others in Europe (Balvers et al., 2012; Caillou
et al., 2012), which observe that in-site ventilation system mounting is often far from the
hoped performance. And such results were recently also observed on low-energy houses
(Guyot et al., 2017).
Malfunctions of ventilation systems are caused by technical reasons - poor design,
inappropriate choices of equipment, poor installation, inappropriate use, poor maintenance and by organisational issues due to the multiple interactions between professions during the
construction phase.
1.2

Players

In the face of this issue, in 2015, the French ministry in charge of construction decided to invite
all major actors of the ventilation field to join a working group called “Club Ventilation”. The
aims of this group are:






To coordinate and propose projects and studies, their results, and new proposals;
To propose reference texts and follow normative evolutions;
To support and train professionals;
To bring together actors;
To bring about a change in ventilation systems design, mounting, use and maintenance.

The Club Ventilation bring together 45 participants including building manufacturers, building
managers, craftsmen, building companies, label and certification, and ventilation manufacturers
representatives but also specialists of the ventilation field including training organisations,
public agencies, engineering consultants.
Plenary meetings occur 4 to 5 times a year. There, the organization of working groups and the
building of major projects are decided to contribute to improving the ventilation quality. Ongoing actions are presented during these meetings.
1.3

Working groups

Working groups meet all year long, with feedbacks to each plenary meeting.
At the moment three working groups about “Training and Qualification”, “Quality
management approaches” and “White book” have been finished. This white book has just
been signed and proposes that a certificate of taking into the airing regulation become
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compulsory at the design stage of every new and major refurbished building with new
ventilation installations (https://www.cerema.fr/fr/actualites/cerema-signe-livre-blancventilation).
Three working groups are on-going: 1-“Diagnosis”, 2-“Moisture”, 3-“Equivalence criteria”.
1.4

On-going projects

On-going multi-partner projects connected to this national group are:
- the development of a massive open online course (MOOC),
- the development of a resources centre internet platform,
- the “Ventil’acteurs” project.
This last project’s aim is to mobilize all the actors from building’s sector in the field of
ventilation in order to propose an action plan to eradicate each of the dysfunctions observed on
mechanical ventilation installations in residential buildings.
In order to collect advice and recommendations from all professional of the field, a survey is
being built and published online:
https://docs.google.com/forms/d/e/1FAIpQLSdoO_308O_DvbINgsChFl708Cfp14HRFfpKT6S4zFKcTIXaQ/formResponse
Results will allow getting a shared overview of pitfalls and difficulties met by all the
professionals with areas of improvement. Then, the action plan will be proposed in order to
provide more reliable and performing ventilation installations in residential buildings.
The first two projects are further developed in the above sections.
2

A MASSIVE ONLINE OPEN COURSE

A MOOC is a course of study made available over the Internet without charge. It is a free
Web-based distance learning program that is designed for the participation of large numbers
of geographically dispersed students.
Our current project consists in creating a MOOC, entitled "Ventilation: the keys to control
indoor air quality", open to all actors of the building sector. The major objective is to meet the
needs of synergies and growing skills among the professionals, but also among decisionmaker in order to raise their consciousness on the issues of IAQ and ventilation, including
health, environmental, economic and social issues. This MOOC applies indeed to all
professional actors since the designing steps and the prescription to the reception and
maintenance of ventilation systems: project management, engineering, architects, operators,
installers, businesses (HVAC, plumbing, electricity,...), local authorities technicians and
building managers, diagnosticians, energy advisors. The target is deliberately very broad since
occupants can also be concerned.
The educational objectives of the MOOC are various. Namely, they consist in better knowing:
- the sources of indoor pollutants, ventilation systems and air treatment
- the health and economic issues related to a good IAQ
- the regulations on IAQ and ventilation in buildings
- the design and implementation rules of a ventilation system in residential buildings
- the pathologies associated with the incorrect implementation of ventilation systems and to
understand their impacts
- the keys to a ventilation and IAQ
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- the principles of measurement audits, analysis methods, protocols of measurement and
sampling procedures
- the ways to improve IAQ
- IAQ management methods (commissioning)
In order to answer to these objectives, the MOOC is sequenced into 5 sections (corresponding
to 5 weeks, each of them being divided into 3 modules), according to the following program:
1. IAQ and regulations in the building sector
2. Ventilation and regulations in French buildings
3. Design of a ventilation system in Residential (new and refurbishment)
4. To control a ventilation system and analyze the IAQ
5. Implementation of actions promoting a good IAQ
The MOOC will be hosted by the end of 2018, on the platform FUN of ADEME dedicated to
Sustainable Buildings (https://www.mooc-batiment-durable.fr/). Launched by ADEME and
Plan Bâtiment Durable from Ministry of Ecology and Solidarity Transition, the platform has
two objectives :
- the growing competence of the professionals of the building industry and real estate on the
themes of the energy transition and sustainable building in general (construction and
renovation),
- the dissemination to the general public, to a knowledge of the issues related to green
building, in particular, the energy renovation of housing.
In order to meet these objectives, the testimony of the experts of Tipee and Cerema in the
MOOC give a pragmatic view of the practices of the field and the current regulatory framework
and prospects of developments. These testimonies are completed by external contributions
(installers, designers, contractors) intervening in demonstration projects to support best
practices experiences, through operational examples. A special care is taken to systematically
ensure the neutrality and independence in the content of the presentations.
3
3.1

A WEBSITE AS A RESOURCE CENTRE
Objectives

Also accompanied by the PACTE programme and the French Ministry in charge of
construction, the second on-going project consists in the development by the end of 2018 of an
internet platform as a resource centre on ventilation issues. The overall objective of the project
is to provide a set of online resources (regulatory information, baseline studies, feedback,...) to
the attention of all the professionals of the construction on the subject of ventilation, both for
new construction and for refurbishment. The final challenge is to enhance the quality and
efficiency of the ventilation in buildings allowing the managers, owners and contractors to make
optimized choices for systems of ventilation.
The need for a reference resource centre internet platform was raised by the Club Ventilation
presented in the first section of the paper. An inventory of existing resources will be done
throughout a database. The Club Ventilation will be consulted to complete, if necessary, this
census. The partners of the project have to produce the structuring of the content, following two
types of documents:
- Online articles: composed of raw texts and illustrations/diagrams directly viewable on the
site; some 50 articles in lines will be produced in the project. Items will include
illustrations and links to downloadable documents: factsheets or existing documents.
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- Factsheets: These few pages sheets will be preferred when the content to present turns out
to be too complex to take the form of an online article or when the document is intended to
be printed for its release or for its use. Indeed, online articles will be privileged to
encourage a smooth user experience through a directly viewable information online.
3.2

Detailed Contents of the website

The attractiveness of the internet medium (website) is based on the usefulness and the quality
of content (neutrality, reliability). From a content point of view, we expect for the launch of the
site the following resources:
- A comprehensive and up-to-date information concerning the current regulations.
- A comprehensive and accessible presentation to all audiences target of the technical
principles of ventilation;
- A bibliography extended studies and guidebooks on the topic of ventilation;
- A frequently asked questions (FAQ);
- A reformatting of existing content (teaching, repositories luggage inspection and
diagnosis of ventilation systems, etc.) to make them suitable for a website.
- Interactive content ("serious games", see below) contributing to the promotion of the site;
- Regular news.
The structuring of the content will be also to title articles/illustrations/sheets, to catalogue them
and to label them according to the structuring of the site. The structuring of the content (nature,
title, cataloguing and labelling) will take the form of a table that will be presented to the Club
Ventilation for review and approval prior to production.
3.3 A serious Game as an alternative e-learning and information tool
The serious game VENTILGAME will be developed in a posture of promotion of the site. It
will have the ambition to inform and train professionals electronically to good ventilation
practices and voluntary air renewal.
A serious game is a game designed for a primary purpose other than pure entertainment. The
"serious" adjective generally refers to video games used by industries like military, education,
scientific exploration, health care, emergency management, city planning, engineering, and
politics. The idea shares aspects with simulation generally, including flight simulation and
medical simulation, but explicitly emphasizes the added pedagogical value of fun and
competition.
The serious game VENTILGAME is intended to
be a tool for promoting Ventilation Resource
Centre. It has the ambition of e–informing actors
of the building sector on the physical quantities
essential to the design and implementation of
ventilation systems, according to regulatory
frames, in a fun and dynamic approach, through
virtual 3D dwellings simulations (see figure).
The guideline of VENTILGAME is to allow professionals accessing the site to appropriate, in
a fun and informative of the regulatory and technical ventilation concepts. The educational
process will be established by the partners of the project with the Fan Club. VENTILGAME
will offer game sequences focus on the acquisition of theoretical knowledge, regulatory
knowledge base and the basics of dimensioning of ventilation for residential, as well as a
system of feedback good and bad practices. VENTILGAME will be designed to serve as a
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link between the knowledge of the professionals and the proper resources of the Resource
Center. Thus, the following 5 game sequences will be available on the VENTILGAME of the
site interface:
1. The knowledge of ventilation in existing buildings and new devices: identifying the
ventilation principles in a building.
2. The principle of operation of different ventilation systems
3. The regulatory and normative context on ventilation
4. The design of ventilation and air renewal systems in residential buildings
5. The Ventilation Code (MCQ)
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ABSTRACT
Natural and Hybrid ventilation systems, by using exclusively or partially natural driving forces, help to reconcile
building energy sobriety and good Indoor Air Quality (IAQ). However, in France, Building Regulations restrict
the use of natural ventilation by imposing minimum airflows in buildings. Natural ventilation, whose driving forces
are atmospheric conditions, has an efficiency depending on the climatic region. Concerning climatic regions where
natural ventilation is not likely to provide sufficient airflow, the ventilation system may be featured with a
mechanical assistance, which is called Hybrid ventilation systems. Hybrid ventilation systems, taking advantage
from natural driving forces when the induced airflow is strong enough, and assisting it otherwise, allow using
natural ventilation while verifying airflow requirements. The assessment of mechanical systems performance has
already been questioned by the French protocol PROMEVENT. The absence of a similar protocol restricts the
development of natural and hybrid ventilation systems. Such a protocol would widen the use of natural ventilation
in favourable climatic regions and enable the improvement of the control strategy of hybrid ventilation systems.
However, the plurality of openings, variable airflows, and unstable flow patterns make the measurement of the
performance of natural and hybrid ventilation systems a challenging task. It represents the objective of the French
research project VNAT.
This paper is issued from the first task of the VNAT project: the state of the art on the assessment of natural and
hybrid ventilation systems. It presents a comprehensive review of existing studies and protocols regarding the
measurement of airflow and Air Change Rate (ACR). It appears that direct measurement method of airflow may
interfere with the flow pattern, which is troublesome for natural ventilation. Thus, the direct measurement is not
likely to be representative. Indirect methods allow measuring Air Change Rate (ACR). They may be conventional
tracer gas methods or occupant-generated CO2 methods. Tracer gas methods are numerous and they are based on
assumptions which can differ from a method to another. Two of them, called the constant injection and the
concentration decay methods, are widely used to characterize the performance of ventilation systems thanks to
their ease of implementation. The violation of assumptions leads to important measurement uncertainties.
Occupant-generated CO2 methods depend on the occupation rate and on the CO2 emission rate, which induces
uncertainties too. These measurement methods as well as tracer gas methods are compared regarding their accuracy
and their limits. Modelling methods are also discussed.
Results from this paper will help to build a new protocol more suited to the assessment of the performance of
hybrid and natural ventilation systems under real conditions.

KEYWORDS
Natural airflows, Modelling, Tracer gas methods, Occupant-generated CO2

1

INTRODUCTION

The building sector is the most consuming sector of European countries, with a share of 42%
of the final energy consumption. Natural and Hybrid ventilation systems, taking advantage of
natural driving forces, allow to reconcile energy efficient buildings with an acceptable Interior
Air Quality.
In France, building regulations impose general and permanent airflow rates in buildings. It
promotes the use of mechanical ventilation systems in new buildings. Moreover, the protocol
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PROMEVENT has improved the reliability of their performance evaluation’s procedure, which
eases the verification of the required hygienic airflows (Mouradian, 2017). Direct airflows or
pressure measurements allow to assess the ability of a mechanical system to deliver standardrequired fresh air.
Natural and Hybrid ventilation’s implementation in new buildings is challenging, as specific
procedures are required intending to prove that the system actually leads to the hygienic airflow
rate prescribed by regulations. The problem is that it exists no protocol assessing accurately the
performance of these kind of systems, such as the protocol PROMEVENT for mechanical
ventilation. The diversity of openings, low pressure induced natural airflows, and fluctuating
driving forces prevent from directly measure natural ventilation’s performance thanks to
conventional airflow meters. Under these conditions, the airflow meter could interfere with the
unstable flow pattern, which would result in a non-reliable measurement. The other challenge
regarding natural systems is that airflows are dependant from several parameters including the
building geometry, openings configuration, and climatic conditions. Hybrid ventilation systems
add the issue of the plurality of operating modes: pure natural, mixed, or pure mechanical. As
a consequence, a measurement alone would only refer to a performance at a given state, which
is non-representative of the global performance. Modelling methods seems to be required to
allow the extrapolation of the global performance from measurements. Thus, the
comprehensive review presented in this paper has two objectives: comparing the accuracy and
applications’ conditions of measurement methods used to characterize natural airflows, and
comparing the suitability of modelling methods to account for natural and hybrid ventilation
systems.
Concerning measurement methods, tracer gas methods are often used to characterize natural
ventilation systems. They are indirect methods based on the concentration of a tracer gas, so
they do not interfere with the flow pattern. However, they rely on assumptions whose violation
results in an increase of uncertainty. Most critical assumptions are the homogeneity of the tracer
gas in the enclosure and the invariant nature of airflow rates during the measurement. The latter
restricts the number of suited tracer gas methods. Other measurement methods derived from
tracer gas methods are occupant generated CO2 methods. They often require to have access to
the occupancy rate, as well as the emission rate. The emission rate, depending on people and
activities, introduces another uncertainty source. Also, in most of the methods, the occupancy
should not vary during a long time.
Regarding modelling methods, they are essentials to assess the performance of natural and
hybrid ventilation systems to account for their numerous dependencies. Ventilation modelling
methods may come from empirical models, network models or Computational Fluid Dynamics
(CFD) models. However, models have to be experimentally validated. They are often validated
thanks to measurement methods mentioned above, which may be unreliable regarding the
studied case. Their suitability for natural and hybrid ventilation systems will be discussed in the
present paper.
2

APPROACH

We made a comprehensive review of articles focused on the evaluation of methods intending
to assess natural ventilation’s performance. It includes articles that analyse the accuracy of
tracer gas methods, of occupant-generated CO2 methods, and of modelling methods.
This state of the art, realised in the context of the VNAT project’s first task, aims at identifying
methods assessing natural ventilation’s performance, as well as their limits. A lot of articles
have been tackling the issue of the accuracy of tracer gas methods since 1990. These methods
are very interesting for the measurement of natural ventilation airflows, but they are
characterized by important uncertainties. Occupant-generated CO2 methods have been first
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considered in the 80s (Turiel 1980). A recent review paper on these methods has been found,
especially used in school buildings applications (Batterman 2017). Their accuracy has also been
questioned in several papers since the beginning of the 21st century. Finally, modelling methods
also show a great interest, as the performance of natural and hybrid systems depend on several
fluctuating parameters. Models only are able to consider this. Network models have been used
for a long time, but CFD models are quite recent thanks to the increasing computational
resources implemented on computers. Articles treating CFD models are mostly found from
2010.
3 DESCRIPTION OF MEASUREMENT METHODS
3.1 Tracer gas measurement methods
Tracer gas methods are widely used to characterize natural airflows. They have the double
advantage not to interfere with the flow pattern and to take into account infiltration and
exfiltration flows. Also, they account for the effective ventilation rather than the expected one
(Νikolopoulos, 2012). They are based on the concentration of a tracer gas. Three main ways of
injecting the gas within the zone are available: delivering it before the measurement, during the
measurement at a constant flow rate, or during the measurement at a variable flow rate allowing
to keep its concentration at a fixed target value. The first one, called tracer decay method, uses
the decrease of the gas to obtain the mean Air Change Rate (ACR). The second one is called
the constant injection method and get the airflow from an equilibrium of the concentration
occurring after, at least, 3 air changes. The last one is called the constant concentration method
and requires sophisticated servo-controlled air mass flow controller looped to a target
concentration. Tracer gas methods are based on zonal assumptions including three requirements
(Sherman, 1990):
-

The tracer gas should be homogeneous in the entire zone;
The zone should be isolated, with an exclusive exchange with the outdoor air;
The outside air should be perfectly mixed within the zone, meaning that no
shortcomings should occur.

As a consequence, performing tracer gas measurement in a building would assume the whole
building to be a well-mixed single zone, with a homogeneous tracer gas. However, this is
possible to perform tracer gas measurements in a multi-zone buildings by two means: either by
using multiple gases which result in a matrix illustrating inter-zonal flows and outdoor air flow
(Roulet, 1991), or by applying the constant concentration method while keeping each
neighbouring room at the same concentration level. The last technique does not provide
information about inter-zonal flows but inhibits its influence (Bekö, 2016). Multi-zonal tracer
gas measurements are beyond the scope of this paper.
Tracer gas methods ensue from the mass balance equation (Sherman, 1990):

𝑉

𝑑(𝐶(𝑡))
𝑑𝑡

+ 𝑄 ∗ 𝐶 (𝑡) = 𝐸(𝑡)

(1)

With V the volume, C(t) the concentration, Q the airflow and E the emission rate.
Then, Sherman proposed three techniques for resolving equation (1), with their specific
assumptions (Sherman, 1990): the regression technique, the integral technique and the
averaging technique. The regression and the integral techniques assume steady airflows
whereas the averaging technique tolerates variable airflows. We saw above a first source of
distinction between methods by ways of dosing the gas. The three resolution techniques result
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in another distinction inducing sub-methods. The standard ISO 12569 (ISO 12569, 2017)
describe the application of each method and sub-method to measure airflow rates in a single
zone.
Constant concentration method
The constant concentration method may be considered as the reference tracer gas method. Its
servo-controlled mass flow controller allows to describe the evolution of the ACH during the
measurement thanks to the evolution of the emission rate of the tracer gas. This is the only
tracer gas method able to account for a dynamic airflow rate. As the concentration is assumed
to remain constant, the resolution of the mass balance equation is immediate, and the airflow is
obtained by the ratio of the emission rate by the target concentration value. It can theoretically
be computed instantaneously but according to the response time of the system, it is
recommended to average the equation on successive periods (Chao, 2004). Chao et al. prescribe
to start the injection hours before the beginning of the test. This method requires sophisticated
materials and trained staff. Its application is restrained to research projects (Bekö, 2016;
Blomsterberg, 1999; Chao, 2004). It is often used to assess the accuracy of other tracer gas
methods, considering the constant concentration method as the reference value.
Tracer decay method
As aforementioned, for the tracer decay method, the gas is released before the measurement.
When the concentration reaches its expected value, the injection is stopped. It is common to
use a mixing fan during the injection and a few minutes later to ensure the homogeneity of the
tracer gas before the measurement, which is a requirement of the standard ISO 12569 (ISO
12569, 2017). Then, the exponential decrease of the gas provides the mean ACH between the
first and the last measurement points. The tracer decay method is the most used tracer gas
methods thanks to its ease of implementation and to the small amount of tracer gas required.
Two results analyses are then available, based on different resolutions of equation (1). The twopoints decay method is based on only two measurement points. It ensues from the averaging
techniques. On the contrary, the multi-points method represents a least-squares regression,
allowing to significantly smooth measurement errors.
Sherman gave the formula for the standard deviation of both methods, ensuing from the error
propagation law (M. Sherman 1990). Cui et al. computed it with experimental data and found
a difference in the standard deviation of both methods of about 6% (Cui, 2015). However, the
least squares regression implies steady airflows, which is hardly suited to natural ventilation
whereas the two-points method tolerates variable airflows. Two other sub-methods are possible:
the pulse technique and the step-down exhaust concentration method. Because methods require
either an identified inlet or outlet, these methods are less suited to natural ventilation systems.

Constant injection method
The constant injection method is also widely used but it requires an important amount of tracer
gas. The gas is dosed at a constant flow rate. The constant injection method requires the tracer
gas’ emission to be homogeneous within the enclosure. A mixing fan should be avoided during
the measurement, as it would affect the flow pattern. An important number of dosing points
should be used. Just like the concentration decay method, different analysis resulting from
different resolutions of equation 1 are possible. The linear regression technique implies to wait
for the equilibrium. The accumulation term of the mass balance equation tends to zero after 3
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air changes, and the airflow becomes the ratio of the emission rate with the concentration. The
averaging resolution technique induces the inverse concentration method and is suited to
variable airflows (ISO 12569, 2017). It does not require to wait for the equilibrium of the
concentration.
A passive method is derived from the constant injection method. It is called the Constant
Injection Long-Term Sampling (CILTS) method. A liquid is evaporated at a relatively constant
rate through a controlling membrane. They are commonly called “PFT” methods as gases used
are PerFreons Tracer gases. The sampling technique may also be passive with absorption tubes,
or with sampling bags. This method allows to measure the mean airflow rate during months in
occupied houses, and showed a great interest in the literature (Bekö, 2016; Blomsterberg, 1999;
Okuyam, 2009).
3.2

Occupant-generated CO2 methods

Occupant-generated CO2 methods are very interesting because they do not require the injection
of any tracer gases, taking advantage of a gas directly produced by people. Turiel et Rudy were
of the firsts to identify the potential of occupant-generated CO2 (Turiel, 1980). Batterman
recently presented a review of existing occupant-generated CO2 methods (Batterman, 2017).
He identified 4 main methods relying on tracer gas methods’ principles: the concentration
decay, the built-up method, the steady-state method, and the transient mass balance equation
method. The main problem arising from these methods is the uncertainty in the estimation of
the emission rates which depends on each individuals, occupancy, activity, gender. The
approximation, which is often made concerning emission rates, introduces significant errors.
Persily et de Jonge proposed an update of the emission rate formula, which had not been revised
since 1980 (Persily, 2017). They included, among others, the influence of the gender and of the
age. In this respect, it has recently been proven that the old formula overestimated males’
emission rate by 15% and females’ emission rate by 25%.
Concentration decay
The concentration decay is based on the same principle than the tracer decay method. The
measurement begins when occupants leave the studied zone. It has the advantage to be
independent from the emission rate. However, it requires a significant rise in CO2 levels in the
enclosure. Thus, this method is often used in classrooms or offices (Roulet, 2002). The
occupancy in those buildings are convenient with period hosting a huge and constant number
of occupants, and period where everybody leaves the building like during breaks or at the end
of the day. The increase of CO2 must be in the order of several hundred in order to be far enough
from typical CO2 measurement errors (Batterman, 2017).

Steady-state method
The steady-state method is the regression constant injection method. The occupancy should not
change during the measurement which has to last at least 3 air changes. This represents a
significant obstacle to the method as the equilibrium is very hard to achieve (Batterman, 2017).
The airflow is often over-estimated with this method.
Build-up method
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The build-up method requires a step-up in the occupancy. The occupancy should not vary after
the beginning of the measurement. These two requirements are similar to the steady-state
method. However, it uses the transient increase of the CO2 concentration and not the steadystate. As a consequence, the measurement requires less time than the steady-state method. A
non-linear regression is required, often performed thanks to softwares. Bekö et al. used
principally this method to assess the airflow of 500 children bedrooms (Bekö, 2010). Hou et al.
also used this technique to investigate almost 400 child bedrooms in northern China (Hou et al.
2018a).
Transient mass balance equation method
The transient mass balance equation uses computer programs performing a non-linear fit. The
occupancy can change but must be recorded as it represents input of the model. The emission
rate as well as the airflow rate is deduced from the model. Coley et Besteiner performed it in
classrooms (Coley, 2002). The main advantage of this method is that it does not require a fixed
occupancy, once the evolution of the number of occupant is recorded (Batterman, 2017).
However, the airflow rate should be constant during the fitting. If not, the model has to be
computed on successive periods, in which the airflow rate is constant.
4
4.1

DESCRIPTION OF MODELLING METHODS
Empirical and Analytical modelling methods

Empirical and analytical models are based on the assumption that the whole building is
homogeneous and surrounded by an envelope, on which balance equations may be realized.
They aim at characterizing the openings behaviour. The envelope is decomposed of elements
that account for energetic transfers, such as walls and roofs, and other elements that allow the
air transfer, such as air inlets or windows. Then, the flow crossing openings is characterized by
laws
connecting
pressure
and
airflows
such
as
𝑄 = 𝐶 ∗ (∆𝑃)𝑛 . The most used empirical model is the following (Wullens, 2015):

𝑄 = 𝐴. 𝐶𝑑 . √

2.∆𝑃
𝜌

(2)

With A the effective area, Cd the discharge coefficient, ∆𝑃 the pressure difference across the
opening, and 𝜌 the density.
These models are used on standards to compute airflows within buildings (ISO 16798-7 2017)
(ISO 16798-7, 2017). They are convenient because they can quickly account for the order of
magnitude of airflows. It is suited to energetic considerations to assess the heat losses by the air
renewing. They require to measure wind speed and direction, outdoor and indoor temperatures,
and ideally pressure coefficients. However, the amount of assumptions required to close the
system impacts their accuracy (Omrani, 2017). The assumed homogeneity of the whole
building introduces other sources of uncertainty. Nevertheless, authors keep trying to improve
models, especially for single-sided ventilation and cross-ventilation, in which accurate wind
effects are difficult to assess (Larsen, 2016). Caciolo et al. developed a new empirical
correlation to characterize the flow crossing a window located leeward (Caciolo, 2013).
4.2

Network modelling methods

Network models consists in dividing the building into zones where each state variable is
homogeneous. Zones may be rooms or floors. Mass balance equations are resolved within each
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zones and they are connected to each other thanks to pressure/airflow laws, or by different
models such as wide openings models (Wullens, 2015). Several softwares include multizone
network models, such as MATHYS (Demouge, 2017), developed by the french Building’s
Scientific and Technical Center (CSTB), COMIS, or CONTAM. These models are very
convenient as their lightweight allows to simulate during 1 year, describing the evolution of
each state values. However, homogeneous zonal assumptions may introduce uncertainties and
they cannot give any information about the flow pattern. The assumed pressure field
homogeneity is often withdrawn on last versions on softwares aforementioned (Wullens 2015).
Other network models with finer meshes may be realised. They may be called “zonal models”.
They rely on the resolution of mass and energy balance equations on each zones.
4.3

Computational Fluid Dynamics methods

CFD modelling is the most used modelling method to characterize natural airflows. It consists
in discretizing the building volume and resolving Navier-Stokes equations on each sub-volume.
Thus, they account for the flow pattern within the building, which makes a huge difference with
other models. The other main difference is that wind effects are better treated. Two CFD
approaches are in use: the Reynolds Averaged Navier Stokes (RANS) and Large Eddy
Simulations (LES). RANS methods average wind pressure and temperatures to reduce the
computational cost. An approximation is then realised by adding a turbulence models intending
to keep the dynamic nature of physical mechanisms. Several models are used in the literature
and the choice of one of them is often complicated. LES methods reduce the computational cost
by ignoring small length scales thanks to low pass filters. The meshing is coarser than RANS
models.
CFD models rely on several assumptions about the domain, the mesh, boundaries, solver
parameters and the mesh sensitivity (van Hooff, 2017). Thus, they need to be experimentally
validated. According to Omrani et al., CFD models can be used through two main approaches
(Omrani, 2017). The first one is the association of CFD models with measurements.
Measurements would allow to validate the model, and to visualize the data computed by the
simulation. Once validated, CFD models are very useful to test different parameters, assessing
for example the influence of openings types, locations and sizes. The second approach would
be to couple CFD models with network models. First, CFD models would accurately compute
boundary conditions by modelling the surrounding of the building of interest. Computed
boundary conditions can be implemented in the multi-zone models thanks to adequate interface.
Then, multi-zone models compute airflows of each room and it saves a huge computational cost
(Wullens 2015). It remains a lot of work to do for those coupled models and we will not further
analyse them in the present paper.
5
5.1

RESULTS & DISCUSSION
Tracer gas measurement uncertainties

Tracer gas measurement methods are subject to several studies, which tackle the issue of their
accuracy. These methods are very promising for the characterization of natural airflows as they
do not interfere with the flow pattern. However, they rely on assumptions which induce several
sources of uncertainties. Table 1 compile the synthesis of tracer gas methods with their
estimated accuracy and their limits.
Concerning the decay method, the homogeneity assumption is assumed to be the most critical
as spatial differences in the concentration may be as large as 10% (Cui, 2015). Van Buggenhout
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et al. found a deviation of the ACH about 86% for one of the sensors, situated near the inlet
(Van Buggenhout, 2009). Several studies indicate that the best sampling locations are near the
outlet (Cui, 2015; Van Buggenhout, 2009), ensuring a deviation below 10%. However, the
outlet is not systematically clearly identified in natural ventilation. Okuyama et Onishi
developed a method intending to reduce the influence of inhomogeneity (Okuyama et Onishi
2012). They performed a sinusoidal injection at the inlet. Another issue in the decay method is
the choice between the 2 points and the multi-points decay method. As mentioned above, with
steady airflows the multi-points method should be around 6% more accurate (Cui et al. 2015).
However, unlike the 2 points method, it does not tolerate variable airflow. Remion et al. showed
that a linear variation of 10% of the airflow during the multi-points decay measurement
increases the deviation by 3% in controlled conditions (Remion et al. 2018). Anyway, due to
its greater accuracy, the multi-points method is often preferred, even to characterize fluctuation
airflows (Cui, 2014.; Caciolo, 2010; Gough, 2018). Chao et al. found an overestimation of the
multi-points decay method with variable airflows, against the constant concentration method,
of 10 to 15% (Chao, 2004). Under steady airflows, Sandberd et Blomqvist found a difference
between both methods of 6% (Sandberg, 1985).
The Constant Injection Long Term Sampling technique was investigated by Sherman et al.
(Sherman, 2014). Under ideal conditions, an accuracy of 15% could be expected. On in-situ
buildings, with a trained staff, the accuracy decreases to 20 – 25%, mainly because of the
variation in parameters, such as the airflow rate, the emission rate or the sampling rate.
Carrihlo et al. developed a method based on the daily CO2 cycle (Dias Carrilho, 2015). It
provided values within 10% of the reference value measured by the occupant-generated CO2
decay.
5.2

Occupant-generated CO2 measurement uncertainties

Table 1 also includes the analysis of occupant-CO2 generated tracer gas methods. Batterman et
al. realised a comprehensive review of occupant-generated CO2 methods applied in school
buildings (Batterman, 2017). His conclusion is that the transient mass balance method is very
convenient as it is flexible with respect to occupancy. Coley et al. compared the accuracy of
this method with the tracer decay measurement performed with SF6. They found for closed
windows configuration a deviation of 15% between both methods whereas the deviation
increases to 40% with opened windows. Differences are justified by interzonal flows which
influence the CO2 measurement as its concentration is higher in buildings than outdoor.
Santamouris et al. also reported an accuracy of 15% for the transient mass balance analysis
(Santamouris, 2008). Another advantage of the transient mass balance equation method is that
this is the only occupant-generated CO2 method that can account for a fluctuating airflow rate.
When the occupancy does not change, authors often prefer the build-up method rather than the
steady-state method because of the significantly reduced required time (Hou, 2018; Bekö, 2010;
Bekö, 2016). Bekö et al. tried each method depending on the occupancy in 500 Danish rooms
but often retained only the build-up method. The decay method would require a significant
charge in CO2 concentration, which is difficult to obtain with a small occupancy. They
estimated the inaccuracy due to interzonal flows thanks to CONTAM, a building simulation
software, around 30%. In a later paper, Bekö et al. compared the build-up method with constant
concentration method and found that the occupant-generated CO2 method resulted in airflow
rates twice as large as those measured by the tracer gas method. Hou et al. investigated Chinese
rooms and reported that the build-up method’s accuracy has been estimated by Stavova, in a
thesis project, around 15% in controlled conditions (Hou et al. 2018b).
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Lu et al. proposed an improvement of the occupant-generated CO2 decay method by applying
the Maximum Likelihood Estimation (MLE) to the decay. It is assumed to be more powerful
and to give results faster, which would allow to apply the method without huge rise in CO2
concentration levels (Lu, 2010).
Table 1: Limits of main natural ventilation’s performance measurement methods
*

Not only tolerates variable airflow but also provides its evolution. 1By choice of the
Tracer gas methods
Method

Sub-method

Concentration
decay

Constant
injection

Multi-points

Fluctuating
ACH

No

Accuracy

Measurement
time

Cost

10 - 25%

Yes

15 - 30%

Steady-state

No

NA

Inverse
concentration

Yes

Long term

Constant concentration

NA

References

- Volume <
500 m3

(Caciolo,
2011);
(Sandberg,
1985); (Chao,
2014)
(Cui, 2015);
(Sherman,
1990)

-

2 points

Other limits

-

+
-

+
+

- Important
amount of TG
- The dosing
of the gas
should be
homogeneous

(Allab, 2017)
(Sherman,
2014);
(Lunden,
2012)
(Bekö, 2016);
(Chao, 2014);
(Blomsterberg,
1999);
(Sandberg,
1985)

Yes

20 - 100%

++

--

Yes*

3 – 9%

1

++

Sophisticated
equipment

(Hou, 2018);
(Bekö, 2010);
(Bekö, 2016)

Occupant-generate CO2 tracer gas methods

Build-up

No

15 - 100%

-

--

- No change
in occupancy
- Need
emission rate

Concentration decay

No

10 - 25%

-

--

- Require a
huge CO2
charge

(Turiel, 1980);
(Roulet, 2002)

--

- No change
in occupancy
- Need
emission rate

(Batterman,
2017);
(Santamouris,
2008)

--

- Need the
occupancy
- Need the
emission rate

(Batterman,
2017);
(Santamouris,
2008)

Steady-state

Transient mass balance equation

No

Yes

10 – 30%

15 - 40%

++

*

experimenter.
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5.3

Comparison of modelling methods

Omrani et al. performed a comparison of each modelling methods (Omrani, 2017). As many
authors agree on, empirical formulas are very convenient as they provide a fast estimation of
general airflows in buildings. However, the whole building’s homogeneity assumption, and the
averaging of the wind introduced in empirical models may cause huge uncertainties. Several
studies compared empirical models with tracer gas measurements, especially for single-sided
ventilation and cross-ventilation (Gough,2018; Caciolo, 2013; Cui, 2014).Cui et al. found a
difference for cross-ventilation between empirical models and tracer decay method between
45% and 60% depending on correlations (Cui, 2014). Gough et al. deduced directly airflows
thanks to pressure taps sensors installed across openings (Gough, 2018). Comparison with
tracer decays showed a weak correlation with a coefficient R² <0,17. Caciolo et al. found
differences between empirical models and tracer decay measurement for single-sided
ventilation above 25% for every models they tried (Caciolo, 2010).
Network models are also often validated by means of tracer gases. Belleri et al. used PFT
methods to validate a multi-zone model (Belleri, 2014). When windows are closed, the model
shows a good agreement with the measurement (5%). However, open windows lead to large
deviations between both methods. As for empirical formulas, network models cannot accurately
predict the effect of wind. Blomsterberg compared a COMIS network model with constant
concentration tracer gas measurement (Blomsterberg, 1999). He found a difference of 1% for a
single-family house and 20% for an apartment. Results from buildings with several floors may
be less realistic because standard pressure coefficients are involved in the simulation. However,
there is a significant spatial discrepancy of pressure coefficients on façades, especially for highrise buildings. Accurate pressure coefficients can only be obtained in wind tunnels. Zhai et al.
compared different network models and found no significant differences between models as
they often rely on same physical principles (Zhai, 2015). They seem to work efficiently for
simple geometries without open windows. However, they cannot accurately account for wind
effects.
CFD models are supposed to give best results as they theoretically resolve every issues
mentioned in this paragraph: they do not assume any homogeneity of building zones, they take
into account the fluctuating wind, they compute pressure coefficients and they determine the
flow pattern inside the building. However, they require such an amount of assumptions, that the
validation is even more required than for other models. These assumptions are different than
for previous models as they are made by the modeler and not by the modelling software.
Validation methods are more diversified than for other models as CFD outputs give a lot more
information. Validation may be done by means of tracer gas (Νikolopoulos, 2012), by
measurement of state parameters (Elshafei, 2017), by direct measurement of airflow in an
opening (van Hooff, 2017), and finally by Particle Image Velocimetry (PIV) measurement in
an opening (Bangalee, 2013). The higher accuracy of CFD models is induced by way more
sophisticated models requiring a huge computational time, even more for LES models which
last between 80 and 100 times longer than RANS models (van Hooff, 2017). Van Hooff et al.
also compared the accuracy of RANS and LES models and found that all results where within
8,6% of the reference value.
CFD models are the most accurate and give the more information which is very useful to treat
the air distribution’s function of ventilation systems but they require significant computational
resources. Also, caution have to be given to CFD results as modelling choices may introduce
significant impacts. The validation is challenging but crucial. Network models may be
convenient compromises between computational cost and accuracy. However, they hardly
account for wind effects. Empirical and analytical methods are convenient for quick single-
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zones airflow’s estimation. Finally, models’ validation is very challenging for natural
ventilation systems for the moment because of the lack of an accurate natural airflow’s
measurement method, as seen in 5.1 and 5.2.
6

CONCLUSION

A comprehensive review has been done on articles treating the assessment of natural and hybrid
ventilation’s performance. Two main methods were identified to characterize natural airflows,
including tracer gas methods and occupant-generated CO2 methods. Modelling methods
characterizing natural ventilation systems, as a whole, were also analysed.
Regarding the in-situ measurement of natural airflows, tracer gas methods seem to be promising
but only a few are suited to variable airflows. Moreover, they are characterized by important
uncertainties because of the violation of assumptions, the required homogeneity of the tracer
gas, and measurement uncertainties. The constant concentration method would be ideal as it
provides the evolution of the ACH, but its implementation on in-situ buildings in a reasonable
cost is nearly impossible. Occupant-generated CO2 methods take the advantage of tracer gas
principles, but have the great benefit not to require any dosing instruments or gases. However,
neither the emission rate has to be accurately determined, which is challenging, nor the rise in
CO2 concentration levels has to be significant, meaning a long or important occupancy
preceding the measurement. Moreover, 3 out of 4 occupant-generated CO2 methods require
strict conditions concerning the occupancy.
To account for the dependency of natural and hybrid ventilation systems, modelling methods
are essential but their validation is very complicated as no measurement methods provide
accurate ACH results. Network models are convenient for simple geometries but are hardly
suited to account for wind effects. CFD models may be more accurate, but rely on several
modeller-made assumptions, which increases the importance of the validation. They may be
validated by other means than tracer gases, but often in wind-tunnel with reduced-scales
buildings. Also, they require a huge computational cost, which restrains their use for research
projects.
Finally, the development of a protocol assessing the global performance of natural and hybrid
ventilation systems could come from the coupled measurement/modelling approach, which is
the aim of the french VNAT project. It intends to overcome the difficulty to measure natural
airflow while allowing to extrapolate the performance’s assessment from measurements of
indicators chosen thanks to a sensitivity analysis.
7
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ABSTRACT
Drøbak Montessori lower secondary school is Norway’s first plus-energy school and also the first school built
after the Norwegian Powerhouse-concept, www.powerhouse.no. This concept implies that the building shall
produce more renewable energy during the lifetime of the building, than used for materials, production, operation,
renovation and demolition.
To achieve the energy ambitions for the project there has been a high focus on obtaining an effective and lowpressure ventilation system. The chosen solution is a concept with relatively tall rooms with displacement
ventilation that varies between fully mechanical and hybrid ventilation depending on the time of the year. The
extract air is removed from the rooms by overflow to adjacent areas. During summer the exhaust air is directly let
out through an opening in the top of the centrally placed atrium. In the heating periods the exhaust air is driven
mechanically through the air handling unit for heat recovery.
The school has an all-air HVAC-system where all the heating and cooling demand for the building are covered by
the ventilation system, no additional heating sources is installed in the building. Room heating only provided by
ventilation is not something new, but is often combined with mixed-flow ventilation. At the Montessori school in
Drøbak the heating with ventilation is combined with displacement ventilation. To avoid a short circuiting of the
supplied fresh-air when the occupants are present, the air is supplied with a lower temperature than the surrounding
air. During night time the system switches to heating mode when necessary, depending on recorded indoor and
outdoor temperatures. When in heating mode, the supply air is recirculated and heated to a supply temperature
higher than the surroundings. The supply air temperature depends on the outdoor temperature and the airflow is
demand-controlled based on temperature and CO2.
To ensure that the chosen solution provides a satisfactory thermal indoor climate and to provide input to the tuning
and optimization of the control strategies, simulations with a two-zone model, advanced simulations in IDA-ICE,
laboratory tests and field measurements has been performed.
This paper will present the analysis, results and conclusions from the above mentioned two-zone model compared
to the results from the field test. The results from the advanced simulation in IDA-ICE and the laboratory tests will
not be presented in this paper.
The results from the two-zone model and the field test show promising results when it comes to achieving thermal
comfort by using displacement ventilation for heating. The results also shows good consistency between the 2zone model and the measured data from the field test. This research will provide useful knowledge for future
projects when it comes to minimizing the energy use, costs and complexity for HVAC-installations in buildings
where displacement ventilation is suitable.

KEYWORDS
Displacement ventilation, 2-zone model, field test, ventilation heating
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1

INTRODUCTION

Drøbak Montessori lower secondary school is a school with 60 students divided between 8th
and 10th grade. There is a wish to include the 7th grade in the long term and thus become 80
students. The vision of the school is “learning through experience” which is emphasized
through student activity and interdisciplinary. The area of the new school building is just
below 900 m² heated area and is organized on one level with a lower floor under parts of the
building where the terrain has a natural fall. The building has a compact rectangular shape
oriented southeast-northeast. The building is intersected by an inclined slice “the solar slice”.
The building is shown in figure 1.

Figure 1: Drøbak Montessori lower secondary school. Source: www.powerhouse.no

The vision of the school is to become “Norway’s most environmentally friendly school”. The
school is the first new build to fulfill the requirements for the Norwegian Powerhouseconcept.
The heating and ventilation concept for the school where chosen because of limited financial
resources, desire for a simple HVAC system and with the energy ambitions in mind.
2

METHODS

To validate the ventilation system, ensure that the chosen system provides satisfactory
thermal indoor climate and provide input for optimization and tuning of the system a field test
has been performed at the school. The results from the field test has been compared with
simulations in a two-zone model.
The field test was carried out in a classroom located in the lower floor. The class room is
shown in figure 2. During the occupied hours, from 7.30 AM to 4 PM, the ventilation system
is operated in “normal modus” where the air flow rate is depending on the CO2 and
temperature in the actual room. The supply temperature during the occupied hours is
depending on the outside temperature as showed in figure 3.
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5,3 m
4,3 m

5,3 m

7,8 m
6,5 m

Figure 2: The class room used for the field experiment.

The school is well insulated and the thermal mass of the class room can be rated as medium,
details given in table 1.
Table 1: Geometry and U-values for the classroom.
Value
Heated floor area
51,2 m²
Internal height
3,0 m
Heated volume
153,6 m³
Area external walls
24,1 m²
Area internal walls
44,7 m²
Area windows
18,8 m²
U-value external walls 0,14 W/m²K
U-value windows
0,75 W/m²K
0,10 W/m²K
U-value floor*
Heat capacity walls
2,4 Wh/m²K
Heat capacity floor
63,0 Wh/m²K
Heat capacity ceiling
3,0 Wh/m²K
* See also section 2.2 for further details on floor heat loss.

Outside of occupied hours the ventilation system is switched into heating mode in the heating
season and into cooling mode in the cooling season.
In heating mode the air flow rate is depending on the temperature in the actual room. When
the measured internal temperature in the actual room reaches a lower temperature of 19 °C the
heating of the room starts. In the heating mode the air flow rate for the room is set for the
maximum calculated air flow rate for the room. When the room reaches its set point for
heating, the air flow is reduced to a minimum, ensuring that the heating is applied to where it
is needed. In the heating mode the supply temperature for the ventilation system is depending
on the measured outdoor temperature as shown in figure 3.
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Figure 3: Supply temperature in occupied hours and for heating mode as a function of outdoor temperature.

2.1

Two-zone models

In displacement ventilated rooms, as schematically shown in figure 4, there will naturally be a
lower clean and cool zone and a more polluted and warm upper zone. Based on this fact a two
zone model for temperature stratification and contaminant stratification can be made. The
thermal two-zone model used in this paper is based on a six node-two mass model, the major
variables given in figure 4. The model can be reduced to two linear differential equation which
can be solved analytically, giving the mass temperature, the surface temperature and room
temperature in the two zones. Based on this temperature indices, temperature gradients,
operative temperature in the occupation zone and more can be calculated. In a recent paper
(Dokka, 2018) the model is described and validated against measured data with good results.
Similar for contaminant stratification a two zone model has been developed, also resulting in
two coupled linear differential equations which can be solved analytically. This model can e.g.
be used to calculate contaminant stratification (e.g. CO2) and to calculated different ventilation
efficiency indices. This model has also been compared to and validated against measured data
with very good results (Dokka, 2017).

Figure 4: Schematics of the two zone thermal model.
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2.2

Field experiments

The field experiments were conducted on February 8th, 2018. The field test consisted of
measurements of dry bulb temperature, operative temperature, air velocities and CO2consentration. In this paper the focus will be on temperature and CO2. The classroom was
occupied with students and teachers during the experiment. The type and accuracy of the used
sensors for measuring temperature and CO2 concentration during the experiment are listed in
table 2.
Table 2. Type and accuracy of sensors.
Sensor measuring
CO2/temperature/
relative humidity

Temperature/
relative humidity

Type
Extech SD800

HOBO
UX100-011

Measuring
Temperature

Range
0,0 to 50,0 °C

Resolution
0,1 °C

Accuracy
±0,8 °C

CO2

≤ 1000 ppm
> 1000 to ≤ 3000
ppm
> 3000 ppm
-20 °C to 70 °C

1 ppm
1 ppm

± 40 ppm
± 5 % of reading

1 ppm
0,024 °C at
25 °C

± 250 pp typical
± 0,21 °C from 0
°C to 50 °C

Temperature

The measuring sensors where placed in two different locations mounted on wooden poles in 4
different heights as shown in figure 5.

Figure 5. Positioning of the measuring poles and sensors for temperature and CO2.

The sensors were mounted in the evening on February 7th and the test started at midnight and
ended at 15.00 on February 8th. At the start of the test at 24.00 the ventilation system was in
heating mode, providing the maximum available amount of air through recirculation with a
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supply temperature varying between 27,1 and 28,1 °C. When normal operating hours started
at 07.30 the recirculation stopped and fresh air was supplied with a supply temperature
varying between 16 and 18 °C. According to the outdoor-compensated temperature curves
for supply temperature in the building management system, BMS, the supply temperature
should have been much higher, about 21 °C. Due to faulty sensors connected to the BMS this
was unfortunately not the case.
There is no automatic measuring of the ventilation airflows to the classroom through the
building management system, so measurements were performed manually on-site on the two
displacement diffusers. The airflow was measured to be approximately 2x260 m³/h, in total
520 m³/h. Since there was no continuous measurement of ventilation airflows, it was
necessary to make some assumptions regarding the variations in flow during the experiment.
It was assumed that during normal operating hours between 08.00 and 15.00 the airflow was
520 m³/h. Outside operating hours the airflow was assumed to be proportional to the change
in central air flows from the air handling unit The central air flows are automatically
measured through the BMS. The average airflow outside operating hours was based on this
estimated to be 547 m³/h.
Between 08.30 and 14.30 the students were present in the classroom. The number of students
in the classroom varied during the day. The maximum was 19 and the minimum was 13.
Between 11.30 and 12.30 there was a long lunch break and the classroom was emptied.
In addition to the occupant load there was some lightning and a few laptops that was on
during the experiment.
The day of the experiment was a cloudy day with outdoor temperatures varying between -7
and +3 °C, see figure 6. The solar gain to the room has been roughly estimated by using the
solar models implemented in the software SIMIEN 6.009 (SIMIEN, 2018), and based on
radiation measurements at a nearby weather station
(http://lmt.bioforsk.no/agrometbase/getweatherdata.php).
An overview over all of the internal and external heat gains are shown in figure 6.

Figure 6: Internal and external heat gains between 06.00 and 18.00.
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The heat loss of the classroom is mostly known through rated/calculated U-values and
measured air leakage, except for the heat loss through the floor to the ground. Because that
the building was completely new, both the temperature in the ground and also the drying-outprocess of the floor construction introduce large uncertainties in the estimation of the real heat
loss. Based on the measured supplied heat during the heating mode from midnight to 07.00 in
the morning, the calculated heat loss through the external walls, windows, door and
infiltration and also on accumulated heat in the thermal mass of the room, the net heat loss
through the floor was estimated based on a heat balance. The calculated heat loss for the floor
was estimated to be 730 W, which was used as an input to the two-zone model.
3

RESULTS AND DISCUSSION

The results from the field experiment are presented in figure 7 and shows that the night
heating seems to work. From midnight to 7.30 the room is heated by ventilation with an
average supply temperature of 27,5 °C. The results from the measurements in all the different
heights shows that the temperature increases during the nighttime.

Figure 7: Measured temperature during the field experiment.

To ensure a good displacement ventilation strategy the supply temperature is decreased to a
lower temperature than the room temperature during the occupied hours. At 7.30 the
ventilation system switches to normal mode with an average supply temperature of 17,3 °C.
Because of a lower supply temperature than the room temperature the room is cooled and the
only “heating” in the room during the occupied hours is the people and equipment in the
room. Between 7.30 and before people enter the room at about 8.30 the room is cooled by
ventilation and the temperature drop is 1-1,5 °C. When people enter it takes about 1,5 hour
before the temperature stabilize at a temperature between 19-20,5 °C. From about 10 until the
break at about 11.30 the temperature is relatively stable. The lower supply temperature during
the occupied hours combined with the actual number of people and the airflow according to
the CO2 level seems to create a stable and acceptable temperature in the room.
From the measurements it is also shown that there is a temperature stratification in the room
as expected. Due to the displacement ventilation the temperature is lowest in the lower part of
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the room and rises in the upper part of the room. This is also the case in the heating mode
during the night, even though the ventilation heat is supplied to the lower part of the room.
This strongly indicate that the supplied heat lead to a plume transferring a large part of the
heat to the upper part of the room. However, the stratification in the room is moderate and
approximately the same as in the operating hours.
The CO2 measurements from the field experiments is shown in figure 8. The measurements
shows that the CO2 level during the nighttime is relatively stable and rises when people enters
the room. It is also seen that there is a stratification of the CO2 level in the room during the
day.

Figure 8: Measured CO2 concentration during the field experiment.

3.1

Temperature stratification – comparison with the two-zone model

The comparison of the measured temperature level from the field experiment and two-zone
model is shown in figure 9 and figure 10. The comparison of the two-zone model with the
measured data for temperature show that there overall is a good compliance during operating
hours.
However, during the night the two-zone model overpredict the temperature in the lower part
of the room. The reason for this is that the model is developed on the assumption of supplying
cooled air (temperature lower than room temperature) to the lower part of the room, which is
opposite of the situation during the night heating mode. To remedy this a “plume-model” for
the heated air supply has to be incorporated into the model.
Another issue is that the two-zone model seems to drop faster during the hour before people
come (7.30-8.30) and also raise a bit faster than the measured data. This indicate that the
thermal mass in the two zone model is underestimated, or that the “access” to the thermal
mass through convective- and radiative heat transfer is higher than modelled in the two-zone
model. Another possible reason could also be that hygro-thermal processes in the floor slab
construction is stabilizing the room temperatures more than it is possible to model with the
two zone model.
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Figure 9: Temperature for two-zone model compared to measured data for ground level and sitting level.

Figure 10: Temperature for two-zone model compared to measured data for standing level and roof level.

3.2

CO2 stratification – comparison with the 2-zone model

The results of the comparison of the two-zone model and the measured data for the CO2
concentration is shown in figure 11. The measured CO2 concentration in the exhaust air
compared to the calculated CO2 concentration in the two-zone model shows good compliance.
The measured CO2 concentration at the ground level varies quite a lot for the two measuring
points, Pole 1 and Pole 2. A reason for a higher CO2 concentration for Pole 1 compared to
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Pole 2 might be explained with a higher concentration of people in the area where Pole 1 was
placed compared to the area where Pole 2 was placed. Both body movements inducing mixing
and release of CO2 in the lower “clean” zone of the room could explain this effect.

Figure 11: CO2 concentration for 2-zone model compared to measured data for occupied zone and exhaust.

4

CONCLUSIONS

The measurements from the field experiment and simulations from the two-zone model
indicates that the designed system with heating by displacement ventilation during the
nighttime with a relatively high supply temperature works. The measurement and simulations
also show that there will be a temperature and CO2 stratification in the room because of the use
of displacement ventilation. The two-zone model has to be modified to take into account the
night heating mode better. The temperature in the class room seems to be more stable than the
model predicts, but this can also be due to complex hygro-thermal processes in the newly built
slab on ground construction.
The school opened on the 9th of March 2018 and besides some adjustments in the startup of the
ventilation system the users of the building is satisfied with the system.
5
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ABSTRACT
Because of the need of energy conservation and Business Continuity Planning (BCP), natural ventilation system,
which basically does not use non-renewable energy, is attracting academic/practical attention. However, it is
difficult to predict the natural ventilation performance even after completion of the building, because it is easily
affected by unstable conditions, such as outdoor temperature and wind. The designing and controlling method of
natural ventilation system is not yet sufficiently established. The designers are referring to the past cases, and are
still designing it by rule of their thumb. In order to establish the designing and controlling method of this system,
unclear phenomena has to be revealed, and the knowledge based on actual operation of the building has to be
accumulated. The aim of this study is to establish the designing and controlling method of natural ventilation
system for non-residential buildings. The performance of natural ventilation apparatus at an actual city hall with
natural ventilation system is presented in this paper. The city hall consists of lower floors (1F – 3F), higher floors
(4F – 7F) and three solar chimneys. Higher floors, which consist of office areas, are placed on the lower floors,
and solar chimneys is placed alongside the higher floors, facing south. The lower floors, which is a large enclosure,
consist of office areas and an atrium lobby at the middle. During the mid-season, the air flows into the building
through the natural ventilation openings underneath the windows at the office areas, which open and close
depending on the outdoor/indoor conditions, while the air flows out from the top of solar chimneys. Air flow rate
was chosen to be the index of natural ventilation performance. The measurement was conducted in fall 2017, and
the flow rate through the solar chimneys was obtained by three methods, i.e., airflow velocity measurement, tracer
gas method, and measurement of pressure difference. As a result, referring the result of velocity measurement was
the most reliable way of calculating the air flow rate. The velocity distribution was measured at solar chimneys in
spring 2018. Additionally, vertical temperature distribution was measured in the solar chimneys, and velocity
distribution measured at the natural ventilation opening of office areas. The measurement at holiday, which applied
heating and lighting as heat load, showed a good agreement with the measurement at week day, whose heat load
was from the real workers and heat sources, which means the measurement was reliable. Air change rate was
approximately 10 times/h, and it was 1.5 times of the performance prediction result at designing phase. It was also
shown that it is possible to estimate the air flow rate from the BEMS data if only the method has fixed. Moreover,
the result shows that measured vertical temperature distribution inside the solar chimneys can be beneficial for
estimating the flow patterns.

KEYWORDS
Natural ventilation, Flow rate, Mid-season, Solar chimney

1

INTRODUCTION

The aim of this study is to establish the method of designing and controlling natural ventilation
system. In order to explore natural ventilation performance in actual buildings, the field
measurement is performed in an environment-conscious city hall in the mid-season, and the
result is compared with the prediction result of ventilation performance at designing phase in
this paper. With the need of energy conservation and Business Continuity Planning (BCP) is
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on the rise, natural ventilation system, which basically does not use non-renewable energy, is
attracting increasing attention. However, there are some hurdles that have to be cleared for
installing natural ventilation system. Natural ventilation is easily affected by unstable
conditions, such as outdoor temperature and wind. It is difficult to predict the natural ventilation
performance even after the completion of the building, so the designing method is not yet
completely established. The designers are referring to the past cases, and are still designing it
by rule of their thumb [1]. In order to establish the designing and controlling method of this
system, unclear phenomena has to be revealed, and more measurement data at actual buildings
has to be accumulated. Measurement data on actual buildings is needed for validating models
and analysis in order to predict natural ventilation performance [2]. Additionally, though the
indices for assessing mechanical ventilation performance have been organized systematically
to date [3], the study on the most suitable method for assessing the natural ventilation
performance is still not sufficient. The final goal of this study is to establish the designing and
controlling method of natural ventilation system for non-residential buildings. The performance
of natural ventilation apparatus in an actual city hall with natural ventilation system is presented
in this paper.
2

NATURAL VENTILATION SYSTEM IN MID-SEASON

The city hall consists of lower floors (1F – 3F), higher floors (4F – 7F) and three solar chimneys.
Higher floors, which consist of office area, are placed on the lower floors, and solar chimneys
are placed alongside the higher floors facing south. The lower floors, which is a large enclosure,
consist of office areas and an atrium lobby at the middle. As shown in Figure 1, in mid-season,
outdoor air is allowed to flow into the building through the natural ventilation openings (Figure
2) underneath the windows of the office areas, which are opened and closed with the
outdoor/indoor conditions, while the air flows out from the top of solar chimneys. One of the
solar chimneys is for higher floors (Chimney H), and the other two are for lower floors
(Chimney L). The two Chimney L are standing alongside the Chimney H, respectively at East
side (Chimney LE) and West side (Chimney LW). Air of the lower floors goes into the Chimney
L from the bottom of the Chimney L, which is always kept open to the atrium lobby. On the
other hand, the bottom of the Chimney H is always kept close, air of higher floors goes into the
Chimney H from the vent of the higher floors instead. All the solar chimneys are joined together
at the solar chimney top, and the air is exhausted from the top exhaust vent. Schematic plan
view of the target building is shown in Figure 3, and geometric data of the target building is
given in Table 1.

Figure 1: Schematic of natural ventilation system at the city hall
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Figure 2: Natural ventilation opening
points

Figure 3: Schematic plan view and BEMS velocity measurement

Table 1: Geometric data of the target building
Measurement point
6F
5F
Office area
2F
1F
Chimney H
Solar chimney
Chimney LE, LW

3

Area[m2]
449
873
1,053
1,238
6.3 * 1.7 = 10.7
5.2 * 1.7 = 8.84

Height[m]
2.7
2.7
3.0
3.5
Approx. 18.0

MEASUREMENT METHOD

For assessing ventilation performance of the target building, the field measurements were
conducted in the fall of 2017 and the spring of 2018, respectively. The meteorological data is
shown in Table 2. Measurement equipment and measurement cases are summarized in Table 3
and Table 4, respectively.
Table 2: Meteorological data
Season
2017 Fall
2018 Spring
Date
10/8 Sun.
10/9 Mon. 10/10 Tue. 4/21 Sat.
4/22 Sun.
4/23 Mon.
Time
15~22
9~20
9~12
16~20
9~20
9~11
Weather
Cloudy
Sunny
Sunny
Sunny
Sunny
Cloudy
Wind velocity [m/s]
1.34
2.07
3.45
5.82
3.34
4.03
Wind direction
S
S
NW
E
SE
SE
Solar radiation [W/m2]
280
303
287
76
311
460
Temperature[°C]
23
25.5
25.6
21.1
21.9
20.1
Humidity [%]
84.8
77.5
78.3
70.8
57.7
69.3
Weather data was from AMeDAS and all the other data was from BEMS (time average in measurement time)
Table 3: Measurement equipment
Date
2017
10/8 ~
10/10

2018
4/21 ~
4/23

Measurement
point
Solar chimney
Natural ventilation
opening
Solar chimney

Measurement
topic
CO2
concentration
Velocity
Differential
pressure
Airflow velocity
Airflow velocity
Temperature

Equipment

Data logger

Measurement
interval
Approx.
8 min.

LumaSense 1412i

PC

Tohnic
MONITOR-N

CADAC3,
Keyence NR2000

Halstrup P26

Keyence NR2000

1 sec.

KANOMAX
Model 6501
KANOMAX
Model 1560
(Module 1504,
0965-09 probe)

10 sec. average

-

PC

1 sec.

CADAC3

10 sec.

1 sec.
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Table 4: Measurement conditions
Season
Case
Natural
Higher
ventilation
floors
opening
Lower
floors
Void top
Staircase top

3.1

6F
5F
2F
1F

A
●
○
○
●
○
○

2017 Fall
B
C
0a
0b
●
●
●
●
○
○
●
●
●
○
●
●
●
●
●
●
○
○
●
○
○
●
●
●
○: Opened, ●: Closed

1
○
○
○
○
○
●

2018 Spring
2
●
○
○
○
○
●

3
○
○
●
●
○
●

4
●
○
●
●
○
●

5
●
●
○
○
○
●

Air flow rate through solar chimneys

3.1.1 Method for estimating air flow rate
In order to study the method of estimating air flow rate through the solar chimneys, tracer gas
measurement, velocity distribution measurement and differential pressure measurement were
conducted in fall of 2017. The measurement points are illustrated in Figure 4.

Figure 4: Measurement points at solar chimneys

Methods of estimating air flow rate through the solar chimneys use each of the equations below.
I) CO 2 concentration (Ci) distribution measurement
(each solar chimney)
(Steady tracer gas method with complete mixing assumption)
(1)
where, M =1.0×10-3 m3/s for Case A, M = 0.5×10-3 m3/s for Case B and C, NC =11 for Chimney
H and NC=10 for Chimney L.
II) Airflow velocity (v) distribution measurement
∑

(each solar chimney)
(2)

where, AV = 10.7 m2 for Chimney H, AV = 8.84 m2 for Chimney L, NC = 12 for Chimney H and
NC = 10 for Chimney L.
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III) Differential pressure (Δp) measurement

(all the solar chimneys together)
|

where, AVT = 29.2 m2 and

|

(3)

= 0.447[-].

Example result of airflow velocity and CO2 concentration distribution are shown in Figure 5.
The sketch of the graphs of airflow velocity and CO2 concentration are apparently not identical,
i.e. the both are not sufficiently uniform. It shows that inside of solar chimney, the air was not
mixed enough for applying the complete mixing assumption.
The air flow rate estimated by differential pressure shown in Table 5 indicate that in Case B,
which is a case that the air flow rate of Chimney H is greater than that of Chimney L, Qp might
have been overestimated. Only one differential pressure gauge was placed at Chimney H, which
might have overlooked the differential pressure distribution, so more differential pressure gauge
should be placed for reliable measurement. Moreover, it was not sure if the measured pressure
difference was appropriate, because one end of the pressure tube was placed just outside front
of the exhaust window, but the other was placed at height 2300mm lower than the opening in
the chimney, which may ignore the pressure loss due to the impingement and bend that occurs
at the chimney top before outflow. Thus, it seems that using the result of airflow velocity
measurement is the most effective way of estimating the flow rate through a large area of cross
section, compared to the results of tracer gas and differential pressure.

Figure 5*: CO2 concentration distribution (left) and airflow velocity distribution (right) at solar chimneys
*In case A, velocity measurement and CO2 concentration measurement couldn’t be operated on the same day, due
to technical troubles. Velocity distribution was measured on October 9th PM, CO2 concentration in Chimney LW
and H was measured on October 8th and it in Chimney LE was measured on October 9th AM.
Table 5*: Results of three methods for estimating flow rate through solar chimneys
Solar
Flow rate Q [m3/s]
ACH [1/h]
chimney
QC
Qv
Qp
I
II
III
6.0
11.1
6.8
12.6
Lower
A
2.6
6.1
4
9.3
Higher
8.6
17.2
15.5
5.6
11.2
10.1
Total
6.5
7.4
Lower
B
5.4
7.1
8.3
10.9
Higher
13.6
18.7
8.9
12.2
Total
9.0
10.3
Lower
C
4.6
6.1
7.0
9.3
Higher
15.6
15.6
10.2
10.2
Total
Each of the QC, Qv and Qp stands for the air flow rate estimated by CO2 concentration measurement, velocity
measurement and differential pressure measurement.
I: CO2 concentration measurement, II: velocity measurement, III: differential pressure measurement
Case

138 | P a g e

3.1.2 Velocity distribution measurement for estimating flow rate
According to the result of 3.1.1, the velocity distribution measurement was conducted for
estimating the air flow rate through the solar chimneys in the spring of 2018 by using multipoint anemometer. Measurement points are shown in Figure 6. Apart from these measurement
points, the anemometers used for BEMS (Building Energy Management System) were placed
at GL+30,977mm whose cross-sectional area is approximately twice of that at multi-point
anemometer measurement height. In order to estimate the air flow rate easily by using BEMS
data, the flow rates estimated by BEMS and multi-point anemometer were compared. The
relationship between the two measurement results were expressed by the following equation,
(4)
where,
and

,
28.38m ,
were spatially averaged over the three solar chimneys.

′

74.25m , and

Figure 6: Measurement points at solar chimneys in spring 2018

3.2

Air flow rate through natural ventilation opening in office areas

BEMS sensors for measuring airflow velocity and temperature are placed at natural ventilation
opening (Figure 2) in office area (Figure 3) of the building. Air flow rate through the opening
was expected to be estimated easily by using the velocity measurement data of BEMS. The
relationship between measured data and BEMS data were expressed by an Eq. (4), where,
,
2
0.39m ,
0.22736m ,
was
was the result of BEMS. By postulating,
spatially averaged over half a unit and
symmetry that was seen in the preliminary measurement, the measurement was conducted over
half of a unit for each measurement point. Measurement method is shown in Figure 7. Three
anemometers were used for the measurement, one was for measuring temporal change of
velocity, it was fixed at the centre of the measurement area as the reference point: the other two
were for measuring velocity distribution. The results of velocity distribution measurement were
normalized by the corresponding velocity of the reference point obtained simultaneously by the
following equation:
|
(5)
|
where
is the velocity measurement data to obtain velocity distribution and
measurement at the reference point.

is the velocity
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Figure 7: Method for estimating velocity distribution

3.3

Vertical temperature distribution in solar chimneys

The vertical temperature distribution within the solar chimney was measured in spring of 2018.
As shown in Figure 4, thermocouples were hanged down from GL+31,000mm, and the
temperature were measured every 1m till 12m down, which is approximately the height of solar
chimney bottom. Measurement points were covered by aluminium sheet for avoiding the effect
of solar insolation.
4
4.1

RESULTS AND DISCUSSION
Air flow rate through solar chimney

As an example, the velocity distribution of the solar chimney for Case 1 in April 22nd and 23rd
are shown in Figure 8. It must be noted that: April 22nd was a holiday, thus occupants were
almost not existing, and the heat loads were simulated by artificial lighting and heating;
however, April 23rd was a week day, no additional heat load was added because were there
existed the actual occupants. Sketches of airflow velocity distribution inside the chimney
showed a good agreement, thus the measurement results on holiday are considered to be
relatively reliable.

Figure 8: Comparison of velocity distribution in solar chimneys on holiday (left) and weekday (right)

All the estimated results of air flow rate are listed in Table 6. ACH seem to relatively high,
which were approximately 0.5 times higher than that expected in the design phase. The result
of velocity measured by multi-point anemometer was compared with BEMS data. K was
calculated for each case, and was determined to be 1.12 by averaging those results. However,
it seems to be difficult to estimate the flow rate using this constant, due to the large crosssectional area at the height of BEMS measurement point.

140 | P a g e

Table 6: Measurement result at solar chimneys in spring of 2018
Time averaged velocity
[m/s]
Multi-point
BEMS
anemometer

Measurement
conditions
Start

End

Case

L

H

16:15
17:05
18:05

17:05
18:05
19:35

1
2
3

1.09
0.98
0.32

1.14
0.75
0.72

9:35
10:48
11:55
13:40
15:22
16:22
17:20
18:20

10:45
11:50
13:40
15:22
16:22
17:20
18:20
19:30

3
4
1
2
5
1
2
5

0.32
0.37
0.73
0.65
0.89
0.80
0.79
0.94

0.81
0.64
1.05
0.64
0.34
0.93
0.62
0.31

9:00
9:30
9:52

9:30
9:52
10:35

0a
0b
1

0.22
0.66
1.10

0.20
0.32
1.10

4.2

Ave.

Ave.

Air flow rate [*103 m3/h]
Multi-point
anemometer
L

H

4/21 Sat.
0.56
69.4 43.9
0.44
62.4 28.9
0.20
20.4 27.7
4/22 Sun.
0.57
0.08
20.4 31.2
0.51
0.17
23.5 24.7
0.89
0.36
46.1 40.4
0.65
0.13
41.4 24.7
0.61
0.22
56.3 13.1
0.86
0.40
50.6 35.8
0.71
0.32
50.3 23.9
0.62
0.42
59.5 11.9
4/23 Mon.
0.21
0.05
13.7 7.7
0.49
0.24
42.0 12.3
1.10
0.53
70.0 42.4
“Ave.” stands for “Average”
1.12
0.87
0.52

BEMS

ACH
[1/ h]
[-]
Total

∗

∗

′

113.9
88.4
53.1

149.7
118.1
52.7

0.76
0.75
1.01

10.2
9.3
13.5

57.7
51.6
90.7
65.9
62.6
88.1
72.0
63.6

22.1
44.8
96.2
34.1
58.1
105.6
85.5
112.9

2.62
1.15
0.94
1.93
1.08
0.83
0.84
0.56

14.4
20.5
7.8
6.7
9.3
7.8
7.5
9.5

21.2
50.1
112.4

13.4
63.5
140.3

1.59
0.79
0.80

10.2

Air flow rate through natural ventilation opening in office areas

Examples of velocity distribution at natural ventilation opening are shown in Figure 9. The
result of K was 1.022. Figure 9 shows that even the measurement points were same at plan
view, the sketches of the graphs were not the same if the height is different. In addition, the
planar difference of measurement point lead to the velocity difference. It was shown that easily
estimating an accurate flow rate using BEMS data seem to be not realistic in this building, and
measurement method has to be reconsidered. However, the K is still expected to be contributed
to the approximate calculation.

Figure 9 Examples of results on velocity distribution at natural ventilation opening

4.3

Vertical temperature distribution in solar chimneys

Results of vertical temperature distribution in solar chimneys on April 22nd are shown in Figure
10. Temperature difference between 1m and 12m below from GL+31.0m (Δt) is also shown in
Figure 10. The temperature stratification is an important driving force of natural ventilation,
thus vertical temperature distribution was expected to be stratified, which means, temperature
at the top of the chimneys are higher than that at the bottom. However, from case 3 (9:35~) to
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case2 (13:40~), t was lower than t in the Chimney H, while it was opposite in the Chimney
L. Chimney L has obviously stratified temperature distribution, because air inflow to the
chimneys was basically from the bottom of the chimney. On the other hand, opening to the
Chimney H changes depending on the cases, so the airflow is not stable. Moreover, air at the
bottom is stagnated and didn’t change for the cases in spring of 2018, thus the temperature at
the bottom is obviously high. Additionally, even Δt was smaller than 0 at Chimney H, the flow
rate was still sufficient for natural ventilation. It is considered to be the result of solar chimney
top’s geometric feature that all the chimneys are joined together at the top, so the Chimney L
helps Chimney H to pull up the air.

Figure 10: Vertical temperature distribution in the solar chimneys

5

CONCLUSION

Evaluation of natural ventilation performance in mid-season for an environment-conscious city
hall is presented in this paper.
The main knowledge obtained in this study is summarized as follows:


For estimating the air flow rate through an opening with a large cross-sectional area, it is
considered that using the result of velocity measurement is the most effective way,
compared to steady tracer gas method and differential pressure measurement.



The actual measurement showed that the air change rate (ACH) was approximately 10
times/h, and it was 1.5 times of the predicted natural ventilation rate in the design phase.



If a building has a lot of natural ventilation opening, it is difficult to estimate all the flow
rate completely by measuring partial velocity. However, possibility of estimating
approximate flow rate was indicated, by expressing relationship between BEMS velocity
measurement result at a point and spatial average of velocity with a simple coefficient.
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The result of vertical temperature distribution in the solar chimneys obtained in this study
showed that the smaller the velocity through the chimney L, the greater the temperature
difference (Δt). However, the relationship between Δt and flow rate through solar chimney
was not able to be expressed with single coefficient in this study.
Nomenclature

′

6

Area of the duct for velocity measurement at natural ventilation opening [ m2]
Area of natural ventilation opening in office area [m2]
Cross-sectional area of solar chimney at the height of multi-point anemometer probe [m2]
Cross-sectional area of solar chimney at the height of BEMS anemometer probe [m2]
Area of exhaust vent at top of solar chimney [m2]
CO2 concentration of inflow into solar chimney [ppm]
Discharge coefficient of exhaust vent at solar chimney top
CO2 concentration at measurement point i [ppm]
Coefficient for expressing the relationship between actual flow rate and BEMS
(
for solar chimney and
for natural ventilation opening)
CO2 emission[m3/s]
Number of measurement point for each solar chimney in tracer gas method [-]
Number of measurement point for each solar chimney in velocity measurement [-]
Differential pressure at solar chimney top
Air flow rate through solar chimney estimated by tracer gas method [m3/s]
Air flow rate through solar chimney estimated by differential pressure measurement [m3/s]
Air flow rate through solar chimney estimated by velocity measurement [m3/s]
Velocity measured by BEMS [m/s]
Velocity at distribution measurement point [m/s]
Velocity at measurement point i [m/s]
Velocity measured in field measurement [m/s]
Velocity at the reference point [m/s]
Density [kg/m3]
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ABSTRACT
Using natural ventilation is effective to save energy, and it is essential for energy conservation and decreasing
running cost [1]. However, in office buildings located in where mid- to -high-rise buildings are densely
distributed, the way of ensuring stable ventilation is very important matter of natural ventilation system. In this
research, we focus on the ventilation performance of an office building where the natural ventilation system is
introduced by utilizing the buoyancy force through a ventilation shaft. First, the air change rate (ACH) of target
rooms were estimated using CO2 generated from occupants as tracer gas in the measurement that was conducted
in the autumn in 2017. In addition, influence of the outdoor condition on airflow rate was investigated by flow
network calculation based on the wind pressure coefficient of the target building that was obtained from CFD
analysis.
Since the target building is located in a densely built-up block area, wind-induced natural ventilation seems to
be unstable and difficult to apply. Therefore, a natural ventilation shaft is introduced and the room air is
ventilated by buoyancy. A 10-story office building was analyzed, and the natural ventilation system is introduced
to 4F to 9F floors. There exist two natural ventilation shafts, one is for the lower floors (4-7 F), and the other is
for the higher floors (8-9 F), to prevent the backflow from the shaft at the upper floors.
In this study, in order to understand the indoor environment and the air change rate (ACH) when natural
ventilation openings are open, several kinds of measurements were conducted in the office rooms of lower floors
(4F - 7F) from 5th October 2017 to 8th November 2017. In the measurement, the following measurements were
conducted, (a) CO2 concentration, temperature, and humidity in the indoor occupied area, (b) pressure difference
at the natural ventilation shaft, (c) number of people existing in the room by the observation camera. The amount
of CO2 generated per person in the room was first estimated when the mechanical ventilation was operated.
Then, the air change rate (ACH) was obtained during natural ventilation as well.
By estimating the airfow rate, the air change rate (ACH) of the target room for each floor was found to be 1.0 to
2.5[1/h]. In addition, based on the pressure difference measurement at the natural ventilation shaft, it was
observed that the outdoor air occasionally flows backward from the shaft to the office room despite that it was
assumed to be an exhaust path. This is because the temperature inside the shaft has not sufficiently increased.
Then correlation between airflow rate and the following outdoor condition v, Δtr, Δts (external wind speed,
temperature difference between indoor and outdoor air, temperature difference between outside and the inside
the shaft) was calculated, and Δtr showed the greatest correlation. In the target building, it was found that Δtr (the
difference between the indoor and outdoor temperature) was the main driving force.
In order to calculate the airflow rate by flow network model, CFD analysis assuming a model experiment in the
wind tunnel was conducted to obtain the wind pressure coefficient in the 8 wind direction. As a result of
calculation of airflow rate by the flow network model changing the outside air temperature and the external
wind, the backflow from the shaft to the office room was seen in some wind direction. However, no backflow
occurred when temperature difference between indoor and outdoor air was large. It is a challenge to ensure a
sufficient temperature difference within the shaft to achieve stable ventilation.

KEYWORDS
Natural Ventilation Shaft, Field Measurement, Tracer Gas, Airflow Rate, Flow Network Calculation

1

INTRODUCTION
In an office building located in Tokyo, Japan where mid- to high-rise buildings are dense, it
is difficult to obtain a sufficient space for ventilation route and solar radiation. Therefore, it is
a challenge for natural ventilation (hereinafter referred to as NV) systems to ensure stable
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ventilation in such a site. In order to solve these problems, it is indispensable to conduct both
experimental approach and analysis of operational data of NV systems. Hasegawa [2]
investigated NV performance of the building completed in September 2012(H Building,
Existing Building). In this research, the authors aim to evaluate the ventilation performance of
an office building with NV shaft. In this paper, we investigate the NV performance of the
office building (H Building, Extension Building) completed in March 2017 on the southeast
side of the existing building. The airflow rate was comprehended by tracer gas method and
flow network calculation. First, on-site measurement was carried out in the autumn of 2017,
and when the NV was operated, the airflow rate was measured using CO2 generated from
occupants as a tracer gas. Secondly, the wind pressure coefficient was obtained by CFD
analysis, which was used to calculated the airflow rate by flow network calculation. Then, the
effect of outdoor condition on airflow rate is studied.
2

OUTLINE OF NATURAL VENTILATION SYSTEM
The outline of the target building is shown in Table 1, the site plan and schematic of the
cross-section of the building are shown in Figure 1 and Figure 2 respectively. Since the
target building is located in a high density area in Tokyo, Japan, it is difficult to apply windinduced natural ventilate in the horizontal direction. Consequently, both the existing building
and extension building introduce a ventilation system using a NV shaft. Figure 3 shows the
NV openings. Outdoor air is introduced through the NV openings equipped on the external
wall surface of the building, and is supplied from the inlets on the ceiling surface. In the new
building, the NV system is introduced to 4th to 9th floor, and two separate shafts are planned
for the lower floors (4 - 7 F) and for the higher floors (8 - 9 F) to prevent the backflow to the
office room from the shaft in the upper floor.
Table 1: Summary of target building

(a)Facad
e

(b)Inlet
Figure1: Around the site of the building Figure 2: Sectional plan of the building

Figure3: NV opening

3 EVALUATION OF VENTILATION PERFORMANCE BY MEASUREMENT
3.1 Measurement method
To understand the indoor environment and the air change rate (ACH) when NV is operated,
we carried out an on-site measurement in the office room of the extension building (4 - 7F)
from 5th October to 8th November 2017. Figure 4 shows the floor plan of the target building
and measurement points. In this measurement, the following items were measured.
(a) CO2 concentration and temperature in the occupied area to evaluate the indoor
environment
(b) differential pressure at the exhaust damper to confirm whether it flows out or flows in
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(c) the number of occupants to estimate the amount of CO2 generated from a person using
observation camera
In the measurement of the pressure difference Δp, it was difficult to insert a pressure tubes
into the shaft across the damper. Therefore pressure difference was measured at two points in
the office side, and the data used for checking the airflow direction at exhaust damper.
As shown in Figure 5, at 7th floor, when mechanical ventilation is under operation, CO2
concentration in the exhaust air was measured at the exhaust port of the outdoor air
conditioner that was installed above the ceiling. During the measurement, if NV is judged to
be valid by automatic control, the NV openings and exhaust damper are opened and the air
conditioning stops, while reverse operation is performed when it is judged invalid.

Natural Ventilation (NV) Opening

Figure 4: Floor plan of the building

Figure 5: Sectional view of office room

3.2 Evaluation method of ventilation performance
To evaluate the amount of CO2 generated inside the room, the CO2 emissions per person was
estimated using Equation (1). However, the estimation was performed when all three outdoorair processing unit were operating, and the introduction amount of outside air by mechanical
ventilation was set at 500 CMH for each of them.
(1)
In order to grasp the airflow rate by other than mechanical ventilation, the air change rate
(ACH) by leakage was also calculated from the process of concentration decay method in the
target room without occupants. For the calculation, the air change rate (ACH) was calculated
by using Equation (2).
(2)
Then, the airflow rate of each target room was obtained using Equation (3). Also, the airflow
rate was calculated for 30 minutes after NV openings were opened for all measurement floor.
The average value of the number of occupants during the 30 minutes was used to calculate the
amount of CO2 generated in the room.
(3)
3.3 Results and discussion
Figure 6 shows the indoor CO2 concentration of 6th floor during the 5 weekdays from 23th
to 27th October, together with the airflow direction judged by the measurement of pressure
difference. It can be seen outside air from the NV shaft backflow to the room, but when the
NV window is opened, the indoor CO2 concentration is about 500 to 600 ppm, indicating that
the indoor CO2 concentration was reduced.
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Figure 7 (a) shows the frequency of outdoor and room air temperature during NV and air
conditioning operation. The frequency during NV is smaller than that during air conditioning.
Figure 7 (b) shows the frequency of outside air CO2 concentration and room air CO2
concentration during NV and air conditioning. During NV, indoor CO2 concentration is
distributed in 460 to 640 ppm. On the other hand, during air conditioning, indoor CO2
concentration is distributed in 480 to 840 ppm, and it can be seen that the indoor CO2
concentration is reduced by about 200 ppm during NV, compared with air conditioning.
Figure 8 shows the concentration decay process and the calculation results of the number of
air change rate (ACH) due to the leakage of the 7F office. Under each condition, ACH is
0.072 to 0.187 [1/h], and it was shown that the airflow rate other than mechanical ventilation
is sufficiently small. Assuming that the ventilation is based only on mechanical ventilation,
estimation of the CO2 emissions per person was performed.

Figure 6: Operation of natural ventilation (NV) openings and CO2 concentration (10/23 - 10/27)

(a)Temperature
(b)CO2 Concentration
Figure 7: Frequency during each ventilation
( 10/23 – 10/27 )

Figure 8: Concentration attenuation process

The amount of CO2 emissions per person was calculated by equation (1) when the number of
people in the room did not change for more than 1 hour. In the calculation, three outdoor-air
processing units were set to 500 CMH (N = 2.3 [1 / h]) per one unit. As a result, CO2
emissions per person were 0.0287 [m3/h]. It is generally known that the amount of CO2
generated during the seating office work is approximately 0.0129 to 0.230 [m3/h] (e.g.[3] M.,
Tajima, 2016), which is smaller than the calculation result. This may be due to that the total
rate of mechanical ventilation was actually smaller than that expected to be 1,500 CMH. The
influence due to the distribution is also conceivable [4].
Table 2 shows the outdoor conditions and the calculation results of the air change rate
(ACH) of each floor. Considering that the estimation error cannot be ignored, 0.020 [m3/h], as
a standard design value in office work, was used for CO2 emissions per person ([5] JIS
A14061974, 2010). Figure 9 shows the CO2 concentration and the number of people in the
room 30 minutes after the NV openings on all floors were opened.
Figure 10 shows the air change rate (ACH), room temperature difference Δtr (room
temperature - outside air temperature), and shaft temperature difference Δts (shaft inside
temperature - outside air temperature) for each floor.
In all of the conditions, the air change rate (ACH) of each floor is not high. This is because
shaft temperature difference Δts is insufficient and the buoyancy force is small.
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(1) Case 2 (N= 0.7 ~ 2.2 [1/h])
Indoor CO2 concentration declined at each floor. At 5th floor, the room temperature
difference Δtr is large, so that ventilation by buoyancy force is promoted and the airflow rate
of 5F is increased.
(2) Case 4 (N= 0.6 to 2.1 [1/h])
The shaft temperature difference Δts is small, and the room temperature difference is the
main force of the ventilation. The airflow rate of the 7th floor is large, influenced by the room
temperature difference and the external wind. It is believed that the indoor/outdoor
temperature difference at 5th floor exceeds the influence of the external wind for 6th floor,
which resulted in larger airflow rate at the 5th floor.
(3) Case 6 (N= 1.6 to 1.9 [1/h])
The room temperature difference Δtr and the shaft temperature difference Δts in this case are
larger than the other case, and the ventilation by buoyancy is promoted. The air change rate
(ACH) is increased at all floors.
In Figure 11, the vertical axis represents the airflow rate, the horizontal axis represents (a)
the room temperature difference, (b) the shaft temperature difference, and (c) the outside wind
speed, and the results are plotted for all the 6 cases. Comparing the coefficient of
determination r2 in (a) - (c), a weak correlation is seen in (a), but no significant correlation is
seen in (b), (c). Among these three parameters, the influence of indoor and outdoor
temperature difference is the largest.
Table 2: Outside air condition
and air change rate (ACH)

Figure 9: Indoor CO2 concentration
and number of occupants

Figure 11: Correlation between outside air condition and airflow rate

Figure 10: Airflow Rate
in each floor
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4 AIRFLOW RATE ESTIMATION BY FLOW NETWORK MODEL
4.1 Wind pressure coefficient by CFD analysis
Table 3 shows the outline of CFD analysis. In this CFD analysis, the experiments at the
wind tunnel (width 1,500 mm, height 1,200 mm, length 7,200 mm) are reproduced. Figure 12
shows the computational domain and Figure 13 shows the wind direction and building layout
modeled in this analysis. The 1/300 scaled models of the target building and surrounding
buildings were assumed. The CFD analysis were performed for every 45° of wind direction,
and 8 cases were analyzed in total. Therefore, the wind pressure coefficient of the target
building wall surface was obtained for 8cases of wind directions. The calculation points of
wind pressure coefficient are shown in Figure 14, i.e., 29 points in total, 27 of which were
located on the southeastern facade on each floor where NV openings are installed, and 2 were
for the openings of the top of two shafts. As the reference dynamic pressure of the wind
pressure coefficient, the dynamic pressure of the approaching flow at the target building
height was adopted. Value for each height of the inflow boundary is set as the wind speed of
the approaching flow according to the 1/5 power law.
Table 3: Outline of CFD analysis

Figure 12: Analysis area

Fig 13: Modeling area
and wind direction

Figure 14: calculation point of Cp

Figure 15: Cp Value of the model obtained from CFD analysis
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Figure 15 shows the analysis results of the wind pressure coefficients on the southeastern
facade of the target building. In the wind direction of SE, where the wind is approaching
almost perpendicular to the wall surface, a wide range of wind pressure distribution can be
seen, and the pressure becomes large at the upper part. Similar tendencies are also seen in
wind direction of S and E. This is because the wind pressure became smaller at the lower part
of the building due to the building at the opposite side of the street. Except these three wind
directions, the difference in wind pressure coefficient between at NV opening and the top of
the shaft is generally small, and the driving force of wind-induced ventilation is small, so that
ventilation by buoyancy force is the main driving force of NV.
Since the opening at the top of the shaft was installed as a vertical opening on the wall
surface of the NW, in the wind direction N and W, the wind pressure coefficient at the
opening at the top of the shaft is larger than that of the NV opening,which can lead to the
backflow from the shaft to office room when the external wind in this wind direction becomes
large.
4.2 Flow network calculation model
Figure 16 shows the outline of the flow network calculation model for the office room for
all floors with NV system. The calculation model has 8 spaces including six office spaces
from 4th to 9th floor, and two shaft spaces for the lower and upper floors. The shaft for the
lower floors is connected to the office room from 4th to 7th floor, and the shaft for the upper
floors is for 8th and 9th floors. In order to express the temperature distribution, the shaft space
is divided for each floor. All the office space has 4 openings including 3 NV openings and 1
exhaust opening with a damper.
The basic equation used for the flow network calculation is shown below. Calculation is
performed with the room pressure in each room as the unknown, and the room pressure in
each space satisfying the airflow rate balance is identified by the least squares method.
When calculating the airflow rate, the wind pressure coefficients at the NV openings and the
top opening of the shaft obtained by CFD analysis are used. Pij [Pa] and PSj [Pa] are the room
pressure of the office space and the shaft space for each floor respectively, the reference
height of the room pressure is the bottom of each space, the reference height of outside air
pressure is set the bottom of the calculation model (the floor level of 4F). h0,Wj is the height
from the outside air pressure reference height to the NV openings for each floor. hW and hE are
the heights from the room pressure reference height to the NV openings and the exhaust

Figure 16: Flow Network Model for Studied Building
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damper. hST, j is the height from 7th or 9th floor to the opening of the shaft top. The pressure
loss at each opening is expressed by the following equation.
1) At the NV opening (positive direction is inflow to the room)
(4).
2) At the exhaust damper (positive direction is inflow to the shaft)
(5).
3) At the top opening of shaft (positive direction is outflow the shaft)
(6).
The pressure loss coefficient due to friction inside the shaft is expressed by the following
equation,
(7).
where, λ is the friction coefficient of the inner wall surface of the shaft, lj is the shaft length
for each floor, and d is the equivalent diameter of the shaft.
The relationship between the pressures in the divided shafts is expressed by the following
equation.
(8).
Where, hS is the height of shaft divided for each floor. A function defining the flow direction
is defined by the following equation.
(9).
The airflow rate Q is then expressed by;
(10).
where, Cd [-] is the discharge coefficient of each opening and A [m2] is the opening area. The
airflow rate balance (mass conservation) for each room is expressed by;
(11).
By solving these equations simultaneously, the airflow rate passing through each opening
can be obtained.
4.3 Boundary conditions
The flow network calculation was performed by changing the boundary conditions such as
the external wind speed and the outside air temperature, and examined the NV characteristics
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of the target building. Table 4 shows the boundary conditions. The external wind speed is the
value at the rooftop, the room temperature is 24 °C, the outdoor air temperature is 20 °C
assuming the mid-season. The temperature inside the shaft is the average value of the outdoor
and room air temperature.
Table 4: Calculation case of flow network model

4.4 Results and discussion
Figure 17 shows the results of calculated the airflow rate of each floor for 8 wind direction
with the external wind speed changed as a parameter. The radar chart located at the center of
the figure shows the airflow rate of the 6th floor for each wind direction, and the others shows
the airflow rate of each floor for each wind direction. In all wind directions, the larger the
external wind speed is, the larger the absolute value of the airflow rate of each floor becomes.
In cases of N and W wind direction, outdoor air flows from the shaft to the room. This is
because the wind pressure at the opening of the shaft top is larger than that of NV openings.
Under windless condition, where temperature difference is the only driving force of NV, the
airflow rate increases at the lower floors where the buoyancy force of the shaft becomes
larger. In the cases of wind direction S, SE, and E, the influence of the external wind
dominates the buoyancy, and the airflow rate in the upper floor is large.
Figure 18 shows the result of calculated airflow rate, where outdoor air temperature changed
as a parameter. The central graph indicates the airflow rate of the 6th floor as well. The
airflow rate becomes larger when the temperature difference. Under the condition of no
temperature difference, where only the external wind is the driving force, the backflow from
the shaft to the room can be seen in the wind direction of N and W. However, in the
conditions with the temperature difference, no backflow can be seen. At the lower floor where
the buoyancy force of the shaft increases, the airflow rate becomes large. In the wind

Figure 17: Airflow rate at each floor for each external Figure 18: Airflow rate at each floor for OA temperature
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directions of S, SE, and E, the influence of the wind force is large, and consequently the
airflow rate of the upper floor becomes large.
5

CONCLUSION
In this paper, the on-site measurement and flow network calculation was performed for the
office building with the NV shaft, and the airflow rate of the target building was obtained. In
the on-site measurement, the airflow rate was calculated by a simplified method using
occupants’ exhaled CO2 as a tracer gas. The correlation between airflow rate and
indoor/outdoor temperature difference, the temperature difference between outdoor and inside
the shaft, and the external wind speed was analyzed. As a result, it has been confirmed that
the air change rate (ACH) of approximately 1.0 to 2.0 [1/h] could be obtained by opening the
NV opening. It was also revealed that in the target building, the influence of indoor/outdoor
temperature difference is the largest. The wind pressure coefficient on the wall surface of the
target building was obtained by CFD analysis, and flow network calculation was performed
under several outdoor conditions. Then, the NV characteristics of the target building was
examined by flow network model. As future prospects, we intend to acquire the wind pressure
coefficient of the office building in the high-density city block model by wind tunnel
experiment for the investigations to establish general NV design method.

6

EXPLANATION OF CHARACTERS
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ABSTRACT
The ClimACT project has been developed under the priority axis “Low Carbon Economy” of the Interreg SUDOE
program. It aims to support the transition to a low carbon economy in schools. Environmental audits addressing
energy and water consumptions, waste management, travels to school, procurements and green spaces have been
carried out in 38 pilots schools of Portugal, Spain, France and Gibraltar. Indoor air quality and ventilation
measurements were also achieved. The concentrations of 9 aldehydes and 10 selected VOCs were measured from
passive sampling in two classrooms of each school. In addition, TVOC, CO2, CO, PM2.5 and PM10 concentrations
were monitored for a period of 2 days or 1 week in French schools. Of all the individual VOCs and aldehydes
investigated, only formaldehyde exhibit some concentrations over the guideline. On the other hand, PM10, PM2.5,
CO2 and TVOC concentrations during the class hours are over the guidelines in 64%, 45%, 43% and 20% of
classrooms, respectively. The time series of concentrations highlight that a significant part of TVOCs originates
from the occupants. Similarly, PM10 concentrations over the guideline are mainly contributed by biogenic
emissions and resuspension of settled particles. Another interesting conclusion coming from the study is that there
are no significant differences in the characteristics of the air pollution in secondary schools, high schools and
universities, when compared to primary schools. However, the characteristics of indoor air pollution in classrooms
may be slightly different in Spain, Portugal, Gibraltar and France.

KEYWORDS
Indoor air quality, schools, particle matter, volatile organic compounds, aldehydes

1

INTRODUCTION

Different studies have demonstrated that poor indoor air quality (IAQ) in school buildings may
result in illness leading to student absenteeism, adverse health symptoms, and decreased
learning performance (Sundell et al, 2011). Exposure to poor indoor air quality may
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immediately result in olfactory discomfort and complaints about stuffy and stale air. In the short
term, it can also affect health through symptoms such as eye irritation or red eyes, feeling of
dry throat or throat irritation, blocked or runny nose, headache, unusual fatigue, dizziness.
Finally, in the short and medium term, serious health effects such as incidence of infections or
asthma can occur (REHVA, 2010).
From the middle of the nineties, Smedje et al. (1997) studied various health aspects including
asthmatic symptoms in 627 high school students from 39 schools in Uppsala (Sweden).
Comfort parameters but also chemical and biological contaminants were measured in 28 classes
among these schools. The authors found that asthma was significantly and positively correlated
with school size, low temperatures, high relative humidity, as well as formaldehyde, volatile
organic compounds (VOC), bacteria and mold concentrations. A few years later, the same
authors extended these conclusions on a larger sample of 1437 children aged 7 to 13 and 100
classes (Smedje and Norbäck, 2001). The highest incidences of asthma were observed in
children exposed to school dust and cat allergens. The authors also achieved positive
relationships with formaldehyde and mold concentrations. Similar conclusions arose from the
study by Daisey et al. (2003), who showed that the most commonly observed symptoms related
to air quality in schools were asthma and sick building syndrome (SBS). Biological pollutants
are the main determinants but chemicals including VOCs and formaldehyde are also involved.
The International Study of Asthma and Allergies in Childhood (ISAAC) investigated allergic
diseases related to allergy caused by the exposure to indoor and outdoor sources of air pollution
in elementary schools. The past and present status of asthma, allergic rhinitis, eczema, and
allergic conjunctivitis were investigated by providing a questionnaire to 61350 children from
438 elementary schools worldwide (40522 children responded). Meanwhile, volatile organic
compounds, aldehydes, and particulate matter (PM10) were measured inside and outside the
schools (ISAAC, 2007), as well as in some homes. Allergic and asthmatic symptoms were
found to be associated with indoor and outdoor air quality, among other things (WHO, 2007).
However, as underlined by Diette et al (2008), people have a much greater ability to modify
indoor environments and exposures, which makes addressing indoor air pollution an attractive
target for disease prevention.
More recently, Madureira et al (2015) conducted a cross-sectional survey to characterize indoor
air quality in schools and its relationship with children's respiratory symptoms. Concentrations
of volatile organic compounds (VOC), aldehydes, PM2.5, PM10, carbon dioxide, bacteria and
fungi were assessed in 73 classrooms of 20 public primary schools located in Porto, Portugal.
Children who attended the selected classrooms (1134) were evaluated by a standardised health
questionnaire completed by spirometry and exhaled nitric oxide tests. High levels of total VOC,
acetaldehyde, PM2.5 and PM10 have been associated with higher odds of wheezing in children.
Mendell and Heath (2005) conducted a literature review on the links between air pollutants in
schools and parameters such as student attention and absenteeism. They concluded to
significant links between NO2 concentrations, ventilation rates, and the observed parameters.
Furthermore, after pointing out that CO2 concentrations above 2000 ppm cause headaches,
general fatigue, impaired alertness and drowsiness, the authors concluded that an increase of
the CO2 concentration from 1000 ppm to 2000 ppm was significantly related to a decrease of
0.5% annual presence rates.
The CO2 concentration and ventilation rate are also commonly used parameters to describe
indoor air quality when investigating its influence on academic performance. A synthesis of
studies from Wargocki et al (2005), Shaughnessy et al (2006), Haverinen Shaughnessy et al
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(2010) and Bako-Biro et al (2012) lead to the conclusion that learning performance at school
strongly decreases with ventilation rates below 4 l/s/person. On the other hand, the performance
linearly increases with ventilation rate up to 13 l/s/person, but the data for ventilation rates up
to 7 l/s/person are limited. Based on ventilation measurements in 108 classrooms of 60 Finnish
schools and questionnaires, Toyinbo et al (2016) found an association between lower
mathematics test results and schools that do not meet the Finnish recommended ventilation rate
of 6 l/s/student.
The ClimACT project has been developed in Spain, Portugal, Gibraltar and South-Western
France. It aims to promote the transition to a low carbon economy in the educational sector.
Environmental audits dealing with energy and water consumptions, renewable energy use and
production, waste management, travel to school and green spaces were conducted in 38 pilot
schools in the four countries, among other technical and educational tasks. The objective of
these audits were to assess the schools performance in each environmental sector as a way to
help the decision-making on measures to improve the performance. Indoor air quality,
ventilation, and thermal comfort were also considered. Measurements have been carried out as
a way to ensure that energy related measures do not lead to discomforts, poorer air quality, and
subsequently health symptoms or decreased cognitive performance. The methodology used for
IAQ measurements is described in the first section of the paper. Then the results are analysed
by reference to guidelines and by comparison with other studies. Particular emphasis is put on
highlighting mean concentration discrepancies from one country to another and analysing the
reasons why mean pollutant concentrations are over the guideline in some schools.
2

MATERIAL AND METHODS

Indoor air quality measurements have been carried out in 38 primary schools, secondary
schools, high schools, and university departments across France, Gibraltar, Spain and Portugal.
(Table 1). Two rooms have been investigated in each school using continuous monitoring of
some IAQ parameters and time-integrated measurements of individual VOCs and aldehydes
from passive sampling.
Table 1: Distribution of ClimACT pilot schools by country
Location

Primary
school

Secondary
school

High school

Secondary
and high

University
department

Total

France
(La Rochelle)

6

-

2

-

1

9

Spain
Andalucia
Madrid area

4
1

-

-

5
3

-

9
4

Portugal
Lisbon area
Porto area

4
2

-

1
1

-

1
-

6
3

Gibraltar

5

1

-

-

1

7

2.1

IAQ Monitoring

Carbon dioxide (CO2), carbon monoxide (CO), total volatile organic compounds (TVOC), fine
particles (PM2.5) and breathable (PM10) concentrations have been monitored for two
consecutive school days in Portuguese, Spanish and Gibraltarian schools, and a full school week
in French schools. The instruments used and measurement time steps are listed in Table 2. It
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is important to underline that particle mass concentrations have been assessed from particle
counts, which is not a standard method. Furthermore, different optical counters have been used
in the four countries. The conversion from counts to mass concentrations were achieved based
on the shape factors and density functions implemented in the instruments, except for Gibraltar
where the assumptions of spherical particles and a uniform density of 1650 kg/m3 were
considered. This adds to the uncertainty when comparing the PM2.5 and PM10 concentrations
coming from different countries, or comparing measured concentrations to the guidelines.
Table 2: Instruments used for IAQ monitoring in classrooms and measurement timestep
School
location

CO2

CO

PM2.5/PM10

TVOC

Occupancy
hours(*)

HD21AB17
(DeltaOhm)
t = 1 min

HD21AB17
(DeltaOhm)
t = 1 min

OPC-N2 sensor
(Alphasense)
t = 1 min

VOC-103L probe
(Graywolf Sensing
Solutions) t = 1 min

9 am to 5 pm

Spain

HD21AB17
(DeltaOhm)
t = 2 min

HD21AB17
(DeltaOhm)
t = 2 min

Optical Particle Sizer
OPS 3330 (TSI)
t = 2 min

VOC-103L probe
(Graywolf Sensing
Solutions) t = 2 min

9 am to 2 pm

Portugal
(Lisbon
area)

Graywolf IQ610 probe
(WolfSense
Solutions)
t = 1 min

Graywolf
IQ-610 probe
(WolfSense
Solutions)
t = 1 min

DustTrak monitor
8530 (TSI)
t = 1 min

Graywolf IQ-610 probe
(WolfSense
Solutions)
t = 1 min

Portugal
(Porto
area)

Testo 400
Probe (Testo)
t = 5 min

Testo 400
probe (Testo)
t = 5 min

DustTrak monitor
8530 (TSI)
t = 1 min

Graywolf IQ-610 probe
(WolfSense
Solutions)
t = 1 min

8 am to 7pm

Gibraltar

HD21ABE17
(DeltaOhm)
t = 1 min

HD21ABE17
(DeltaOhm)
t = 1 min

3016IAQ (Graywolf
Sensing Solutions)
t = 1 min

No monitoring

9 am to 5 pm

France

9 am to 5 pm

(*)

Period considered for the calculation of mean concentrations

The instruments have been installed in the rooms in such a way that the measurements are
representative of the occupants’ exposure. Care was taken to avoid situations where the
measurements can be directly influenced by a too short distance from a potential pollutant
source, windows, or air inlets. Practical constraints related to the class functioning had
nevertheless to be taken into account, which lead to non-optimal positioning of the instruments
in some situations.
The occupants’ exposure was assessed by computing the mean pollutant concentrations over
the occupancy hours. The latter are listed in Table 2. A same occupancy period was considered
for all schools of a same country, although it can actually be slightly different in some schools.
2.2

Measurement of individual VOC and aldehyde concentrations

The concentrations of 10 individual VOCs (benzene, trichloroethylene, toluene,
tetrachloroethylene, ethylbenzene, m+ p-xylene, styrene, o-xylene, alpha-pinene, 1,4dichlorobenzene) and 9 specified aldehydes (formaldehyde, acetaldehyde, acrolein, propanal,
butanal, benzaldehyde, isopentanal, pentanal, hexanal) were determined from passive sampling
in the rooms over one school week, from Monday morning to Friday afternoon. RAD145
carbograph 4™ cartridge adsorbents (Radiello™) and RAD165 2,4-DNPH coated cartridge
adsorbents (Radiello™) were used for VOC and aldehyde sampling, respectively. VOC
concentrations were determined by thermal desorption and gas chromatography coupled with
mass spectrometry (GC-MS). RAD 165 aldehyde concentrations were analyzed by high
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performance liquid chromatography coupled to ultra violet detection (HPLC-UV). ICSM SPA
SB (Italy) performed all the analyses.
2.3

Selected indoor air quality guidelines

Several international or national health agencies have established health-based indoor air
quality guidelines. Besides, some countries have also set guidelines for regulations establishing
compulsory measurements of indoor air quality in public buildings. The latter are most often
higher than health-based values as a way to combine health and socio-economic considerations.
Both kinds of guidelines have been considered to define threshold limit values for the largest
number of pollutants investigated (Table 3). However, health-based values were considered
first, and the lowest value was taken when several guidelines exist for a same contaminant. No
relevant guideline for schools could be found for propanal, isopentanal and benzaldehyde.
Table 3: Selected indoor air guidelines
Pollutant
PM10

Source
World Health Organization (WHO) – Health-based guideline for a long
term exposure (WHO, 2010)
PM2.5
10 µg/m3
WHO guideline for a long term exposure (WHO, 2010)
CO
10 µg/m3
INDEX project - European health-based guideline for a 8h-exposure
repeated each day of the week (Kotzias et al, 2005)
CO2
1250 ppm Portuguese guideline for compulsory IAQ measurements(1)
TVOC
600 µg/m3 Portuguese guideline for compulsory IAQ measurements (1)
Formaldehyde
30 µg/m3
INDEX project - European health-based guideline for a 30 minexposure (Kotzias et al, 2005)
Acetaldehyde
200 µg/m3 INDEX project - European health-based guideline for a long term
exposure (Kotzias et al, 2005)
Acrolein
0.8 µg/m3 ANSES(2) – French health-based guideline for a long-term exposure
ANSES(2) - French health-based guideline for a long-term exposure
Benzene
2 µg/m3
3
Portuguese guideline for compulsory IAQ measurements (1)
Toluene
250 µg/m
3
Xylenes (m+o+p)
200 µg/m
INDEX project - European health-based guideline for a long term
exposure (Kotzias et al, 2005)
ANSES(2) – French health-based guideline for a long-term exposure
Trichloroethylene
20 µg/m3
3
Tetrachloroethylene
250 µg/m
WHO – Health-based guideline for a long term exposure (WHO, 2010)
Styrene
250 µg/m3 INDEX project - European health-based guideline for a long term
exposure (Kotzias et al, 2005)
1,4-dichlorobenzene
150 µg/m3 EU-JRC – Lower Concentration of Interest (LCI)(3) (European
Commission, 2016)
Butanal,
650 µg/m3 EU-JRC – LCI(3) (European Commission, 2016)
Pentanal
800 µg/m3 EU-JRC – LCI(3) (European Commission, 2016)
Hexanal
900 µg/m3 EU-JRC – LCI(3) (European Commission, 2016)
200 µg/m3 German Committee on Indoor Guide Values(4) - German guideline for
-pinene
a long-term exposure.
(1)
Portatia no 353-A/2013. Regulamento de Desempenho Energético dos Edifícios de Comércio e Serviços
(RECS). Requisitos de Ventilação e Qualidade do Ar Interior
(2)
https://www.anses.fr/fr/content/valeurs-guides-de-qualit%C3%A9-d%E2%80%99air-int%C3%A9rieur-vgai
(3
LCI are health-based threshold limit values that aim at the harmonization of mandatory labelling of material
emissions in Europe
(4)
https://www.umweltbundesamt.de/sites/default/files/medien/355/bilder/dateien/0_ausschuss_furinnenraumrichtwerte_empfehlungen_und_richtwerte_20180412_en.pdf.

3

Guideline
20 µg/m3

RESULTS AND DISCUSSION

Table 4 presents the statistical data of pollutant concentrations in classrooms together with the
median concentrations coming from recent studies on IAQ in European, Portuguese, Spanish
and French schools. Here, the concentrations were taken to half of the limit of quantification
(LOQ) when they are lower. The reasons for the smallest number of online measurements are
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threefold: first is that PM2.5 and PM10 concentrations have been monitored in only one
classroom of Spanish schools, and have not been monitored at all in two of them, due to
technical constraints. Similarly, no TVOC measurements have been carried out in any
Gibraltarian school. Finally, a small number of measurements were obviously not correct and
invalidated.
The studies listed in Table 4 investigated VOC and aldehyde concentrations in schools from
passive samplers. Therefore, all concentrations are 24 h integrated values that are comparable.
First, it can be noted that most median VOC and aldehyde concentrations coming from the
present study are lower than those coming from the other studies. Then, PM2.5 concentrations
are close to the median concentration in French primary schools (OQAI, 2018), which indicates
that PM concentration measurements are reliable despite the methodologic uncertainty. On the
other hand, the median TVOC concentration in ClimACT schools is much higher than the ones
reported by Madureira et al (2015) and Villanueva et al (2018). However, the discrepancies
most probably reflect differences in concentrations returned by different TVOC sensors rather
than real differences in the TVOC content of the air. This point must also be considered when
comparing TVOC concentrations coming from different countries in the frame of the present
study.
One specificity of the ClimACT study, when compared to other studies dealing with IAQ in
schools, is that different types of schools have been investigated, including primary schools,
secondary schools, high schools and universities. The indoor air quality in classrooms might be
different with students’ age and related school activities. As a result, Figure 1 compares the
median pollutant concentrations in primary schools to the median concentrations in secondary
schools, high schools and universities together. Any obvious difference is observed between
the two data subsets. Concentrations are very close each other.
10000
Primary schools

Primary schools (n=44)

Secondary schools, high schools and universities

Secondary schools, high schools & universities (n=30)

Benzaldehyde

Formaldehyde
12

Acetaldehyde

n = 26
n = 41

Median concentration

1000

10

Hexanal

n = 26

Acrolein

8

n = 17

Isopentanal

Benzene
6
4

Pentanal

Toluene

100

2

n = 34

0
Butanal

n = 18

10

m+p‐xylene

n = 34
n = 18

Propanal

o‐xylene

Alpha‐pinene

Ethylbenzene

1,4‐dichlorobenzene

1
PM10

PM2.5

CO2

TVOC

Trichloroethylene
Styrene

Tetrachloroethylene

All concentrations in g/m3, except for CO2 (ppm); n : number of data

Figure 1: Comparison of pollutant concentrations by type of schools

Propanal, isopentanal and benzaldehyde have no guideline, but their concentrations are low in
all ClimACT schools. Furthermore, there are no significant concentration differences from one
country to another, except maybe for propanal which concentrations are a bit higher in France
then in the other countries (Figure 2).
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Figure 2: Concentrations distributions of pollutants with no guideline, by country

All VOC and aldehyde concentrations, except formaldehyde, are (far) below the selected
guidelines (Table 3). One noticeable point is nevertheless that the highest hexanal concentration
in a French school was measured in a school library, which may indicate that books emit
hexanal. Another interesting point is that the highest hexanal concentration of all measurements
was found in the classroom that also exhibits the highest formaldehyde concentration. This
suggests that, in this classroom, the two aldehydes may originate from a same source.
Unlike individual VOCs and aldehydes, PM10, PM2.5, CO2, TVOC and formaldehyde
concentrations are over the guideline in 64%, 45%, 43%, 20% and 9% of classrooms,
respectively (Figure 3). The distribution of exceedances for each pollutant, together with the
concentration distributions presented in Figure 4, may suggest significant discrepancies in the
concentration level of these pollutants in the four countries, although the number of data is
definitely too small to get a statistical evidence. On the other hand, Figure 4 does not allow to
identify any similarity in national indoor air quality profiles, nor any global trend towards lower
concentrations in a country. Besides, it is somewhat surprising that Spanish schools have low
PM, TVOC and formaldehyde concentrations while exhibiting the highest CO2 concentrations,
which indicates air stuffiness and poor ventilation.
40
35
30
25

France
Portugal
Spain
Gibraltar

20
15
10
5
0

Figure 3: Number of measurements over the guideline by country

Formaldehyde concentrations exceed the guideline of 30 g/m3 by a small amount in six of
seven cases, and by a large amount in only one classroom (91 g/m3). On the other hand, PM10
and PM2.5 guidelines are exceeded by a large amount in many situations, which calls for
explanations. Figure 5 provides a representative example of airborne particle dynamics in a
classroom. The case of the French high school that is depicted is most particularly interesting
to understand the fate of fine and coarser particles in classrooms since: 1/ PM2.5 and PM10
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concentrations have been monitored for a full week, starting from Friday afternoon; 2/ the
number of occupants have varied all the days long, with a maximum of 35 occupants (teachers
and students change classroom each hour or each 2-hours) and windows were opened from time
to time; 3/ The time series of outdoor concentrations during the experimental period were
available from an ambient air quality m onitoring station which is located next to the school
(see inner chart on Figure 5); and 4/ PM2.5 peaked outdoors on the day before the end of the
measurement period, which corresponded to an officially-declared ambient air pollution
episode.

Figure 4: Concentration distributions of pollutants showing exceedances of guidelines, by country

Figure 5 shows that transports from outdoors define the background concentrations of PM2.5
and PM10 concentrations in the classroom. Indoor and outdoor concentrations are close each
other during the weekend, and the indoor PM2.5 concentration reach a maximum of 32 g/m3
when peaking outdoors. Then, indoor PM10 concentration tremendously increase as soon as
people are in the room, with the consequence that the weekly mean concentration during the
occupancy period (65 g/m3) is far over the WHO guideline of 20 g/m3. Therefore, it is clear
that humans are the main contributors to the effective emissions of PM10 in classrooms. The
sources can actually be of three types. First is direct shedding from the human envelop,

162 | P a g e

including the release of previously deposited particles from clothing surfaces, hair or bare skin;
Bhangar et al (2015) estimated from measurements with fluorescence techniques in a university
classroom that the shedding rate can be as high as 3 106 part/h/person. Second are educational
activities such as plastic art works or chalk writing on a blackboard. Finally, sources can also
include the resuspension of particles that had previously settled onto upward facing indoor
surfaces. The parts of each type of source to the concentrations are difficult to assess, but the
first and last ones are likely to be dominant in a majority of the classrooms investigated.

Figure 5: Time series of PM10 and PM2.5 concentrations over one week in room N11 of high school No 23

PM2.5 concentrations are also affected by occupants, but in a weaker way. There are no evident
internal sources of PM2.5 in schools. Furthermore, the deposition rate of fine particles onto
indoor surfaces is lower than that of coarser particles. As a result, unlike PM10, neither internal
sources nor resuspension are expected to dominate the dynamics of PM2.5 in classrooms.
TVOC concentrations also strongly correlate with occupancy, as illustrated in Figure 6. The
advective transports from outdoors and the emissions from building materials and furnishings
define the background concentration level that can be assessed at night times and during
weekends. Then, as for PM10, concentrations increase as soon as students come in the room,
keep high during the class hours, and decay when occupants go out. Human-related TVOC
sources include the products used for school activities (marker pens, glues, paints, etc.),
biogenic direct emissions from the body surface and the exhaled air, cosmetics (body lotion,
fragrances, etc.), and possibly second-hand tobacco-smoke desorbed from the hair and clothes
of the oldest students. For the case study presented in Figure 6, the background TVOC
concentration is 520 g/m3. Concentrations peaked at 1000 g/m3, and even 1300 g/m3 when
students were the more numerous and windows were kept closed, which shows that the part of
human related emissions to the TVOC concentrations in a classroom can definitely be
significant.
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Madureira
et al (2015)1

Csobod et
al (2014)2

OQAI
(2018)3

Villanueva et al
(2018)

n

Median

75th
25th
Maximum
Median
Median
Median
Mediana
Medianb
percentile
percentile
52
32.4
9.8
61.9
99.0
PM10
127
g/m3
PM2.5
82
44
18
52
10.0
4.6
19.8
41.0
g/m3
ppm
68
1104
831.3
1555.4
2434.1
1469
1433
CO2
CO
68
0.9
0.0
1.0
2.2
ppm
3
43
431
274.3
520.5
853.9
140.3
75
56
TVOC
g/m
3
74
11.4
8.5
18.2
91.4
17.5
12
18.8
27.7
20.4
Formaldehyde
g/m
7.7
5.1
6.6
5.1
Acetaldehyde
74
4.5
3.7
5.2
11.4
g/m3
3
74
0.1
0.1
0.2
0.2
5.7
9.7
Acrolein
g/m
3
Benzene
2.5
2
1.2
0.27
0.48
74
1.1
0.8
1.3
1.8
g/m
6.4
3.4
2.27
2.94
74
2.9
1.9
5.8
92.9
Toluene
g/m3
3
74
2.1
1.5
3.5
9.2
5
2.1
1.52
1.10
m+p-xylene
g/m
3
2.3
1
o-xylene
74
0.8
0.6
1.4
4.6
g/m
74
0.8
0.6
1.3
3.1
0.8
0.92
0.62
Ethylbenzene
g/m3
3
74
0.1
0.1
0.1
0.1
3
Trichloroethylene
g/m
2.9
1
< LOD
Tetrachloroethylene g/m3
74
0.1
0.1
0.2
1.2
1.2
0.7
2.71
< LOD
Styrene
74
0.5
0.4
0.9
6.3
g/m3
74
0.1
0.1
0.1
0.3
1,4-dichlorobenzene g/m3
74
0.5
0.3
1.1
7.0
1.8
13.8
3.41
1.30
-pinene
g/m3
2.3
1.2
Propanal
74
2.3
1.9
4.3
17.6
g/m3
74
0.6
0.6
0.7
0.9
Butanal
g/m3
74
1.8
1.4
2.6
5.0
2.4
1.2
Pentanal
g/m3
74
1.0
0.7
1.2
2.7
Isopentanal
g/m3
11.4
15.2
10.7
Hexanal
74
8.0
6.6
12.1
28.4
g/m3
74
0.6
0.4
0.9
1.8
0.9
0.4
Benzaldehyde
g/m3
1
Indoor air measurement campaigns in 73 classrooms from 20 public primary schools in the area of Porto (Portugal)
2
Data coming from the EU Sinphonie project: measurements in 3classrroms of 114 primary schools from 23 European countries.
3
French nationwide survey on indoor air quality in primary schools. Measurements in 588 classrooms of 301 randomly selected schools across France between 2013 and 2017
4
Measurements in a primary classroom of 18 schools located in the province of Ciudad Real in central southern Spain, a = rural area, b = urban area

This study

Table 4: Statistics of pollutant concentrations from this study and related recent studies in Europe, Portugal, France and Spain

Figure 6: Time series of TVOC concentrations over one week in room N11 of high school No 23

4

CONCLUSIONS

Indoor air quality in schools, and its impact on health and educational performance, have been
extensively studied during the last two decades. The measurements carried out in the frame of
the ClimACT study are original in the sense that they allow to address the similarities or
specificities of schools in four countries having the same climate on the one hand, and to
compare the indoor air quality in various types of schools, from primary schools to university,
on the other hand. Somewhat surprisingly, the pollutant concentration levels of secondary
schools, high schools and universities, as a same subset of data, were found to be very close to
those of primary schools. The results also highlight possible national trends in the indoor air
pollution of schools, but here the data are obviously too few to draw definitive conclusions.
Despite uncertainty coming from the measurement method, the computed mean PM2.5 and PM10
concentrations are consistent with previously published data. The fact that PM10 concentrations
exceed the WHO guideline by a large amount in many situations, together with the
demonstration that a large part of coarse particles are of human origin, raises concern about the
users’ health first, and then about the technical means to decrease exposure. Shall airborne
particle concentrations become the criterion for next regulations on school ventilation? Is air
cleaning not the solution to provide school users an acceptable air quality while controlling
energy consumptions? The state of knowledge on indoor air quality in schools is now
sufficiently advanced to consider that those questions are worthy of debate, and measures
should be taken urgently.
5
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ABSTRACT
Norwegian building regulations refer to the NS-EN 15251 and the NS-ISO 7730 to define indoor climate criteria
in new buildings. For example, the standards prescribe a temperature band of 20-26°C for a normal office
situation. Any HVAC engineer or facility manager would however willingly state that office buildings in
practice are run with a much smaller temperature dead-band, and that building occupants would complain if
temperatures were as high as 26°C. Studies of the North American building stock have found that temperature
dead-bands in practice are as small as 1-2 °C, and over-heating and over-cooling occurs frequently (Brager,
Zhang, and Arens 2015). There is, however, no published evidence stating the actual temperature dead-bands set
points used in the operation of Norwegian office buildings. Nor is there any published material describing how
facility managers view the indoor climate preferences of their occupants, or which perceptions and procedures
they have for user interaction. This kind of knowledge about the Norwegian building stock and facility
management practice is considered to be an important reference for the development of new technologies and
business models for reducing energy demand and improving occupant comfort. An interview of 10 facility
management coordinators or supervisors was conducted. The answers revealed that the mean temperature deadband is about 2 °C in Norwegian office buildings. Further, the results indicate that this dead-band could be
widened without increasing the number of complaints from occupants. The respondents’ perceptions of users
IEQ preferences were shown to be partly divergent from those of researchers and building designers, although
for some aspects they are convergent. The respondents also reveal a relatively low focus on systems, solutions or
technology which could improve user interaction, but at the same time show a high focus on being able to
provide quick, personal and local help to the occupants when a problem or complaint of importance arises. In
general, the knowledge and focus of the respondents reflect that they are highly tuned to the voice of their users,
tenants, customers, operation managers and the individual building. They seem to a lesser extent tuned towards
indoor climate research and theory, although this varies among the respondents. The results are systemized,
presented and discussed in the paper and may provide a reference for use in the future development and
understanding of the industry.
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Indoor climate, thermal comfort, air quality, set points, facility management
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0

INTRODUCTION

The ASHRAE and ISO Standards specify fairly wide ranges of operative temperatures as
being comfortable, depending on humidity and occupants' clothing and activity levels.
Norwegian building regulations refer to the EN 15251 and ISO 7730 standards, and specify a
temperature range of 20-26°C based on assumptions of occupant activity and clothing level.
EN 15251 also allows the use of the adaptive model for summer thermal comfort in naturally
ventilated or hybrid buildings, typically allowing indoor temperatures close to 27-28 °C oin a
hot Norwegian summer day. While regulations have a maximum allowable temperature
ranges of 20-26°C for the whole year, the standards NS-EN 15251 and ISO 7730 recommend
a seasonal band in offices of 2°C for class I/A, 3-4°C for class II/B, 5-6°C for class III/C. The
standards recommend that winter temperatures are lower than summer temperatures in order
to make up for the assumed lower clothing level of occupants in summer (0,5 clo) than winter
(1,0 clo) (Standard Norge AS 2014, Standard Norge AS 2005). Despite this, it is a known fact
that commercial buildings with central HVAC in practice tend to run with smaller
temperature dead-bands than this. Several international indoor climate studies have
documented the temperature dead-bands which are used in practice. One study reports a deadband of 1-1.5°C with a seasonal shift of 0.5-1°C, centered around 23°C (Fountain, Brager,
and De Dear 1996). Another study reports that for mean building temperature, the median was
23.2°C and the (total) range among the 94 buildings measured was 21.6-24.8°C. Temperature
ranges observed in summer and winter were similar, but with median and maximum indoor
temperatures 0.5 degrees cooler in summer than in winter (Mendell 2009). Another study of
temperature set point ranges states that thermostat set point ranges often are around 2 K, but
leaves no reference and claims there is little scientific evidence supporting this (Hoyt, Arens,
and Zhang 2014). The same study investigated energy use associated with temperature deadbands, and (through simulations) found that increasing a cooling set point of 22.2 °C to 25 °C,
would save an average of 29% cooling energy. Reducing the heating set point of 21.1 °C to
20 °C saved an average of 34% of terminal heating energy. (Zhang, Arens, and Zhai 2015). It
is clear that temperature dead-bands have a large impact on energy use, and the energy saving
potential of widening the band is large.
Classic thermal comfort theory is understood to be the theoretical tools to predict thermal
comfort stated in ISO 7730 – the PMV-PPD comfort equation based on the research of Fanger
in the 1970’s. In 1998 Brager and De Dear publicized the Adaptive comfort model, based on
field studies of thermal comfort in a large number of buildings world wide (de Dear, R.J., and
G.S. Brager 1998). The research shows a large gap between the conditions of which real
occupants experience thermal comfort and those predicted by the comfort equation. It also
suggests that the occupant’s experience of comfort is closely linked to the amount of
perceived control the individual feels over personal thermal environment. Where classic
theory views thermal comfort to be a direct result of the heat balance between the person and
environment in a steady state system, the adaptive comfort model views the occupant as an
active part of a dynamic thermo-regulative system, where psychology and expectations also
play an important role. The research community has however not fully succeeded in
identifying which factors are the most important. In the article “Are ‘class A’ temperature
requirements realistic or desirable?” (Arens et al. 2010), the authors compare occupant
acceptability with indoor temperatures in the identified class A, B and C temperature ranges
from international standards, where class A has specifies a temperature deadband of 2°C,
class B of 4°C and class C of 6°C. In an analysis of high-quality field studies, the three
classes did not show different comfort/acceptability outcomes. In other words, the tightly
temperature-controlled space (class A) did not provide higher acceptability for occupants than
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the less tightly controlled spaces (class B and C). The authors argue that this is due to the fact
that the occupant’s clothing level, activity level and other factors defining their preferred
temperature change from day to day causing changes in the ideal temperature changes which
are wider than the class temperature dead-band. The authors therefore do not recommend the
use of narrow band (class A or B) temperature set points.
In the article “Productivity in buildings: the `killer’ variables”, Leaman & Bordass claim that
losses or gains of up to 15% of turnover in a typical office organization might be attributable
to the design, management and use of the indoor environment. They identify opportunities for
personal control and a rapid response environment with access to information and feedback
regarding complaints etc. as two of the “killer variables”. A study of a large, predominantly
North American Post-Occupancy Evaluation (POE) database found temperature and air
quality to be the second and fifth largest sources of dissatisfaction among building occupants
(Kim et al. 2013). A study on the occupant survey database from Center for the Built
Environment (CBE) to estimate individual impacts of 15 Indoor Environmental Quality (IEQ)
factors on occupants’ overall satisfaction, found temperature, noise level, amount of space,
visual privacy, adjustability of furniture, colours & textures and workspace cleanliness to be
factors that had a nonlinear negative relationship to overall satisfaction. This meaning that
their negative impact outweighs their positive effects on overall satisfaction, so it is important
that these factors are maintained at satisfactory levels (Kim and de Dear 2012). Based on the
theories of adaptive thermal comfort, psychology and environmental psychology, Hellwig
proposes two new definitions for the key concepts of satisfaction and perceived control.
Hellwig defines satisfaction with the words “... satisfaction is caused by either comfort or
pleasure, i.e. not exclusively by comfort. Comfort results from homeostasis. Pleasure is
caused by a successful control behaviour. Satisfaction can be caused by either comfort or
pleasure.” In classic IE theory, focus has been only on comfort as a goal for IE control (i.e.
the term “Thermal Comfort”). As described by Cabanac in his definition of the phenomenon
“Alliesthesia”, comfort describes a situation where everything is right, whereas pleasure
indicates a change or stimulus that is for the better. In recent IEQ research, the concept of
alliesthesia has been proposed as a framework which can link both classic comfort theory and
adaptive comfort theory which also involves psychological aspects. Hellwig defines perceived
control to be influenced by the persons experiences, personality, expectations to IE factors,
preferences for IE factors and the constraints felt by the person. Among these, the following
can be influenced through the design and operation of a building: expectations, constraints
and current feedback experiences. All of these factors can be, and are, influenced by facility
management (FM).
Although there exist a vast amount of research and theory within the field of indoor climate,
thermal comfort and air quality, building design and facility management professionals only
partly seem to have incorporated this knowledge into practice. While Norwegian building
designers are well educated in the school of classic indoor climate theory and lean on this
theory in the design of buildings, facility managers seem to lean more on experience and
feedback from occupants in the day to day operation of the same buildings. Or in some cases
a combination of the two. The this may lead to both lower occupant satisfaction and higher
energy consumption than necessary. Prior to this study several central IEQ professionals in
the Norwegian building industry were asked about existing knowledge/statistics on how IEQ
is treated in FM practice and whether the temperature dead-band of 1-2°C found in the studies
of the North American building stock is representative for Norwegian office buildings. It was
revealed that there is no known published information on these topics, and there exists a
knowledge gap.
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It is therefore interesting to investigate operating temperature set points further, as well as
understand which perceptions of user preferences and practices for interaction with users
which are dominant among facility management professionals. The objective of this study is
to use interviews of facility management coordinators to gain indicative answers to these
three questions. We start with a hypothesis that operative temperature set points in Norwegian
office buildings are not in the range of 1-2 °C as found in the American studies. Further we
attempt to determine whether FM coordinators’ view of user IEQ preferences and their
practices for user interaction reflect the ISO standards or IEQ theory presented in the
introduction.
1

METHODS

1.1 Method of research
Due to limitations in time and resources, and the lack of access to a database of field studies for
thermal conditions in Norwegian office buildings, the study was conducted as short interviews
with selected FM coordinators or key personnel in the largest FM operators in Norwegian office
buildings. Thirteen FM operators were identified and a key IEQ professional/ FM coordinator
in each company was asked to take part in a 15 minute telephone interview. All of the
respondents were supervisors attending to the whole of the FM operator’s portfolio and had
some kind of strategic responsibility. None of them were building-level operation managers,
but all had good practical knowledge about the topics asked. The topics covered were; building
portfolio size and share of office buildings, temperature set points, air quality set points (CO2),
conditions who lead to occupant complaints, practices and systems for user interaction. In the
questions involving numerical answers, the respondents were asked whether the information
was based on their personal opinion/assessment or was based on empirical sources.
1.2 Research questions
The following research questions were sought answered through the study:
RQ1: “What are the running set-points for temperature in Norwegian office buildings and are
they comparable to those reported in other studies? What is the air quality set-point (CO2) (if
any)?”
RQ2: “Which systems, tools and focus do the FM’s have to determine, assess and analyze the
set-points of several buildings in a portfolio?”
RQ3: “Which views and experience do the FMs have on occupant IEQ preferences, comfort
and satisfaction?”
RQ3: “Which systems, preferences and practices for interaction with users do the FMs have
to collect and act on occupant feedback?”
2

RESULTS

2.1 General
Among the 13 FM operators invited to the study, interviews were completed with 10. The last
3 who were contacted id not have time to take part in an interview. The selected companies
together manage the indoor climate in 14 mill. m² of building mass, where 11.8 mill. m² were
office buildings. The respondents were asked to only answer for the office buildings. According
to 2012 numbers from the Norwegian National Bureau of Statistics, the study covers
approximately 30% of the national office building stock. The FM operators can be divided into
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two categories; building owners who manage their own buildings and professional FM
operators who perform building management on behalf of others (hard FM as well as other FM
services). The 6 building owners who answered in the study manage smaller portfolios (300’1,300’ m²), while the 4 professional operators who answered operate larger portfolios (1,400’4,000’ m²). Interviews were performed in Norwegian. One operator answered partly via email.
2.2 Running set-points
When asked for mean heating and cooling set points the respondents typically answered with
a temperature range for each, as set points vary among buildings and season. Ranges and
calculated average are displayed in Table 1.
Table 1: Temperature set points
Average heating set point
Average cooling set point
Calculated average dead-band
Range in dead-band between respondents

Value
21.1 °C
23.0 °C
1.95 °C
1.0-4.0 °C

Comment
Range among answers 19-22 °C
Range among answers 21-25 °C
4 respondents with DB=1.0 °C, 1
respondent with DB=4.0 °C

Only one of the operators referred to statistics for their answers. The rest did not have a
central register of set point temperatures. Two of the respondents had a system or strategy for
determining the set points. In the rest of the cases, set points were determined and adjusted by
the individual building operations manager responsible for each building. In these cases the
respondent answered based on experience. All respondents reported that set points vary quite
a lot between buildings due to difference in users preferences (both official preferences
specified in the lease and gender differences are mentioned), building state (old/new,
insulation level, solar gains, internal gains) and knowledge level of the building operations
manager at the site.
Although the question was not part of the interview, two of the respondents reported that they
have lower temperature set points in summer than winter. One of the respondents reported to
have higher set point temperatures in summer.
Table 2: CO2 set-points
Value
745 ppm

Average set-point

Comment
Range among answers 600-900 ppm

Only one of the operators referred to statistics for their answers for CO2 set points. The rest
did not have a central register of CO2 set points. Two of the respondents had a system or
strategy for determining the set points. All respondents reported that CO2 set points hardly
ever were reached or used, and that they seldom pay attention to them.
2.3 Experience with user IEQ preferences
The respondents were asked for threshold temperature and CO2 conditions where users “start
complaining” to them. One FM operator had statistical evidence for their answers. The rest of
the answers were based on the personal experience of the respondent. All respondents gave
the impression to have a clear opinion on the matter. Numerical results are given in Table 3
Table 3: Thresholds for IEQ complaints to FM operator
Average temperature where users complain
about “too cold”

Value
19.9 °C

Comment
Range among answers 17.5-21 °C
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Average temperature where users complain
about “too hot”
Average CO2 where users complain about
“bad air”

23.9 °C

Range among answers 22,5-24,5 °C

817 ppm

Range among answers 600-950 ppm
Based on only 3 answers.

Without being asked, all the respondents pointed out that complaints about “bad air” seldom
were due to high CO2 or other emissions from humans. Eight of the ten respondents reported
that most complaints about “bad air” actually were due to high temperature and/or humidity.
Two of the respondents highlighted that “bad air” complaints often were due to other effects
such as insufficient cleaning or material emissions. All respondents reported that there was
little consistency between CO2 and number of complaints.
Table 4 contains the factors that the respondents said were most important for the IEQ
satisfaction of the occupants. One of the respondents mentioned “stable temperatures and
cooling” as an important factor. All the other respondents primarily emphasized factors who
fall within the three groups covered in Table 4.
Table 4: Most important factors for IEQ satisfaction
Taking the
users/complaints
seriously and
show action
“Which factors are most important
for keeping building occupants
happy with IEQ conditions?”

6/10

Influencing and
meeting the
expectations of the
users, explaining
reasons for why
5/10

Good
communication with
the users and for the
user to have a real
person to speak to
7/10

Two respondents emphasized that complaints on IEQ measures often were connected to other
factors for well-being, and that they experience more complaints from tenants where there are
organizational problems etc. One respondent expressed: “We become like minipsychologists”.
On the question “What portion of your total complaints are related to IEQ?”, 7 of the
respondents gave a qualified-guess percentage. The answers ranged between 10% and 60% of
the complaints, with a mean of 40%. The respondents were somewhat divided in their view
on how important IEQ was in the total picture. Several claimed that: “IEQ is something that
our tenants/occupants expect to be in order, so they can do their job”.
Six of the respondents got an extra question for whether they experience that being able to
open windows is important for user satisfaction. On this question, one answered “not as far as
I know”, while four emphasized that operable windows were a problem, and that they do not
let users open windows. Two expressed that opening windows may give a positive
psychological effect for the user, as they were able to perform personal control and could feel
a closer connection to the outside. Two also emphasized that manual control of solar shading
devices was more appreciated among users than automatic control. It was however clear that
the general opinion was that operable windows match poorly with modern ventilation
systems, as open windows disturb the “finely tuned” systems. They largely attributed this fact
to poor design of buildings and systems. Focus on energy use was also mentioned as a reason
to restrict the opening of windows.
2.4

User interaction procedures
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The respondents were asked a set of questions to gain knowledge about their perceptions and
procedures related to interaction with the end user.
One of the professional FM operators manages HVAC systems only on behalf of others, and
is not responsible for the direct communication with users. The questions were therefore not
applicable and answers from this respondent are removed from the total in Figure 1.
9
8
7
6
5
4
3
2
1
Emphasize that letting each user
report complaints directly would
generate an unmanageable amount
of information and be very resource
demanding, and that this is a…

Emphasize the importance of
having an operating manager who is
visible to the users and familiar with
the building/users.

Are satisfied with their interaction
with the end user with the systems
they have today.

Have or plan to have a system
where each occupant can report
complaints directly to FM operator
or central system.

Use the call centre or web based
system for (somewhat advanced)
statistics.

Have a call centre or web based
system where appointed contact
persons at tenants can report user
complaints.

Perform KPI/benchmarking surveys
among tenants key personnel.

Have, or plan to have, an expressed
strategic goal and measurement
plan for user satisfaction with IEQ

0

Figure 1: Perceptions and procedures for user interaction

3

DISCUSSION

3.1 General
In general, the answers from the FM operators reflect that they are highly tuned to the voice
of their users, tenants, customers, operation managers and the individual building. They seem
to a lesser degree tuned towards indoor climate research and theory, although this varies. In
general, the majority of the respondents were not utilizing modern technology beyond the
building management systems delivered with the buildings and simple facility management
software. Few of the respondents utilize available data for learning purposes beyond what is
done at site by the operating manager.
3.2 Running set points
Since only one of the respondents had statistical evidence of the data, and the rest answered
based on personal experience or opinion, the method for determining the running set points
and dead-band is unprecise. The respondents did however have clear opinions and much
experience on the matter, and there is reason to believe that the answers obtained are close to
reality. Set points were mostly determined and adjusted by the individual building operations
manager responsible for each building. It is perhaps somewhat surprising that the process
behind selecting set points is so simple, when there exists so much theory on the field. Again,
most of the FM operators seem to rely on their operating managers experience and the
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response from users as guidance, rather than relying on research and theory. Two of the
respondents reported that they have lower temperature set points in summer than winter. This
is also somewhat surprising as it is opposite of the majority of thermal comfort research, but it
is consistent with other research (as mentioned in the introduction). All respondents reported
that CO2 set points hardly ever were reached or used, and that they seldom pay attention to
them. This is also interesting, as a great deal of effort and money is put into equipping
buildings with such sensors in design and construction.
3.3 Perspective on user preferences
The reported threshold temperature and CO2 conditions where users “start complaining” to
the FM operators were also based on the respondents personal experience and opinion, and
may not be accurate. Also here, the respondents did have clear opinions and much experience
on the matter, and there is reason to believe that the answers obtained are close to reality.
Interestingly, the calculated mean dead-band between “complaint” temperatures is 4 °C, while
the set point dead-band is only 2°C. One would then think that there is considerable room for
expanding the set point temperatures. Only one of the respondents used a dead-band of 4 °C.
Without being asked, all the respondents pointed out that complaints about “bad air” seldom
were due to high CO2 or other emissions from humans, and that most complaints about “bad
air” actually were due to high temperature and/or humidity. This is in line with IEQ theory,
and could perhaps even seem to be less highlighted in theory than it is among the
practitioners. On the question about factors most important for user IEQ satisfaction, the
respondents gave surprisingly well-aligned answers without guidance. All the three most
given answers are not connected to the indoor climate itself, but to “psychological” factors in
the interaction with users. Three somewhat related factors stood out among the answers:
Have good communication with the users and preferably give personal help
Take the complaints seriously and show action quickly.
Give information, explain “why” and avoid unrealistic expectations
These factors are comprised by rapid response environment with access to information and
feedback regarding complaints, one of the “killer variables” of Leaman & Bordass (Leaman
and Bordass 1999), and both expectations, constraints and response time is mentioned as
central to perceived control by (Hellwig 2015). Responses are therefore well in line with
theory, although they most likely originate from practical experience. A few of the
respondents mentioned personal control over temperature and solar shading as something
“preferred” by users, which is comprised by opportunities for personal control, another of the
“killer variables”. Most of the he respondents did however not mention personal control as an
important factor. Several emphasized that complaints on IEQ measures often were connected
to other factors for well-being, and that they experience more complaints from tenants where
there are organizational problems etc. This is also in line with some theory, such as (Brager
and De Dear ’ 1998) and (Kim et al. 2013). The question regarding portion of total complaints
related to IEQ is very unscientific, as this depends on the total number of complaints. The
answers showed that respondents were somewhat divided in their view on how important IEQ
was in the total picture. This could perhaps be explained by the non-linear negative
relationship between IEQ factors and total satisfaction found by (Kim and de Dear 2012).
Six of the respondents got an extra question for whether they experience that being able to
open windows is important for user satisfaction. This revealed a somewhat surprising
perception among most of the respondents, as they viewed operable windows to be very
problematic for modern office buildings and most of the respondents prohibited occupants to
open windows. Two of the respondents did however acknowledge that there may be a positive
effect for the user to be able to open a window, but it seemed that this effect in most cases
was heavily outweighed by the problems opening windows would lead to for other occupants
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and the system in general. They largely attributed this fact to poor design of buildings and
systems. It is not known whether this problem was larger in open office spaces than in single
offices, but we can expect that this is especially a problem in open office plans.This finding
should become a key guidance in the design of new buildings, as operable windows are
heavily encouraged by both researchers and buildings design experts.
3.4 Perceptions and procedures for user interaction
The findings in this section revealed that the respondents in general, with a few exceptions,
are conservative in their views and ambitions for using technology and systems for user
interaction. Most respondents seem to base their operation on yearly KPI’s, a call centre or
web based system for interaction with selected user representatives, and a operation manager
on site for tending to problems and complaints personally. Although user interaction is
highlighted as important in research literature, and also was mentioned as the most important
aspect by the respondents in the previous paragraph, most of the respondents seem to prefer a
“human approach” for handling user interaction. At the same time, many emphasize that it is
important to maintain a certain filter or some necessary constraints for limiting the ability for
each individual occupant to complain about every little thing. This is due to the fear of using
too much resources on complaints. One could think that modern data handling technology
could take care of the amounts of data that could come if every user could complain with the
touch of a button. But seen in connection with the argument that most respondents highlight
the importance of taking each complaint seriously and showing that action is taken quickly,
this means that each complaint would have to be processed and followed up toward the user
immediately for ensure satisfaction. In this case, it may be better to limit the number of
complaints and maintain the quick response to complaints that matter.
4 CONCLUSIONS
The results of the study show that the hypothesis is falsified, as the temperature dead-band of 2
°C in Norwegian buildings fall within the band reported in other studies. Further, the results
indicate that this band most likely could be widened without increasing the number of
complaints. The respondent’s perceptions of users IEQ preferences were shown to be partly
divergent from IEQ theory for the topics of personal control and adaptive comfort, although for
the topics of rapid response environment, influence of psycho-social aspects and air quality
they seem aligned. The respondents also reveal a relatively low focus on systems, solutions or
technology for user interaction, but at the same time show a high focus on being able to provide
quick, personal and local help to the occupants when a problem of sufficient importance arises.
Further research recommended on the following topics:
All numbers who are obtained qualitatively in this study should be re-investigated with
quantitative methods to achieve sufficient accuracy
All findings in this study who point at a discrepancy between established theory should
be investigated more closely.
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ABSTRACT
In order to provide patients with a high quality indoor environment and ensure a pleasant working place for
medical care personnel, thermal environment and indoor air quality are regarded as two of the most important
requirements.
The authors aimed at the air-conditioning system with ceiling induction diffusers, a kind of unit that
prevents draft sensation and reduces energy consumption. In this study, we measured the distribution of
concentration of tracer gas from person simulators, temperature distribution, local mean age of air, indoor air
velocity and radiation heat transfer in a full scale four-bed sickroom with ceiling induction diffusers under
cooling condition.
According to the result, it is found that parameters including the height and position of exhaust vent,
pollutant resource position and curtain affect indoor air airflow.
Furthermore, portable infrared absorption CO2 analyzer, as a carbon dioxide concentration tester was used
in this study. It is considered that the responsiveness of CO2 recorder is strongly related to the experiment results.
Thus, how much the responsiveness of CO2 concentration tester influenced the results was also discussed in this
paper.

KEYWORDS
thermal comfort, age of air, tracer gas, step up method, responsiveness characteristic

1

INTRODUCTION
In modern society, with the progress of technology and the development of civilization,
the demand for indoor air quality, especially in hospital wards, is also increasing much
quickly. Not only for patients, but also for related people including medical staff and
accompanying care providers, a high quality indoor air environment does not only guarantee
sanitation and comfortable environment for patients, it also reduces the probability of crossinfection, thereby the efficiency and quality of medical work has been improved as well. In
normal hospital wards, the pollutant source is generally coming from coughing, patient's
excrement, body odor and so on. Even though the traditional ventilation system can provide
adequate clean air from outdoor, but due to its airflow pattern, the indoor polluted air and
fresh air are mixed and afterwards it might cause the contamination to spread throughout the
whole ward. In addition, dry sensation will be easily caused by airflow from diffusers of airconditioning, especially when the patients can’t move freely. Therefore, we introduced
induction diffusers of air-conditioning system, which has a kind of outlet with low air velocity
and low energy consumption in this study.
The schematic diagram of induction diffuser is shown in Figure 1. Firstly, heated and
wet fresh air or cooled and dehumidified fresh air is delivered to air supply chamber. Then,
the air is sprayed out at a speed of 3~5m/s through the banding nozzle. As result of negative
pressure in air chamber, the indoor air will be induced into the induction chamber. The
primary air and indoor air are mixed here and blown out under the action of wind shield cover.
The indoor air accounts for 40% and primary air accounts for 60% in total mixed supply air.
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In order to observe the indoor airflow characteristic and evaluate indoor air quality under
the condition of induction diffusers, we conducted this experiment at imitative wards in Japan.
Meanwhile, in order to evaluate the accuracy of experiment results, an experiment
related to responsiveness of CO2 recorder is also carried out.
Primary air
Flow rate proportion: 6:4

Figure 1. Air-conditioning system with induction panel.

2 IMITATIVE WARDS EXPERIMENT
2.1 Experiment facilities
The experiment was conducted in a full scale imitative ward with four beds
(7375mm×5250mm×2420mm). Figure 2 shows the layout of the experiment room. The
imitative ward was ventilated by four induction diffusers (1200mm×500mm) which were set
above each bed. The total supply airflow rate is about 450m3/h and the exhaust air flow rate is
about 380m3/h. The north side wall and east side wall of the room were insulated with
polystyrene board (15mm). Near the south side wall, 3 electric carpet were attached to
polystyrene board (1000W in total) for simulating heat gain through windows. The simulator
of human body (φ300mm×L1500mm) set on each bed was made of spiral duct with polyvinyl
chloride (PVC) heating cable, is used to simulate 40W sensible heat caused by human body.
As for the heat of furniture like refrigerator and TV in the room, we placed four black lamps
(55W×4) at the height of 1000mm above the floor beside each bed. As the experiment was
carried out in November, 2017, oil heaters were placed in the machine room to increase the
external air to 32°C. The measurement points of temperature and tracer gas concentration
were shown in Figure 3. At pole1~pole10, 4 portable infrared absorption CO2 analyzer set at
height of 100mm, 600mm, 1100mm and 1700mm were used to record indoor gas
concentration. The time interval of record was 30s. From pole 5 to pole 12, 11 Tthermocouples were set vertically, from pole 5 to pole 12, 10 T-thermocouples were set
vertically because of the lack of the highest measurement point due to the beam on the ceiling,
as shown in Figure 3 to measure the indoor temperature.

Figure 2. Plan of experiment room.

Figure 3. Measurement points.
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2.2 Measurement method
The indoor air quality and ventilation effectiveness were evaluated by the index of
normalized concentration and local mean age of air. Meanwhile, the radiation heat transfer
and air velocity were also measured during the experiment.
■ Normalized concentration measurement
When the indoor air temperature and wall surface temperature became stable, CO2
(1.5L/min) and He (0.9L/min) gas mixed gas, used as tracer gas, was injected into the
experiment room through one or four human body simulators. All of the CO2 recorders and Tthermocouples recorded the indoor temperature and concentration change until indoor
environment reached steady level. In order to examine the impact of exhaust vent position,
tracer gas position on the indoor airflow characteristics, experiments under 5 conditions
(detailed in Table 1) were carried out in this study.
Case
Case 1
Case 2
Case 3
Case 4
Case 5

Table 1. Experimental conditions.
Condition Exhaust position Tracer gas position curtain
4EC-PR-C
4EC
PR
°
4EC-IR-C
4EC
IR
°
4EC-4B-C
4EC
4B
°
2EC-4B-C
2EC
4B
°
1EC-4B-C
1EC
4B
°

(Note: P: perimeter; I: interior; B: bed; C: with curtain;
4EC: 4 exhaust vents at the height of 50mm from the ceiling;
2EC: 2 exhaust vents at the height of 50mm from the ceiling at perimeter and interior side;
1EC: 1 exhaust vent at the height of 50mm from the ceiling)

The normalized concentration ∁ [-] is defined as following Equation (1):
∁

∁
∁

(1)

∁

where ∁ represents the steady concentration [-],
represents the outdoor concentration [-]
and ∁ represents the exhaust air concentration [-]. Here we assumed ∁ =1 and
=0.
■ Local mean age of air measurement
The measurement method is almost the same as Normalized concentration measurement.
Only tracer gas was injected through four induction diffusers. With the same aim as the
normalized concentration measurement mentioned above, in order to evaluate the impact of
exhaust vent height, exhaust vent position, tracer gas position, and curtain on the ventilation
effectiveness, we conducted the experiment under 4 conditions. The detailed experimental
conditions are given in table 2.
The indoor concentration ∁
[-] can be described using the following Equation (2):
∁

∁

(2)

where M [m3/h] is the emission rate of tracer gas,
[1/m3] is the impulse responsiveness,
τ is the time lag, and ∁
[-] is the concentration of supply air.
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Item
Case 1
Case 2
Case 3
Case 4

Table 2. Experimental conditions.
Condition Exhaust position Tracer gas position curtain
4EC-4D-NC
4EC
4D
4EC-4D-C
4EC
4D
°
2EC-4D-C
2EC
4D
°
1EC-4D-C
1EC
4D
°

(Note: P: perimeter; I: interior; B: bed; C: with curtain; NC: without curtain;
4EC: 4 exhaust vents at the height of 50mm from the ceiling;
2EC: 2 exhaust vents at the height of 50mm from the ceiling at perimeter and interior side;
1EC: 1 exhaust vent at the height of 50mm from the ceiling)

For obtaining a reasonable

，it is assumed and can be defined via Equation (3),
∙

,
0,

(3)

where coefficient of a, b, c can be determined using the least squares method.
The local mean age of air at point p,
[h], is calculated via Equation (4),
(4)
where is the time [h].
■ Radiation heat transfer measurement
When indoor air environment reached steady state, we measured radiation heat transfer
of curtain points at 1100mm height with HUKSEFLUX THERMAL SENSOR (CHF-IRO2)
under the condition of 1EC. The measurement points are given in Figure 4. The experiment
was carried out under the conditions of “with curtain” and “without curtain”.

Figure 4. Measurement points
(radiation heat transfer measurement).

Figure 5. Measurement points
(air velocity measurement).

According to the measured result of radiation heat transfer, the mean radiant temperature
caused by air beam can be known.
■ Air velocity measurement
When indoor air environment reached steady state, we measured air velocity with a
ultrasonic anemometer (DA-700). The measurement point is given in Figure 5. The
experiment was carried out under conditions of “with curtain” and “without curtain”.
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2.3 Result and discussion
2.3.1 Result of normalized concentration and vertical temperature distribution
The result of vertical temperature distribution is given in figure 6. The temperature
differences in every case could be explained by temperature changes of the external air.

Figure 6. Vertical temperature distribution.

Normalized concentrations in all cases are given in Figure 7. It is obvious that the
normalized concentration near pollutant source is particularly high in case 1 and case 2.
Comparing case 3, case 4 and case 5, under four exhaust vents condition, the normalized
concentration is significantly less than that of other two cases.
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Figure 7. Vertical normalized concentration distribution.

2.3.2 Result of local mean age of air
The result of local mean age of air is showed in Figure 8. When the number of exhaust
vents changes, it is shown that the local mean age of air is smaller under the condition of 1EC
“with curtain”. At the point of pole 1 and pole 5, the local mean age of air under the condition
of “with curtain” is greater than that of “without curtain”, which is because the air flow is
harder due to the influence of curtain.
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Height [min]

Local mean age of air [min]

Local mean age of air [min]

Figure 8. Vertical local mean age of air distribution.

With curtain Without curtain

2.3.3 Result of Radiation heat transfer
The indoor air temperature point and radiation temperature of every cross-section are
shown in Figure 9. It is shown that the radiation temperature is approximately 0.3 ~0.5
lower than indoor temperature due to radiation heat transfer of diffusers. Beside, due to the
carpets on the east side of the room, the radiation temperature increased from X1 section to
X3 section.

Figure 9. Radiation temperature and indoor air temperature.

2.3.4 Result of air velocity
Figure 10 shows the results of air velocity in X section, Y section and scalar value
respectively. At the height of 1700mm, the air velocity is relatively low, less than 0.1m/s. At
the height of 1100mm and 600mm, section Y2 and Y3 show the trend that air velocity near SR-D diffuser is higher than diffuser S-R-W, whereas we can see an opposite result according
to section Y1. From Figure 10, we can see that the upward air velocity above human body
simulator can be attributed to updraft.
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Figure 10. Air velocity result.

3 RESPONSIVENESS CHARASTERISTIC OF CO2 ANALYZER
3.1 Experiment introduction
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During the experiment above, all the concentration data were recorded by portable
infrared absorption CO2 analyzer. It is seems that each recorder has its own responsiveness
characteristic and it may influence the experimental results to a certain extent. In order to
tube

sensor
500ppm span gas
mass flow controller

Threeway valve

portable infrared
absorption
CO2 analyzer

Figure 11. Experiment plan.

1500ppm span gas

evaluate the effect of responsiveness of CO2 analyzer on the measurement result, we
conducted the experiment to evaluate the effect of responsiveness on the measured CO2
concentration. The schematic of the experimental set-up is shown in Figure 11.
Experiment conditions are given in Table 3.
Table 3. Experiment conditions.

Injecting
method

Case

Facility

1

Box

2

vinyl
bag

Forced
injection
Forced
injection

3

vinyl
bag

4

vinyl
bag

Measurement
tape
method

Injecting
flow rate
[L/min]

Injecting
concentration[ppm]

Step up

○

0.27~4.32

1491

503

Step up

―

4.32

1491

503

Forced
injection

Step down

―

4.32

1491

503

Natural
injection

Step down

―

―

1491

≈455

In Case 1,2 and 3, a CO2 analyzer was put in a box or a vinyl bag. Using 503ppm and
1491ppm span gas cylinder, CO2 gas of different concentration was injected to box or vinyl
bag interchangeably. We examined the step change process of CO2 concentration until steady
state. Besides, in Case 1, CO2 gas was injected at different flow rates. We found that when
flow rate is 4.32L/min, the result was relatively accurate. Therefore, for Case 2 and 3, the
experiments were all conducted under this flow rate 4.32L/min. In Case 4, after the CO2
recorder was put into a vinyl bag, we injected 1491ppm gas to the bag until the concentration
in bag reached a steady state. Then the CO2 analyzer was quickly taken out from the bag and
be exposed to the air in the experimental room. Then a decay process of the concentration was
observed. The image of the experimental procedure is shown in Figure 12 for all four cases.

Case 1

Case 2,3

Case 4

Figure 12. Experiment process.
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3.2 Results and discussion
Measured concentration of Case 1 under different flow rates is given in Figure13. Using
the average value of three-time measurements under 4.32L/min, differential value and its
moving average value is shown in Figure 14.
Comparing 4 cases, their measured concentration and moving average value of 5 seconds
are given in Figure 15 and Figure 16, respectively.
Here, we assumed an approximate curve model as shown by Equation (5):

f x

a

,

x

a

,

x

(5)

Figure 13. Measure

Figure 14. Differential

concentration （case 1）

value （case 1）
Case 1
Case 2
Case 3
Case 4

Case 1
Case 2
Case 3
Case 4

Figure 16. Differential
value （case 1~4）

Figure 15. Measure
concentration （case 1~4）

Responsiveness[ppm/s]

As x becomes i/b when responsiveness reaches the highest point, then the coefficient of
“a” and “b” can be decided according to responsiveness data.
The comparison of the approximate curve model and moving average value of 5 seconds in
each case is shown in Figure 17.
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Figure 17. Approximate curve.
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For imitating the change process of indoor concentration, the difference method is used.
Assuming calculated indoor concentration is the true value of indoor air concentration, and
the responsiveness of CO2 recorder is defined as R(t), then the measured CO2 concentration
can be calculated via Equation (6):
(6)

∆

is the measured indoor concentration [-], C is the calculated indoor
where
concentration [-], and t, is the time [s].
Figure 18 shows the result of calculated concentration (true value) and measured
concentration of Case 1 and Case 4 under different air changes. Figure 19 illustrates the
comparison results of measurement concentration using approximate value and
responsiveness of Case 1.

Truth-value
Measured value-moving average 5s
Measured value- approximation

Black solid line: truth-value
Black dotted line: measured value-case 1
Colored line: measured value-case 4

Figure 18. Results review of case 1 and case 4

Figure 19. Results review of approximate curve
(case 1)

During the first minute, the delay time between the calculated true value and measured
value is roughly the same under each air change. As time goes on, the greater the air change is,
the shorter the delay time is. According to Figure 19, it is considered that the result of
approximate value is consistent with the result of Case 1.
4 CONCLUSIONS
In this study, the knowledge were obtained and summarized as follows,


Near the pollutant sources, the normalized concentration is much higher than other
measurement points.
 The normalized concentration under 4 exhaust vents condition is the lowest.
 The local mean age of air under 1 exhaust vent is the lowest.
 Curtains can influence the air flow out when exhaust vents are inside of the curtain.
 The induction diffusers do have radiation effect.
 The remaining time of deviation decreases as the as the air change rate increases.
5
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ABSTRACT
Most of the degradation of works of art in historic buildings is caused by unfavourable indoor climate
conditions. The most important works of art receive invasive conservation treatment, called direct action, but this
treatment is very expensive. To avoid invasive conservation treatments and ensure that works of art are protected
for now and for the future, indirect action to mitigate the deterioration process is necessary. This holds that
exposure to unfavourable indoor climate conditions should be avoided, as far as is compatible with its social use.
To assess the preservation conditions and decide upon retrofit or climate control measures properly, it is
necessary to take typical conditions in monumental historical buildings into account in indoor climate
simulations. The presence of moisture in heavy building walls and the occurrence of hygrothermal gradients
(stratification) in the often very large interior volumes due to the limited control by (older) climate installation
systems need to be taken into account.
This paper examines to which extent the expansion of a BES tool with a simplified stratification model allows to
improve the simulation of the indoor climate in historic buildings. The mathematical background of the chosen
airflow model, the temperature-based zonal model by Togari, and the added equations for moisture transport are
presented. The coupling of the airflow model with the BES-software TRNSYS is explained and a validation of
the model is performed to check the correctness of the coupled zonal-BES model.
Finally the coupled approach is applied to assess the indoor climate problems in an existing case study of a
historic church building in which an important panel painting is exhibited. The hygrothermal response of the
panel painting exposed to different heating regimes with air heating was studied by coupling the thermal-zonal
BES model introduced in this paper with a HAM-model. The moisture buffering of the walls was modelled using
an EMPD-model.

KEYWORDS
Preventive conservation, building energy simulation, stratification, humidity control, moisture damage

1

INTRODUCTION

For works of art, different causes of failure exist which are related to inadequate indoor
climate conditions. One possible cause is related to the installation of a HVAC system as an
answer to the increased thermal comfort demand, not only in new, but also in historical
buildings. As a consequence, heating systems have been installed in historical buildings such
as churches, which were designed to quickly heat the space during the service. Although the
use of the system improves thermal comfort, due to uncontrolled installations of hot air
systems in churches, an increase in damage and decay of valuable works of art have been
observed (Camuffo et al. 2010).
To assess the preservation conditions and decide upon retrofit or climate control measures
properly, it is necessary to take typical conditions in historical buildings into account in
indoor climate simulations. The presence of moisture in heavy building walls and the
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occurrence of hygrothermal gradients (stratification) in the often very large interior volumes
due to the limited control by climate installation systems need to be taken into account.
In order to simulate, assess and compare the influence of multiple retrofitting strategies on
preservation conditions, a fast calculating simulation method is necessary that may serve as a
design tool. Therefore a BES-tool (Building Energy Simulation) has been expanded with a
simplified stratification and moisture buffering model to improve the simulation of the indoor
climate in historical buildings, specifically in relation to the typical conditions mentioned
above (De Backer et al. 2014, De Backer 2018). The microclimate around works of art may
also be studied using computational fluid dynamics (Steeman et al. 2009). However, because
of the high computational cost, CFD is not in the scope of this work.
2
2.1

MODEL DEVELOPMENT
Thermal-zonal model

The effect of stratification during intermittent heating of a church building is simulated by
coupling a thermal-zonal model with a BES-tool. The coupling builds upon the existing
simulation environment TRNSYS (v17). The zonal model adopted was first proposed by
Togari et al. in 1993. They intended to develop a simplified model which could be
incorporated into an unsteady thermal analysis and which was able to predict the vertical
temperatures in an atrium with a glass wall. This model was originally validated using a scalemodel of 3mx3mx2.5m.

Figure 1: Overview of different submodels within the TRNSYS environment.

The model consisted of three sub-models, applied to a series of horizontal layers subdividing
the interior volume (Figure 1):
 a sub-model which provides the interior surface temperature by solving the heat
transfer by conduction, convection, and radiation of a building envelope. In the new
coupled model the TRNSYS-functionalities are used for this purpose.
 a sub-model for the wall currents which evaluates mass and heat transfer for air along
interior surfaces of walls. This model assumes that the convective heat transfer drives
a mass flow from the horizontal core layer to the boundary layer of one of the walls
adjacent to the horizontal layer. As a consequence the mass flow rate is directly
proportional to the convective heat transfer coefficient.
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a sub-model which solves the mass and heat balance for air in the horizontal layers.
The calculated wall temperatures are used as boundary conditions for the thermalzonal model to calculate the vertical temperature distribution in the room air. When a
primary airstream, such as a non-isothermal jet, is present, first mass and temperature
of the primary stream is calculated using analytical equations for jet trajectory and
velocity and temperature profiles, which are subsequently used in the mass and heat
balance of the horizontal layers.

To assess the preservation conditions in a space, next to the temperature variation also the
humidity variation needs to be predicted. In the original model, there were no equations for
moisture transport. Therefore moisture balance equations were added to the thermal-zonal
model, as well as equations to define the moisture flux between the wall and the wall current.
The model details are documented by De Backer (2018).
2.2

Moisture buffering model

The original EMPD-model (Effective Moisture Penetration Depth) available in the building
model of TRNSYS cannot be used for the newly developed thermal-zonal model, because it
only calculates one value representing the average moisture storage properties of all room
surrounding surfaces. Furthermore, the model is isothermal with constant material properties
uncoupled of heat transfer in the wall. In the zonal model, in which one zone is subdivided
into a number of horizontal layers, for each separate wall surface a vapour mass flow is
necessary to calculate the moisture in the surface air streams. Also in historical buildings nonisothermal effects need to be taken into account in the moisture buffer model (Janssens and
De Paepe 2005). To this end, a new TRNSYS type was programmed which consists of a nonisothermal EMPD-model coupled with each wall element, in which moisture transfer and
storage properties are updated every time step in relation to the buffering layer temperature
and humidity.
2.3

Implementation

Figure 2 shows an overview of all the data streams and which information is needed for the
coupled BES- thermal-zonal model.
The first step is providing the input data for the TRNSYS building and the thermal-zonal
model. A distinction is made between necessary input data, shown in the first block, and
information that is only needed in case a jet flow or in case a moisture flux from the walls is
defined. This is shown in block two and three.
 The TRNSYS building model needs geometrical data, properties of the building
envelope, outside boundary conditions and the convective heat transfer coefficients.
 For the thermal-zonal model, information of the geometric data is needed. The
geometrical model is the same as used for the multi-zone building model (.idf). The
thermal-zonal model needs this information to know the positions of all the walls to be
able to calculate the wall streams. Furthermore, the same values for the interior
convective heat transfer coefficients are needed. The second and third block contains.
 In case a jet flow of moisture flux is present, this data need to be provided only for the
thermal-zonal model.
The second step is setting the initial air temperature and relative humidity for every layer in
the TRNSYS building model. The model assumes that walls are in equilibrium with the
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indoor air and therefore the initial interior surface temperatures are the same as the air
temperature.
Next, necessary boundary conditions are passed by the TRNSYS building component to the
thermal-zonal model. The interior surface temperatures and the temperature and absolute
humidity of the air nodes act as boundary conditions for the thermal-zonal model. Once the
boundary conditions are passed to the thermal-zonal model, the latter calculates the wall
currents and solves the heat, mass and moisture transport for all layers until temperature and
absolute humidity reach convergence below a step change of 1E-6 °C and 1E-9 kg/kg . A
simple adaptive relaxation technique is used in which is switched between two relaxation
parameters, one for under-relaxation and one for over-relaxation.
Once convergence is reached, results are passed to the corresponding air node in the multizone building model. To integrate the thermal-zonal model in TRNSYS, a user defined
convective heat gain and moisture gain are defined by the thermal-zonal model for every air
node. Therefore, the convective gain from the walls to the air node in the building model in
TRNSYS is subtracted from the total gain calculated by the thermal-zonal model. In the
TRNSYS building model, a new temperature and relative humidity is then calculated for
every air node, and the previous steps are repeated every time step.

Figure 2: Schematic overview of the coupling between the multi-zone building model in TRNSYS and the
developed thermal-zonal model.

3
3.1

APPLICATION
Case study

The investigated church building is based on the Church of Our Lady in Watervliet (Figure 3),
dating from the 16th century and located in Belgium. The church is in general not
acclimatised. Only during a service or a concert, the church is heated with an air heating
system to a setpoint temperature of 16°C. An exception is in wintertime when heating is used
to maintain a minimum temperature of 5°C. The heating system is located in a technical room
next to the church building. The interior includes woodcarving and panel paintings from the
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16th, 17th and 18th century. The most important and valuable painting of the church is the
triptych “Nood Gods” (“God’s need” in Dutch). It was painted in the 16th century by an
unknown artist and is included on the list of masterpieces of Belgian heritage. Unfortunately,
this triptych has been damaged by hanging in an unfavourable climate. A measurement
campaign was started in 2011 to gain information about the indoor climate of the church and
to detect causes of damage (Maroy et al. 2015). Meanwhile, in the winter season of 2013, an
urgent conservation was carried out on the panel painting to fix the paint layers with support
of a grant of the Flemish government. Following from this, it was decided to increase the
minimum temperature in the church building from 5°C to 11°C (winter of 2013-2014).

Figure 3: Floor plan and section of the Church of Our Lady with the location of the panel painting “Nood Gods”,
and the position of Hobo-loggers (red points).

Figure 4: Geometry of the multi-zone model of the church building.

3.2

Simulation methodology

A whole building simulation model was set-up of the church building in which the coupling
of a BES-model with the thermal-zonal model was applied. The first step was to design a
model of the actual situation, which was calibrated using the measurement data. Using the
calibrated model, three types of adjustments to the heating system were tested. Firstly, the
temporary situation in which the minimum temperature was raised from 5 to 11°C was
simulated to get an idea of the impact of this adjustment on the preservation conditions.
Secondly, other adjustments were tested to verify if other, perhaps better solutions were
possible. In this paper only the first adjustment is presented. The others are discussed by De
Backer (2018).
Figure shows the geometric model developed in Sketch Up. This 3D-model is converted in
TNRBuild to a geometric model with necessary boundary conditions so it can be used in the
simulation environment TRNSYS 17. The model of the church building is a multi-zone model
consisting of three zones: the church volume and two attics. Furthermore, also the tower
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adjacent to the church building was drawn. This tower is not a part of the geometric model
and thus the conditions in the adjacent tower are not simulated. The tower geometry only
serves to take into account the shadow related to solar radiative gains. The church building
(zone 1) was further refined into six horizontal layers to estimate the stratification in this part
based on the thermal-zonal model. Layer one, at the bottom, corresponded to the occupied
area. For the other layers the position of the windows was taken into account. This resulted in
four layers of 2.5m and two layers of 3m. In TRNSYS a detailed model for radiative heat
transfer was applied using view factors.
3.3

Model calibration and verification

Simulations were initialized using climatic data of the four months preceding a detailed
indoor climate monitoring campaign (6th-29th of march 2012). This monitoring data was
used to calibrate and verify the model. After the manually iterative calibration, a maximum
root mean square error of 1.0 °C was found over this time span. For the absolute humidity the
maximum root mean square error was 0.3 g/kg.
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Figure 5 shows the measured and simulated vertical profile for indoor temperature and
relative humidity of a day during the measurement campaign on which heating occurred
during a short period of time, namely 11/3/2012. The coupled BES-thermal-zonal model
shows a reasonable level of agreement between the measured and simulated values. The part
during the warming up, at 9:45 and 9:30, has the largest inaccuracy. This is due to the steep
slope in the beginning, which is sensitive to parameters related to the jet flow model; the
throw constant of the jet, the spread angle of the velocity profile and the chosen mathematical
representation for the jet-model.
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Figure 5: Measured and simulated vertical temperature and humidity profile on a day with intermittent heating.

3.4

Simulated influence of increase in set-point

Using the calibrated model the same period as above was simulated to study the effect of this
proposal, but instead of using the actual setpoint of 5°C, the setpoint was raised to 11°C as
advised by the national heritage guidelines on church heating in 2002. It was studied which
outcome this has on the gradient in time and in space.
Figure 6 shows the temperature and relative humidity course for the two cases. In the base
case in which the minimum temperature was 5°C, the intermittent heating causes in the lowest
layer a temperature increase of 7°C and a relative humidity drop of 21%RH. In the highest
layer, a temperature increase of 12°C and a relative humidity drop of 36%RH is noticed. By
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Temperature [°C]

raising the setpoint, the gradient in time decreased to 5°C and -17%RH and to 9°C and 28%RH. So the spatial temperature and humidity gradient is still occurring in case the
setpoint is raised. This confirms that stratification is almost inevitable unless air distribution is
very carefully considered. Furthermore, the heating switches more frequent on and off in case
the setpoint is raised. On the 11th of march, indoor temperature was 8°C without heating. In
the base case, the heating device only switched on during service, while in case the minimum
temperature was raised to 11°C, the heating was permanently in operation. This resulted in an
increase of the frequency of daily temperature and relative humidity fluctuations which may
also affect preservation conditions (De Backer et al. 2018).
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Figure 3: Temperature and relative humidity course for the base case (BC) and the adjusted case.

4

CONCLUSIONS

This paper examined to which extent the expansion of a BES tool with a simplified
stratification model allows to improve the simulation of the indoor climate in historic
buildings. The chosen airflow model, the temperature-based zonal model by Togari, and the
added moisture transport model are presented. The coupling of the airflow model with the
BES-software TRNSYS is explained and a verification of the model is performed to check the
correctness of the coupled zonal-BES model.
The coupled approach is applied to assess the indoor climate problems in an existing case
study of a historic church building in which an important panel painting is exhibited. The
simulation study compared the base case (minimum temperature of 5° and 16°C during
service) to the solution chosen as an temporary measure - increasing the minimum
temperature to 11°C. The simulation demonstrates the practical use of the newly developed
coupling to predict thermal and humidity stratification in large spaces with air heating, to
assess preservation conditions.
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ABSTRACT
Amid the contaminant issues, air pollution has awakened more interest due to its potential health risk and its
direct effect on human productivity. The overall indoor environment quality depends on the contribution of both
the indoor and the outdoor air quality. The outdoor air pollutants penetrate indoor environments through
mechanical and natural ventilation as well as by infiltrations through cracks and leaks in building’s envelope.
The interaction between the indoor and outdoor air may be studied by the air exchange rate. One of the most
useful techniques to measure the air exchange rate is the tracer gas technique namely the metabolic CO 2 decay
tracer gas technique. In this technique, the outdoor CO2 concentration is usually considered constant, while in
reality it follows a daily cycle. The possibility of modelling this daily cycle is fundamental to reduce the
uncertainty in the calculation of air exchange rate and for a better understanding of the indoor/outdoor
relationships. A better model of the outdoor air pollution, its sources and diffusion will have positive
repercussion on indoor air quality modelling.
This study aims to determine the changes in ambient CO2 concentration throughout the day depending on the
weather conditions in a building situated in Horst, The Netherlands. In line with this purpose, the CO2
concentration was measured inside and outside an office building in an urban location during a 2-year period.
Meteorological observations and outdoor CO2 concentration were obtained from a weather station set in the
building roof and atmospheric stability parameters were consulted in NOAA database. The variations and
correlations of the outdoor CO2 concentration against various outdoor meteorological factors, namely
temperature, dew point, relative humidity, barometric pressure, wind speed and direction, precipitation and solar
irradiation were studied. It is found through statistical regression techniques that ambient CO2 concentration is
negatively correlated with temperature, wind speed, wind speed gust and radiation. The correlation of the
relative humidity, dew point and precipitation with the ambient CO2 concentration is not so clear because the
moisture content in the air is related to the air temperature and has different effects in the vegetation. It was
confirmed a relationship where ambient CO2 concentration decreases with the planetary boundary depth, the
vertical mixing coefficient, downward shortwave radiation and Pasquill stability index. All these parameters
increase the turbulence augmenting the diffusion of CO2 in the atmosphere. On the other hand, the pressure has
local and regional effects on the winds regime. It can change local winds and therefore the local shear stress and
the turbulence. On the other hand, it can also modify regional winds that can advect air masses with different
properties that change the ambient CO2 concentration.

KEYWORDS
tracer gas method, air infiltration, atmospheric CO2, Meteorological conditions

1

INTRODUCTION

Nowadays, most of the people spend almost the 90% of their time indoors. This fact increases
the interest in indoor air quality. According to Carmichael (Carmichael,2004), air quality can
be defined as follows: “chemical state of the indoor and ambient atmosphere including
constituents that pose a risk to health, those which may alter visibility and any other aspects
of the chemical state of the atmosphere that have a high impact on human activities or the
environment.” Almost all studies found that poor indoor air quality can easily affect the
productivity in a workplace. The poor indoor air quality has a strong and direct correlation
with increased sick leave, increased number of mistakes, of complaints and of accidents at the
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workplace. (Mahbob N. S. et al., 2011). Also, decision-making and work performance
decrease when the pollutants and CO2 concentrations increase (Satish U. et al., 2012).
The indoor environmental quality is the outcome of the indoor pollutant sources and the
infiltration and input by ventilation of outdoor air pollution (Chun Chen, 2011; Leung, 2015).
Some indoor sources are occupants, cleaning and cooking. The existence of these sources
makes the indoor air more polluted than the outdoor air. This justifies the need for ventilation.
It can take place through three different mechanisms: mechanical ventilation, natural
ventilation, and infiltration. The tracer gas method is a commonly used process to monitor the
rate of air exchange. This method involves injecting a trace of gas into an area and, as, its
evolution shows the air flow, therefore it gives the rate of ventilation. A tracer gas habitually
used is the metabolic CO2 generated by the occupants, as it is safe (non-flammable, non-toxic,
non-allergic ...), non-reactive, measurable, well mixed in the air and evenly distributed in the
space as people are distributed all over the study space (Hänninnen, 2012). The CO2 in the
ambient is assumed to be in a background concentration which is stable and steady so the
injection of the CO2 in high concentration is easily measured (Sherman, 1990). But the
ambient CO2 concentration levels vary during the day, present usually a minimum level in the
early afternoon and a maximum level in the early morning. The peak-to-peak amplitude
fluctuates from 50 ppm to 200 ppm. This fluctuation is according to the behaviour of sources,
mainly vegetation and traffic. The climate factors, as could be geography, air composition, air
evolution and the interaction between them can modify the diurnal cycle. Previous research
has addressed several aspects of the effects of meteorology conditions on ambient CO2
concentration:




the sources, vegetation and traffic, are the first elements in shaping the
concentration of ambient CO2 depending on the climate conditions (Sreenivas,
2016; Xueref-Remy, 2016);
the evolution and intensity of the atmospheric boundary layer are also aspects
widely discussed, for example by de Wekker (de Wekker, 2009) or Huang
(Huang, 2015);
and wind patterns are studied by Jiang (Jiang, 2016) and Strong (Strong, 2011).

This paper describes the research into the relationship of outdoor CO2 concentration under
different meteorological conditions. The following meteorological parameters were monitored
in an attempt to study their effects on the outdoor CO2 concentration: air temperature, dew
point, barometric pressure, relative humidity, precipitation, wind speed, wind direction and
solar irradiation. Atmospheric stability and diffusion parameters were collected from the
NOAA database.
2
2.1

MATERIALS AND METHODS
Theoretical formulation

The tracer gas techniques are based on the fundamental mass balance equation for the fully
mixed gas in the investigated volume.
dC
dt

= E + λCext − λC

(1)

Where C is CO2 concentration in the room (mg·m−3); E is CO2 emission rate of indoor
sources (mg·h−1m-3); λ is the air exchange rate (h-1); Cext is the outdoor CO2 concentration
(mg m-3). Experimentally this technique consists in release uniformly metabolic CO2 in a
close space until the maximum level is reached. Once there is no emission, unoccupied space,
the CO2 will be diluted by outdoor air with lower concentration values. In this case, the
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evolution of the indoor CO2 concentration has an exponential behaviour described by the Eq.
2. The evolution of the indoor CO2 concentration during the whole experiment is illustrated in
figure 1.
C(t) − Cequi = (C0 − Cequi )e−λt

(2)

Where C(t) is the instant concentration in the room (mg·m−3); Cequi is the equilibrium
concentration that in the CO2 decay tracer method equals to the outdoor concentration
(mg·m−3); C0 is the initial concentration (mg·m−3); λ is the air change rate (h-1); t is the time
(h).
This method assumes that the equilibrium concentration, in this case, the outdoor CO2
concentration is constant. However, the outdoor CO2 concentration follows a diurnal cycle as
it is studied in the consecutive sections.

Figure 1: Indoor CO2 concentration during a day in an occupied space.

2.2

Experimental site description

The study site is the Horst aan de Maas Town Hall building in the province of Limburg,
south-eastern of Netherlands, (51.45N 6.05E, elevation 26m) located in the centre of the city.
It is an administrative building surrounded by residential houses with gardens and parks (Fig.
2). The climate is a mild temperate fully humid climate with warm summers. The average
annual temperature is 10.5ºC. Over the course of the year, the temperature typically varies
from 3ºC to 19ºC and is rarely below -5ºC or above 30ºC. Average monthly temperatures vary
by 10ºC. Horst has mostly partly-cloudy days in summer, and overcast skies during winters.
Average annual rainfall amounts to 559 mm and raining approximately the same, 37 mm per
month, throughout the year. The relative humidity is high, with an average annual of 81%.
The average wind speed is 13 Km/h, with prevailing string winds from southwest in autumn
and winter, and calm winds during spring and summer.
2.3

Measurements and Data Processing

The outdoor station measures the following parameters: air temperature, relative humidity,
barometric pressure, wind speed and direction, solar irradiance, CO2 concentration, particle
matter PM10, PM2.5 and PM1.0. The anemometer and the pyrometer are mounted on poles at
5m over roof level. The sensors produce raw data each 0.1s, of which a 5 min average is
calculated. For the purpose of reducing random noise, the signal of the different
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meteorological parameters and the atmospheric CO2 concentration was filtered using a 1-D
median filtering and a Savitzky-Golay FIR filter with frame length of 6 hours.

Figure 2: Map of Horst, town hall highlighted in yellow.

The stability parameters were downloaded from the dataset GDAS (Global Data Assimilation
System) from NOAA (National Oceanic & Atmospheric Administration) database which has
an output time step of 3 hours and a resolution of 0.5º.
The data used are almost two years, from April 19, 2016 to February 18, 2018. In order to
estimate relationships between the outdoor CO2 concentration and the different
meteorological conditions, linear regression was performed, calculating the R-square
coefficient. In the section that follows, the results obtained will be discussed.
3

RESULTS AND DISCUSSION

The time evolution of the atmospheric CO2 concentration during August 2017 is presented in
Fig. 2. It is shown only a month in order to appreciate the diurnal cycle. Atmospheric CO2
concentration varies most days, as a result of photosynthesis- respiration cycle of vegetation
and traffic emissions. The diurnal peak-to-peak amplitude can vary from 50 ppm to 200 ppm.

Figure 3: Outdoor CO2 concentration during August 2017.

To understand this behaviour, the correlation between the concentration of atmospheric CO2
and the different meteorological parameters is studied. These correlations are analysed by
calculating the Pearson coefficient and R-squared percentage. The results of the correlational
analysis are summarised in Table 1. According to the R-square percent, the variation of the
atmospheric CO2 concentration is due mainly to the variations in temperature, wind speed, the
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friction velocity and the specific humidity. The R-square percent shown in the table do not
add up to 100% since the variables studied are not independent of each other. For example,
high insolation leads to an increase in the temperature of the air that increases the thermal
turbulence and with it the atmospheric instability.
High temperatures increase the convection of the air next to the soil improving the dilution of
CO2 in the air and thus reducing its concentration. This is reflected in the negative correlation
coefficient.
Strong winds and high wind shear, measured by the friction velocity, develop mechanical
turbulence. More mechanical turbulence mixes better the CO2 in the air and reduces its levels.
During storms, stronger winds blow and there are stronger shears developing mechanical
turbulence that boosts the dispersion of CO2. While sunny windless days bring less shear and
higher CO2 concentrations.
In summary, most of the variations of the diurnal cycle of the atmospheric CO2 concentration
can be explained by the intensity of the mechanical or thermal turbulence, that is, the
atmospheric stability.
Table 1: Pearson Coefficient and R-square percentage between different meteorological parameters and
atmospheric CO2 concentration.
Parameters

Pearson
Coef.
-0.886
0.165
-0.588
-0.108
-0.672
-0.437
-0.547
-0.417

Temperature
Pressure
Spec. Humidity
Precipitation
Wind Speed
Wind direction
Latent heat
Sensible heat

R-square
%
78
3
35
1
45
19
30
17

Parameters
Friction velocity
Roughness height
Solar Radiation
Atm. Boundary layer height
Cloud cover
Vertical diffusive coef.
Horizontal diff. coef.
Pasquill Stability index

Pearson
Coef.
-0.604
-0.352
-0.506
-0.341
-0.277
-0.212
-0.183
-0.246

R-square
%
37
12
26
12
8
5
3
6

C(CO2) (ppm)

Other variables that influence the concentration of atmospheric CO2 to a lesser extent are
those related to water in the atmosphere. Its relationship with the concentration of CO2 is
more complex. Humidity boosts photosynthesis absorbing more CO2. In dry days the
atmospheric CO2 levels are higher (Fig. 4). The latent heat represents the loss of energy from
the surface due to evaporation. High latent heat flow means more heat into the atmosphere
increasing the thermal mixing. In general, the overcast sky paralyzes the photosynthesisrespiration cycle of the vegetation and stops the release of CO2 (Fig. 5). As shown in figure 4
the CO2 cycle is better defined during clear sky days.
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Figure 4: Specific humidity vs atmospheric CO2 concentration.

201 | P a g e

CLDcover, % - C(CO2), ppm

C(CO2) ppm

CLDcover (PCT)

700
600
500
400
300
200
100
0

Time (dd-mm)

Figure 5: Time evolution of atmospheric CO2 concentration and cloud cover percentage between March 10, 2017
and April 9, 2017.

The maxima and minima can be more marked thanks to the effect of regional winds. These
winds can bring to the town masses of polluted air that raise the maximum. Or on the
contrary, they can bring clean air that prevents the rise of CO2 levels and cause a more
pronounced minimum. The trajectories of the masses arriving at the lowest minimum episode
can be seen in Fig.6. Strong winds of 32 km/h blow the polluted air to the North. This effect
explains the lower minima during these overcast days. These graphs were developed using the
HYSPLIT model (Hybrid Single Particle Lagrangian Integrated Trajectory) from NOAA’s
webpage based on GDAS dataset (Stein, 2015) and by Cameron Beccario based on GEOS-5
(Goddard Earth Observing System) and CAMS (Copernicus Atmosphere Monitoring System)
dataset.

Figure 6: Models based in GDAS dataset, day March 31, 2017: (left) CO2 concentration and wind, high
concentrations are blown to the North by strong winds, (right) trajectories of air masses arriving to Horst,
altitude: red: 100m, blue: 500m, green: 1000m

4

CONCLUSIONS

It is found that the atmospheric CO2 concentration has a diurnal cycle due to the behaviour of
its sources. In our study the traffic emissions are neglected as the maxima are just before
sunrise indicating that no more Co2 is released once the photosynthesis begins. The diurnal
cycle is amplified by some meteorological conditions, especially those related to mechanical
and thermal turbulence and wind regimes. Other meteorological parameters like pressure or
precipitation and cloud cover seem either to have little effect or that their effects are subdued
by the dominant ones. Their effects are assuming to be important only in singular occasions.
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This study is based on the assumption that the atmospheric CO2 concentration is linearly
correlated with these meteorological parameters. This assumption is based on mathematical
simplicity and previous literatures and experience (Garcia-Talavera et al., 2001). Obviously,
further measurements for longer periods and work on rigorous modelling of the outdoor CO2
concentration relationship with any parameters must be carried out in future.
This work merely represents the first attempt to accomplish a more profound knowledge of
indoor air quality and its relationship with weather conditions.
5
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SUMMARY
In 2017, the Air Infiltration and Ventilation Centre (AIVC) identified smart ventilation for buildings as a new
and important topic to be addressed. One of the tasks was to agree on a definition of smart ventilation, which
was published in March 2018. The purpose of this presentation is to explain and illustrate the smart ventilation
definition by AIVC.
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1. CONTEXT
In March 2017, the AIVC (Air Infiltration and Ventilation Centre) Board identified smart
ventilation for buildings as a new and important topic to be addressed.
Several actions were defined by AIVC Board about smart ventilation in order to exchange and
disseminate information. A working group of AIVC experts from several countries was
created (see section 2).
One of the identified tasks was to agree on a definition of smart ventilation. This definition
was published in March 2018 by AIVC (Durier, Carrié, Sherman, 2018).
2. DEFINITION
The definition of smart ventilation by AIVC is as follows:
"Smart ventilation is a process to continually adjust the ventilation system in time, and
optionally by location, to provide the desired IAQ benefits while minimizing energy
consumption, utility bills and other non-IAQ costs (such as thermal discomfort or noise).
A smart ventilation system adjusts ventilation rates in time or by location in a building to be
responsive to one or more of the following: occupancy, outdoor thermal and air quality
conditions, electricity grid needs, direct sensing of contaminants, operation of other air
moving and air cleaning systems.
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In addition, smart ventilation systems can provide information to building owners, occupants,
and managers on operational energy consumption and indoor air quality as well as signal
when systems need maintenance or repair.
Being responsive to occupancy means that a smart ventilation system can adjust ventilation
depending on demand such as reducing ventilation if the building is unoccupied.
Smart ventilation can time-shift ventilation to periods when a) indoor-outdoor temperature
differences are smaller (and away from peak outdoor temperatures and humidity), b) when
indoor-outdoor temperatures are appropriate for ventilative cooling, or c) when outdoor air
quality is acceptable.
Being responsive to electricity grid needs means providing flexibility to electricity demand
(including direct signals from utilities) and integration with electric grid control strategies.
Smart ventilation systems can have sensors to detect air flow, systems pressures or fan energy
use in such a way that systems failures can be detected and repaired, as well as when system
components need maintenance, such as filter replacement."
The purpose of this presentation is to explain and illustrate this various parts of this smart
ventilation definition.
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ABSTRACT
In order to better address energy and indoor air quality issues, ventilation needs to become smarter. A key smart
ventilation concept is to use controls to ventilate more at times it provides either an energy or IAQ advantage (or both)
and less when it provides a disadvantage. This would be done in a manner that provides improved home energy and
IAQ performance, relative to a “dumb” base case. A favorable context exists in many countries to develop smart
ventilation strategies. As a result, DCV systems are largely and easily available on the market, with more than 20-30
DCV systems approved and available in countries such as Belgium, France and the Netherlands. This paper proposes
a literature review on smart ventilation used in residential buildings, developing the energy and indoor air quality
performances. Analysis of 38 studies with various smart ventilation systems based on CO2-, humidity-, combined
CO2- and TVOC-, occupancy-, outdoor temperature-controlled ventilation and smart ventilation strategies, shows that
ventilation energy savings up to 60% could be obtained without compromising, and sometimes improving, IAQ. But
that sometimes worst performances were obtained with an order of magnitude of energy savings between -26% and
+60%.
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Ventilation, indoor air quality, performance, residential buildings, demand-controlled ventilation, review

1.

BACKGROUND

Through updates to California building codes, California is leading the way in reducing energy use in
residential buildings, and is even on the way to mandating zero net energy homes. This is also the case in
other municipalities, in Europe, for example, which has issued the energy performance building directive
(European Parliament, 2010). Such energy-efficient homes require rethinking their ventilation strategies,
because of ventilation’s substantial impact on the heat balance and associated conditioning energy in homes.
For these high-performance homes, envelope airtightness treatment becomes crucial (Erhorn et al., 2008)
and should be combined with efficient ventilation technologies.
Indoor air quality is another major area of concern in buildings and is influenced by ventilation. Because
people spend 60–90% of their life in indoor environments (homes, offices, schools, etc.), indoor air quality
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is a major factor affecting public health (Klepeis et al., 2001; European Commission 2003; Brasche and
Bischof, 2005; Zeghnoun et al., 2010; Jantunen et al., 2011). (Logue et al., 2011b) estimated that the current
damage to public health in disability-adjusted life years (μDALY) per person per year from all sources
attributable to IAQ, excluding second-hand smoke and radon, was in the range between the health effects
of road traffic accidents (4,000 μDALY/p/yr) and heart disease from all causes (11,000 μDALY/p/yr). By
way of comparison, this means that, according to the World Health Organization (WHO, 2014), 99,000
deaths in Europe and 81,000 in the Americas were attributable to household (indoor) air pollution in 2012.
Health gains in Europe (EU-26) attributed to effective implementation of the energy performance building
directive, which includes indoor air quality issues, have been estimated at more than 300,000 DALYs per
year.
As a result, interest in a new generation of ventilation systems has been growing. “Smart ventilation”
strategies, including demand-controlled ventilation (DCV), usually denote the use of controls to ventilate
more when doing so provides an energy or IAQ advantage (or both) and less when it provides a
disadvantage, relative to a “dumb” base case. DCV strategies have been considered in the literature
(Laverge et al., 2011) as a cost/energy and IAQ measure, including in existing buildings. DCV strategies
have the potential for energy reductions for all ventilation systems.
A favorable regulatory context exists in many countries to develop such strategies (Guyot et al., 2017).
Consequently, more than 20 DCV systems with an agreement are available in countries such as Belgium,
France and the Netherlands.

2.

SMART VENTILATION

The key smart ventilation concept is to use controls to ventilate more at times it provides either an energy
or IAQ advantage (or both) and less when it provides a disadvantage. The fundamental goal of this concept
is to reduce ventilation energy use and cost while maintaining or improving IAQ relative to a continuously
operating system (Durier et al., 2018).
Demand-controlled ventilation (DCV)
The DCV concept is a specific subset of smart ventilation. DCV systems generally use indicators of demand
for ventilation, such as excess CO2 or humidity, to control a ventilation system. Such strategies have been
widely used in the scientific literature and in materials associated with the technologies available over the
past 30 years. Several types of DCV are currently available in the literature and on the market depending
on the type of building regulation, the type of sensing combinations, and the types of control algorithms.
For instance in Belgium (Caillou et al., 2014b; Moniteur Belge, 2015), DCV systems have been classified
according to measured IAQ-related parameters such as CO2, relative humidity, occupancy; type of space(s)
(humid and/or dry); local vs. centralized control; sensor location (distributed vs. central), and airflow
direction (exhaust only, supply only, balanced).
Residential Integrated Ventilation-Energy Controller (RIVEC)
With the Residential Integrated Ventilation-Energy Controller (RIVEC), the LBNL has more recently been
developing another subset of smart ventilation. It was developed in order to control fans to minimize energy
use (Sherman and Walker, 2011; Walker et al., 2011; Turner and Walker, 2012; Walker et al., 2014). This
smart ventilation concept uses the equivalent ventilation principle (Sherman, 2004) to allow for modulation
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of ventilation airflows in response to several factors, including outdoor conditions, utility peak loads,
occupancy, and operation of other air systems. Equivalent exposure compares the exposure for the system
being evaluated to that from a continuous ventilation system (assuming a continuously generated pollutant).
This generic approach allows for any smart ventilation strategy to have real-time control by targeting a
relative exposure of unity. This has been integrated into ASHRAE Standard 62.2 (ANSI/ASHRAE,
2013,2016) as an optional compliance path. This concept was further developed (Sherman et al., 2011) to
be applied under a variety of ventilation rates, emission rates, and the evaluation periods for the dose of
pollutants.
Conclusion
In smart ventilation strategies, the type of measurements used can also depend strongly on the quantity
being measured (CO2, RH, pollutants, occupancy), the type of measuring technology, the type of spaces
(humid and/or dry), the type of airflow control (mechanical or electronic inlet and outlet cross-sectional
area, direct control of the fan speed, or control of dampers). The type of control algorithm (for example, the
value of the set-points and the rules for control between set-points) is also an important topic that can have
a substantial impact on IAQ and energy performance.

3.

REVIEW PROCEDURE

In this paper, we analyzed field and modeling studies on energy and/or IAQ benefits of residential smart
ventilation from 1979 to 2016. The summaries presented above are instructive and provide a valuable
resource to initiate the current work even though many of the summarized studies are for non-residential
buildings.
As part of the International Energy Agency Annex 18, (Raatschen, 1990) reviewed 31 papers from 1979 to
1989, including four studies on implementation of DCV systems in homes (Anon, 1983; Barthez and
Soupault, 1984; Nicolas, 1985; Sheltair scientific Ltd., 1988). A further review (Fisk and De Almeida,
1998) on sensor-based demand-controlled ventilation combined 13 other papers from Annex 18 including
six case studies on implementation of DCV systems in homes (Mansson, 1993), together with 15 additional
papers published before 1997, including only one on a residence (Kesselring et al., 1993). The vast majority
of these studies considered only relative humidity-based control, and in some rare cases CO2-based control.
A recent review of sustainable, energy-efficient and healthy ventilation strategies in buildings (Chenari et
al., 2016) devoted a large section to DCV systems, including 15 additional papers from 2004 to 2013. Four
of these concern smart ventilation in residential buildings (Jreijiry et al., 2007; Laverge et al., 2011; Nielsen
and Drivsholm, 2010; Pavlovas, 2004). Between these three existing reviews there are 15 papers on smart
ventilation, all DCV, in residential buildings.
In the present review, we analyzed 23 additional studies of interest on residential smart ventilation: 13 cover
various smart ventilation systems based either on CO2 control or on humidity control; one presents a
combined CO2- and TVOC-controlled ventilation system; three study occupancy-based smart ventilation
systems; three study outdoor temperature-controlled smart ventilation; and three concern other smart
ventilation strategies based on the RIVEC.
The results of these 38 studies are summarized in a table at the end of the article. We must stress that it is
very difficult to compare performance results between different studies, for at least four reasons:
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1- Differences in the types of smart ventilation strategies used: there is often a lack of precise data on
the type and location of sensors, the method of air flow regulation and the type of ventilation
system.
2- A lack of information on the conditions of the studies (climate, occupancy, energy performance
level, range of ventilation rates, building materials emission and absorption characteristics). A
study can give poor results for given conditions, but this does not necessarily mean that the
ventilation system is bad.
3- Differences in measuring IAQ-related parameters: there is neither a single parameter or set of
parameters common in these studies, nor a universal method to calculate the indicators. There are
often differences on the metrics used to evaluate the IAQ parameters. For instance, the average CO2
concentration is often given without information on either the location of the measurement (which
room) or the averaging time used (1 day, 1 week, 1 year).
4- Differences in reference cases: reference cases, including reference airflow rates, are different in
each standard or code to which each building regulation refers.
Despite these differences it was possible to find commonalities and derive general guidance from the
reviewed papers.

4.

OVERVIEW OF THE REVIEWED LITERATURE

A summary table is provided (Guyot et al., 2018) containing IAQ and energy performance in all the
reviewed papers and studies. We give here an overview of the type of smart ventilation being studied in
the literature.
Historically, humidity and CO2 have been used as indictors of IAQ and therefore used to control DCV
systems. Humidity is one of the prioritized pollutants of concern (Borsboom et al., 2016). CO2 is often used
in DCV strategies, not to prevent negative health effects directly attributed to it, but because it can be
representative of other parameters such as concentrations of bio-effluents (Zhang et al., 2016) or ventilation
rates. The only health threshold on which several studies converge is an exposure of 10,000 ppm for 30
min, corresponding to respiratory acidosis for a healthy adult with a modest amount of physical load
(ANSES 2013), far from concentrations observed in indoor environments. Nevertheless, CO2 exposure has
often been used in the literature, describing a time-integrated concentration. As a result, most of the
literature includes CO2 and humidity controlled ventilation.
Some other smart ventilation strategies are based on other pollutants, occupancy, or outdoor temperature.
More recently concerns about constantly emitted pollutants (e.g., VOCs including formaldehyde) mean that
occupant-only-related indicators may be considered inadequate to control smart ventilation strategies.
The performance of occupancy-based smart ventilation systems has been demonstrated in some modeling
and field studies. The performance of outdoor temperature-controlled smart ventilation systems as well,
sometimes in conjunction with hybrid ventilation systems.
Other control strategies for smart ventilation systems were also studied during the development of the
RIVEC (Sherman and Walker, 2011). This update to their previous work consisted of an intermittent
ventilation strategy controlled by the operation of other air devices in the house and with a switch-off during
the 4-h period of peak energy demand.
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Lastly, another aspect of smart ventilation is that it is designed to control exposure to outdoor pollutants –
typically particles and ozone.

5.

CONCLUSIONS AND OBSERVATIONS

With smart ventilation strategies, including demand-controlled ventilation (DCV) strategies, the concept
consists in using controls to ventilate more at times when it provides either an energy or IAQ advantage (or
both) and less when it provides a disadvantage. This can be done in a manner that provides improved home
energy and IAQ performance. A favorable regulatory context exists in many countries to develop such
strategies. As a result, more than 20 DCV systems with an agreement are available in countries such as
Belgium, France and the Netherlands.
This article begins to address the fact that under the umbrella of “CO2-based DCV systems” or “humiditybased DCV systems” or “smart ventilation systems,” there can be a wide variety of systems and strategies,
with differences in the type of sensors, type of regulations, type of control algorithms, etc. To correctly
analyze the performance of such systems, it is also very important to clearly define them and give a precise
description of how they work.
Through this meta-analysis of 38 studies of various smart ventilation systems with control based on CO2,
humidity, combined CO2 and TVOCs, occupancy, outdoor temperature, or other control strategies, we
learned that:
‐

‐
‐

demand-controlled ventilation based on CO2 or humidity is well established in some countries with
standardized performance calculation procedures and readily available controls and ventilation
systems;
there is clearly a potential for improved indoor air quality using smart ventilation strategies;
significant energy savings up to 60% can be obtained, with less favorable results including 26%
overconsumption in some cases.

The low number of studies reviewed, 38 since 1983, suggests that smart ventilation is still an emerging
technology. In this review highlighting the lack of data on ventilation strategies controlled by other
parameters than humidity or CO2, we identified issues that require greater understanding:
‐
‐

‐

What are the relevant pollutants to sense for residential ventilation control and can we sense them
with sufficient accuracy and reliability for control?
Can we ignore building and materials pollutants when homes are unoccupied? Can we ignore
outdoor pollutants? Current regulations and the demand-controlled ventilation systems reviewed
do not account for these effects.
Can we reliably detect occupancy so as to realize the potential savings?

As a perspective for the future for real-time controllers like RIVEC compared with current DCV
approaches, we would also suggest research in those areas, in order to:
‐
‐

develop better indoor air quality metrics for residential ventilation control including the use of
accurate and reliable sensing devices;
better understand the differences between contaminant sources between occupied and unoccupied
dwellings;
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‐

include air cleaning in ventilation controls.

The present review paper is a short version of (Guyot et al., 2018) and part of the project called “Smart
Ventilation Advanced for Californian Homes” (SVACH) further developed in the Lawrence Berkeley
National Laboratory (LBNL) report (Guyot et al., 2017). This report addresses several aspects of smart
ventilation: the suitability of various environmental variables for use as inputs in smart ventilation
applications, the availability and reliability of the sensors used to measure these variables, a description of
relevant control strategies, an overview of the regulations and standards proposing “equivalence methods”
in order to promote the use of smart ventilation strategies, the available systems on the market in different
countries, and a summary of ongoing developments in research areas related to ventilation, including IAQ
metrics and feedback from on-site implementations.

6.

ACKNOWLEDGEMENTS

Funding was provided by the U.S. Dept. of Energy under Contract No. DE-AC02-05CH11231 and
the CEC under the contract No. EPC-15-037 and Aereco SA by the Contrat No. FP00003428. The
contribution of Cerema is funded by the French Ministries in charge of sustainable development,
transport and urban planning, and by the Région Auvergne-Rhône-Alpes. The sole responsibility
for the content of this publication lies with the authors.
7. REFERENCES
Afshari, A., Bergsøe, N.C., 2003. Humidity as a Control Parameter for Ventilation. Indoor Built
Environ. 12, 215–216. https://doi.org/10.1177/1420326X03035163
Air H, 2010. Deux années de mesure de la VMC hygroréglable de type B dans 31 logements
occupés répartis sur deux sites en France - Dossier de presse du projet Performance (Projet
PREBAT ADEME).
Anon, 1983. Humidity-controlled ventilation. Un nouveau principe de ventilation mecanique - la
ventilation hygroreglable. Chaud Froid Plomb. 37, p.107-109.
ANSES, 2013. Concentrations de CO2 dans l’air intérieur et effets sur la santé - Avis de l’Anses
- Rapport d’expertise collective, Édition scientifique.
ANSI/ASHRAE, 2013. ASHRAE Standard 62.2 « Ventilation and acceptable indoor air quality in
residential buildings ».
Barthez, M., Soupault, O., 1984. Control of Ventilation Rate in Building Using H2O or CO2
Content, in: Ehringer, H., Zito, U. (Eds.), Energy Saving in Buildings. Springer
Netherlands, pp. 490–494. https://doi.org/10.1007/978-94-009-6409-9_61
Bernard, A.-M., 2009. Performance de la ventilation et du bâti - Phase 3 - Performance énergétique
et QAI des systèmes hygroréglables (Projet PREBAT ADEME).
Borsboom, W., De Gids, W., Logue, J., Sherman, M., Wargocki, P., 2016. TN 68: Residential
Ventilation and Health, AIVC Technical Note 68.
Brasche, S., Bischof, W., 2005. Daily time spent indoors in German homes--baseline data for the
assessment of indoor exposure of German occupants. Int. J. Hyg. Environ. Health 208,
247–253. https://doi.org/10.1016/j.ijheh.2005.03.003
Caillou, S., Heijmans, N., Laverge, J., Janssens, A., 2014b. Méthode de calcul PER: Facteurs de
réduction pour la ventilation à la demande.

212 | P a g e

Durier, F., Carrié, F.R., Sherman, M., 2018. VIP 38: What is smart ventilation? AIVC.
Erhorn, H., Erhorn - Kluttig, H., Carrié, F.., 2008. Airtightness requirements for high performance
buildings, in: 29th AIVC Conference. Presented at the Advanced building ventilation and
environmental technology for addressing climate change issues, Kyoto, Japan.
European Commission, 2003. Communiqué de presse - Indoor air pollution: new EU research
reveals higher risks than previously thought.
European Parliament, 2010. DIRECTIVE 2010/31/EU OF THE EUROPEAN PARLIAMENT
AND OF THE COUNCIL of 19 May 2010 on the energy performance of buildings
(recast).
Fisk, W.J., De Almeida, A.T., 1998. Sensor-based demand-controlled ventilation: a review.
Energy Build. 29, 35–45. https://doi.org/10.1016/S0378-7788(98)00029-2
Guyot, G., Sherman, M., Walker, I.S., 2017. Residential smart ventilation: a review. LBNL Report.
Guyot, G., Sherman, M.H., Walker, I.S., 2018. Smart ventilation energy and indoor air quality
performance in residential buildings: A review. Energy Build. 165, 416–430.
https://doi.org/10.1016/j.enbuild.2017.12.051
Hesaraki, A., Holmberg, S., 2015. Demand-controlled ventilation in new residential buildings:
Consequences on indoor air quality and energy savings. Indoor Built Environ. 24, 162–
173. https://doi.org/10.1177/1420326X13508565
Homod, R.Z., Sahari, K.S.M., 2013. Energy savings by smart utilization of mechanical and natural
ventilation for hybrid residential building model in passive climate. Energy Build. 60, 310–
329. https://doi.org/10.1016/j.enbuild.2012.10.034
Jantunen, M., Oliveira Fernandes, E., Carrer, P., Kephalopoulos, S., European Commission,
Directorate General for Health & Consumers, 2011. Promoting actions for healthy indoor
air (IAIAQ). European Commission, Luxembourg.
Jreijiry, D., Husaunndee, A., Inard, C., 2007. Numerical study of a hybrid ventilation system for
single
family
houses.
Sol.
Energy
81,
227–239.
https://doi.org/10.1016/j.solener.2006.03.013
Kesselring, J.P., Koontz, M.D., Cade, D.R., Nagda, N.L., 1993. Evaluation of residential
ventilation controller technology, in: Proceedings of 'Indoor Air “93”, The 6th International
Conference on Indoor Air Quality and Climate". Finland, Helsinki, p. pp 73-78.
Klepeis, N.E., Nelson, W.C., Ott, W.R., Robinson, J.P., Tsang, A.M., Switzer, P., Behar, J.V.,
Hern, S.C., Engelmann, W.H., 2001. The National Human Activity Pattern Survey
(NHAPS): a resource for assessing exposure to environmental pollutants. J. Expo. Anal.
Environ. Epidemiol. 11, 231–252. https://doi.org/10.1038/sj.jea.7500165
Krus, M., Rösler, D., Holm, A., 2009. Calculation of the primary energy consumption of a supply
and exhaust ventilation system with heat recovery in comparison to a demand-based
(moisture-controlled) exhaust ventilation system, in: 30th AIVC Conference “ Trends in
High Performance Buildings and the Role of Ventilation.” Berlin, Germany.
Laverge, J., Van Den Bossche, N., Heijmans, N., Janssens, A., 2011. Energy saving potential and
repercussions on indoor air quality of demand controlled residential ventilation strategies.
Build. Environ. 46, 1497–1503. https://doi.org/10.1016/j.buildenv.2011.01.023
Less, B., Walker, I., Tang, Y., 2014. Development of an Outdoor Temperature-Based Control
Algorithm for Residential Mechanical Ventilation Control. Ernest Orlando Lawrence
Berkeley National Laboratory, Berkeley, CA (US).

213 | P a g e

Logue, J.M., Price, P.N., Sherman, M.H., Singer, B.C., 2011b. A Method to Estimate the Chronic
Health Impact of Air Pollutants in U.S. Residences. Environ. Health Perspect. 120, 216–
222. https://doi.org/10.1289/ehp.1104035
Mansson, L.G., 1993. IEA Annex 18. Demand Controlled Ventilation Systems: Case Studies,
Document. Swedish Council for Building Research, Stockholm, Sweden.
Moffat, P., Moffat, S., Cooper, K., 1991. Demand-controlled ventilation - final report. canadian
Mortgage and Housing corporation, Ottawa, Canada.
Moniteur Belge, 2015. Arrêté ministériel déterminant les valeurs du facteur de réduction pour la
ventilation visé à l’annexe A1 de l’ arrêté du Gouvernement wallon du 15 mai 2014 portant
exécution du décret du 28 novembre 2013 relatif à la performance énergétique des
bâtiments.
Mortensen, D.K., Nielsen, T.R., 2011. System Design for Demand Controlled Ventilation in MultiFamily
Dwellings.
Int.
J.
Vent.
10,
205–216.
https://doi.org/10.1080/14733315.2011.11683949
Mortensen, D.K., Walker, I.S., Sherman, M.H., 2011. Optimization of occupancy based demand
controlled ventilation in residences. Int. J. Vent. 10, 49–60.
Nicolas, C., 1985. Analysis of a humidity-controlled ventilation system. Evaluation des
performances d’une ventilation hygromodulante., in: Proceedings of the CLIMA 2000
World Congress on Heating, Ventilating and Air-Conditioning, Indoor Climate. P O
Fanger, Copenhagen, pp. p339-343.
Nielsen, J., 1992. A new ventilation strategy for humidity control in dwellings., in: 13th AIVC
Conference “Ventilation for Energy Efficiency and Optimum Indoor Air Quality”,. Nice,
France,.
Nielsen, J., Ambrose, I., 1995. A new ventilation strategy for humidity control in dwellings - a
demonstration project., in: 16th AIVC Conference “Implementing the Results of
Ventilation Research”,. Palm Springs, USA,.
Nielsen, T.R., Drivsholm, C., 2010. Energy efficient demand controlled ventilation in single
family
houses.
Energy
Build.
42,
1995–1998.
https://doi.org/10.1016/j.enbuild.2010.06.006
Parekh, A., Riley, M., 1991. Performance analysis of demand controlled ventilation system using
relative humidity as sensing element., in: 12th AIVC Conference “Air Movement and
Ventilation Control within Buildings.” Ottawa, Canada.
Pavlovas, V., 2004. Demand controlled ventilation: A case study for existing Swedish multifamily
buildings.
Energy
Build.,
REHVA
Scientific
36,
1029–1034.
https://doi.org/10.1016/j.enbuild.2004.06.009
Raatschen, W., 1990. IEA Annex 18. Demand controlled ventilating system: state of the art review,
Document. Swedish Council for Building Research, Stockholm, Sweden.
Seong, N.C., 2010. Energy Requirements of a Multi-Sensor Based Demand Control Ventilation
System In Residential Buildings, in: 31st AIVC Conference “ Low Energy and Sustainable
Ventilation Technologies for Green Buildings”,. Seoul, Korea,.
Sheltair scientific Ltd., 1988. Preliminary Results of “Evaluation of the Aereco ventilation system
in the VIS Residence.” For Canadian Home Builders association, Vancouver, Canada.
Sherman, M.H., 2004. Efficacy of intermittent ventilation for providing acceptable indoor air
quality (No. LBNL--56292, 834643).

214 | P a g e

Sherman, M.H., Mortensen, D.K., Walker, I.S., 2011. Derivation of equivalent continuous dilution
for cyclic, unsteady driving forces. Int. J. Heat Mass Transf. 54, 2696–2702.
https://doi.org/10.1016/j.ijheatmasstransfer.2010.12.018
Sherman, M.H., Walker, I.S., 2011. Meeting residential ventilation standards through dynamic
control
of
ventilation
systems.
Energy
Build.
43,
1904–1912.
https://doi.org/10.1016/j.enbuild.2011.03.037
Szkarłat, K., Mróz, T., 2014. System for controlling variable amount of air ensuring appropriate
indoor air quality in low-energy and passive buildings, in: 35th AIVC Conference “
Ventilation and Airtightness in Transforming the Building Stock to High Performance.”
AIVC, Poznań, Poland.
Turner, W., Walker, I., 2012. Advanced Controls and Sustainable Systems for Residential
Ventilation.
Turner, W.J.N., Walker, I.S., 2013. Using a ventilation controller to optimise residential passive
ventilation for energy and indoor air quality. Build. Environ. 70, 20–30.
https://doi.org/10.1016/j.buildenv.2013.08.004
Van den Bossche, Janssens, A., Heijmans, N., Wouters, P., 2007. Performance evaluation of
humidity controlled ventilation strategies in residential buildings., in: Thermal
Performance of the Exterior Envelopes of Whole Buildings X. ASHRAE, Clearwater
Beach, FL, USA, p. 7p.
van Holsteijn, R., Li, W., 2014. MONItoring & Control of Air quality in Individual Room - Results
of a monitoring study into the indoor air quality and energy efficiency of residential
ventilation systems.
Walker, I., Sherman, M., Dickerhoff, D., 2011. Development of a Residential Integrated
Ventilation Controller (No. LBNL-5401E). Ernest Orlando Lawrence Berkeley National
Laboratory, Berkeley, CA (US).
Walker, I., Sherman, M.H., Less, B., 2014. Houses are Dumb without Smart Ventilation. LBNL6747E.
Walker, I.S., Sherman, M.H., 2013. Effect of ventilation strategies on residential ozone levels.
Build. Environ. 59, 456–465. https://doi.org/10.1016/j.buildenv.2012.09.013
WHO, 2014. Burden of disease from Household Air Pollution for 2012. World Health
Organization.
Woloszyn, M., Kalamees, T., Olivier Abadie, M., Steeman, M., Sasic Kalagasidis, A., 2009. The
effect of combining a relative-humidity-sensitive ventilation system with the moisturebuffering capacity of materials on indoor climate and energy efficiency of buildings. Build.
Environ. 44, 515–524. https://doi.org/10.1016/j.buildenv.2008.04.017
Wouters, P., L’Heureux, D., Geerinckx, B., Vandaele, L., 1991. Performance evaluation of
humidity controlled natural ventilation in apartments., in: 12th AIVC Conference “Air
Movement and Ventilation Control within Buildings.” Ottawa, Canada.
Zeghnoun, A., Dor, F., Grégoire, A., 2010. Description du budget espace-temps et estimation de
l’exposition de la population française dans son logement. Inst. Veille Sanit. Qual. L’air
Intér. Dispon. Sur Www Air-Interieur Org.
Zhang, X., Wargocki, P., Lian, Z., 2016. Physiological Responses during Exposure to Carbon
Dioxide and Bioeffluents at Levels Typically Occurring Indoors. Indoor Air n/a-n/a.
https://doi.org/10.1111/ina.12286

215 | P a g e

Duct leakage testing in Portugal, a consulting engineer
view and experience
Carlos Pires Eurico Lisboa
BLC navitas, Lda, Rua dos Fornos, 21, 2.ºE, 2770-066 Paço de Arcos, Portugal

1

INTRODUCTION

Duct leakage airflow in existing ductwork can reach values of over 20% of the design air
handling unit (AHU) airflow, undermining efficiency and effectiveness of HVAC systems.
We have measured, in an existing building where ductwork was installed 20 years before,
with no special care on duct leakage and tight building construction schedules, operational
duct leakage rates between 10% and 40% of the AHUs airflows.
In an average office building, annual fan energy consumption is of the same magnitude of
annual chiller energy consumption, minimising leakage has a significant impact on building
energy consumption.
Duct leakage testing gives knowledge of the magnitude of duct leakage airflow and,
consequently, increasing awareness of the problem, will support the shift to installations with
tighter ductwork.
2

SHARED EXPERIENCE AS A PRACTITIONER

In Portugal leakage testing of ductwork systems is mandatory by law since 2006, although
this legal requirement is seldom complied with. This situation originates, in our view, on the
lack of awareness of the magnitude of the problem by practitioners and all those involved in
the building construction process. Another cause relates do lack of knowledge and experience
on the duct leakage test procedures, together with lack of adequate testing equipment, that
leads to the misconception that the test is complex and costly.
In Portugal, by law (5), ductwork must have a leakage rate of less than 1,5 l/s/m2, when tested
at a pressure of 400Pa. This requirement is less demanding than class A, according to the
European standard (1). The Portuguese law does not refer to the European standards on duct
air leakage.
From our consulting practice experience, in design and commissioning building construction
works, a class B ductwork can easily be achieved in ductworks of circular cross section if
adequate installation procedures are met and adequate duct joining accessories are applied.
The test itself takes around 10 minutes to perform, after correctly preparing the duct sample to
test.
To achieve the required performance, we stress the importance to guarantee adequate
dimension tolerances in the straight duct sections, ie, avoiding ovalization due to incorrect
handling of ducts, namely transport or storage of straight duct sections in the horizontal
position, stacked or not, without adequate rigid circular end caps. When rigid end caps are not
used, to prevent ovalization, straight ducts must be transported and stored in the vertical
position.
Duct leakage testing must be done systematically during the construction process and this task
must be previewed in the construction works planning. We recommend that the first part of
the installed ductwork be immediately tested to identify and correct possible inadequate
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installation procedures that, otherwise, would be repeated in subsequent parts of the
ductwork.
When using 3D BIM models of the ductwork, with adequate level od detail, prefabrication of
ductwork can be done, increasing quality of the finished job and decreasing installation time.
Using this method, in a recent job, the tested samples reached, on average, leakage class C,
and, in one of the last duct samples even reached class D.
3

CONCLUSIONS

Duct leakage can be relevant, undermining efficiency and effectiveness of HVAC systems.
Duct leakage testing is a simple procedure and should be systematically done preventing
leaky duct systems.
The use of BIM procedures, and duct prefabrication, increases the final quality of ductwork
systems and should be strongly promoted.
Ductwork should be built to comply, at least, to leakage class B, according to EN-12237.
Legal requirements should be updated and merely state a minimum leakage class, according
to the European standard.
KEYWORDS
Duct, leakage, hvac, testing
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1 INTRODUCTION
A ductwork system that has limited air leakage, within defined limits, will ensure that the
design characteristics of the VAC system are sustained. It will also ensure that energy and
operational costs are maintained at optimal levels.
Does the UK have any requirements regarding ventilation ductwork airtightness and how does
the UK assess the installed performance of ducted mechanical ventilation systems?
The UK’s Building Regulations set the minimum standard for the energy performance of
domestic and non-domestic buildings as part of its commitment to reduce greenhouse gas
emissions.
Essentially, reasonable provision shall be made for the conservation of fuel and power by
doing the following:
 Limiting heat losses and gains;
 Providing fixed building services, which are:
o energy-efficient;
o have effective controls, which are commissioned and tested;
o provide the owner with sufficient information about the building and the fixed
building services so that the building can be operated to use no more fuel and
power than is reasonable.
2

BUILDING REGULATIONS

2.1 Domestic
The UK’s Building Regulations’ ‘Approved Documents’ and associated compliance guides
make little reference to ductwork airtightness in domestic mechanical ventilation systems.
However, SAP 2012 (the software used to calculate the energy performance of new domestic
buildings) features a range of ‘in-use factors’ to estimate the installed performance of
mechanical ventilation systems more accurately (see Table 4h). They have been developed to
reflect the impact of typical installation and operation practices of flexible, semi-rigid and
rigid ductwork systems.
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An assessment and test method for semi-rigid ductwork used to distribute air for domestic
mechanical ventilation systems was also published in 2011. Individual semi-rigid ductwork
manufacturers or suppliers must demonstrate that the aerodynamic performance of their
system is equal to or better than the aerodynamic performance of the (airtight) rigid ductwork
used to test the SFP and thermal efficiency of MVHR units for the defined dwelling types.
The ‘in-use factors’ applied to rigid ductwork are also applied to semi-rigid ductwork, i.e.
those semi-rigid ductwork systems, which are listed in the Product Characteristics Database
(PCDB).
2.2 Non-domestic
The ductwork system designer/specifier dictates how airtight the ductwork of non-domestic
mechanical ventilation systems should be. The limits of air leakage for various pressure
classes of ductwork systems in ‘buildings other than dwellings’ are specified in Table 1 of
BESA DW/144 (see below).

3 FIELD MEASUREMENT
Air leakage testing is not regulatory for domestic mechanical ventilation systems, but it is
mandatory and in accordance with BESA DW/143 for high-pressure ductwork systems of
non-domestic ventilation systems. The ductwork system designer/specifier may also demand
random air leakage tests of medium and low pressure ductwork systems in his/her
specification and choose which ductwork systems to test.
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4

WHAT IS NEEDED?

4.1 Domestic
In my opinion a regulatory requirement because …
 Air leakage/tightness affects the installed performance of ducted mechanical
ventilation systems, but it is highly variable and a direct function of the type of
ductwork used and the quality of the installation.
 The ‘in-use factors’ try to estimate the installed performance of ducted mechanical
ventilation systems more accurately, which is a start, but they still may not reflect the
actual installed performance, don’t set minimum standards for ductwork airtightness
or recognise truly airtight ductwork systems.
 Laboratory testing can identify systems, which are inherently airtight, e.g. rigid and
semi-rigid ductwork systems with purposed-designed/manufactured (airtight)
mechanical connections, but testing installed systems is the only way to assess if the
installation meets the required level of performance.
4.2 Non-domestic
Building Regulations already specify the various pressure classes of ductwork systems and air
leakage testing of high-pressure ductwork systems is mandatory.
5

CHALLENGES

5.1 Domestic
Any regulatory assessment of more efficient and effective central mechanical ventilation
systems will be resisted by developers and drive them to cheaper and easier to install systems,
e.g. background ventilation + intermittent extract fans. These systems are cheap, but the IAQ
implications in airtight dwellings are not widely understood/appreciated yet.
5.2 Non-domestic
Ideally, the ductwork system designer/specifier will witness the air leakage test, but this may
not always be the case.
KEYWORDS
Ductwork airtightness leakage installed performance
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ABSTRACT
This paper summarizes the most recent results of the French database of ductwork airtightness. This database
was created in 2016. It is fed through measurements performed by qualified testers according to a national
scheme regarding ductwork. Measurements are mainly performed in building applying for the Effinergie + label
which requires class A for ductwork airtightness. Therefore, results discuss in this paper only apply to the
buildings of the database and cannot be generalized to all new buildings in France. The database was enriched in
2017 by new measurements, making the total number of measurements around 1300. This enables new analyses
regarding the ductwork characteristics and its impact on ductwork airtightness.
First, this paper summarizes the recent results regarding main characteristics of the buildings and ventilation
systems. Then, the paper analyses the measurement results regarding ductwork airtightness classes depending on
several factors, in particular building’s use, type of ventilation system, targeted class and the type of ducts.
The results show that the number of measurements increases annually in both residential buildings and nonresidential buildings. In particular, measurements in residential buildings are growing fast. In 2016, they
represent 73% of the total measurements. Regarding ventilation system, residential buildings, are mainly
equipped with single-exhaust ventilation systems (80%), whereas a large part of non-residential buildings (84%)
are equipped with balanced ventilation systems.
Regarding the type of ducts, flexible ducts are widely used in single dwellings in association with single-exhaust
ventilation system (89%). Rigid metallic ducts are mostly used in multi-family and non-residential buildings in
association with both single-exhaust and balanced ventilation systems respectively (around 90% for both).
Regarding ductwork airtightness performance, it seems to be related to the ventilation system and especially to
the type of ducts. Class A is the most frequent result for residential buildings, which are mainly equipped with
single-exhaust ventilation system. However, in single dwellings where flexible ducts are mostly used, 55% of
measurements achieved Class A or better, against 77% in multi-family buildings with a large part of rigid
metallic ducts. In non-residential buildings mainly equipped with a balanced ventilation system and rigid
metallic ducts, class B is the most frequent result, and 90% of measurements achieved Class A or better.

KEYWORDS
Ductwork airtightness, building, measurements, database, field data

1

INTRODUCTION

Recent studies on ductwork airtightness (Berthault et al., 2014) (Leprince & Carrié, 2017)
have shown that a leaky ductwork can multiply by 2 the fan energy use. It also has an impact
on indoor air quality if the system no longer provides required air flowrates at air terminal
devices. And finally, when the air is pre-conditioned a leaky ductwork also have an impact on
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heating and cooling loads. Therefore, ductwork airtightness is becoming a key issue to build
low energy and healthy buildings.
In the context of the French Energy Performance (EP) regulation, the test is only required if a
better value than the default value is used in the EP calculation.
However, since 2013 to get the French EP-labels “Effinergie+” and “BEPOS Effinergie
2013” (and related subside) it is required to justify by testing that the ductwork airtightness is
at least Class A. In both cases the test has to be performed by a qualified tester.
According to a survey performed in the context of the Tightvent Airtightness Association
Committee (TAAC) (Leprince et al., 2017), France is one of the only European country that
has developed a qualification for ductwork airtightness testers (Qualibat 8721) with 82
qualified testers in 2018. Qualified ductwork airtightness testers must register every
measurement data and send it to the French qualification body (Qualibat). Field data are
gathered by Cerema in a common database since 2017. Currently, 1,306 measurements have
been recorded in the database. It includes all the measurements that were performed by the
certified testers till the end of 2017. The structure of the database is presented by (Bailly
Mélois & Moujalled, 2017).
This article presents a statistical analysis of those field data regarding main characteristics of
buildings, ventilation systems and ductworks.
2

DATABASE OVERVIEW

Figure 1 shows the evolution of the number of ductwork airtightness measurements and the
percentage of measurements depending on the use of the building.
In 2016, the database was enriched by 696 measurements, which is 89% more than in 2015,
making the total number of measurements about 1,306. For 2017, only measurements of
January are yet included. The measurements are almost all performed in new buildings (98%).
Residential buildings account for 67% of measurements (29% for single-family dwellings
with 383 measurements, and 38% for multi-family buildings with 501 measurements), 32% of
tests are performed in non-residential buildings (422 measurements). The part of
measurements performed in residential buildings is significantly increasing, especially in
multi-family buildings.

Figure 1: Number of ductworks airtightness measurements depending on the construction year and the use of the
building
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Figure 2 presents the distribution of the measurements number depending on the measurement
time and the measured extent of ductworks. It shows that 52% of measurements are
performed upon building completion, 29% upon ductworks completion (i.e. the rest of the
building is still in progress but the ductwork is completed), and 14% before ductworks
completion.
Contrary to building airtightness, almost half of the tests are performed before building
completion. Therefore, in this database most probably a building appears twice (once before
completion and once upon completion) which means that almost all building are "pre-tested"
which is wise.
Concerning the measured extent of the ductworks, almost all measurements in single-family
dwellings are performed on the whole ductworks (61% with extractor, and 29% without
extractor). Conversely, more than half of the measurements in multi-family (52%) and nonresidential buildings (64%) are carried out on a part of the ductworks. This results are in
accordance with the compulsory measurement protocol which allows measurements based on
a sampling method in case of ventilation system serving several dwellings or non-residential
buildings (FD E51-767, 2017).

Figure 2: Number of ductworks airtightness measurements depending on the measurement time (left) and the
measured extent of ductworks (right)

3
3.1

RESULTS
Main characteristics of buildings, ventilation systems and ducts

Figure 3 shows the distributions of measurements according to buildings ‘use and EP-label.
As mentioned before, residential buildings are the main part with almost 40% for multi-family
buildings. For non-residential buildings, office buildings, schools and hospitals are the main
parts with 18% (342 measurements), 8% (143 measurements) and 3% (52 measurements)
respectively. Few measurements are performed in hotels, commercial or other non-residential
buildings.
Almost half of residential buildings are applying to EP-label, against 25% for non-residential
buildings. So the test is either performed to improve the default value in the EP calculation or
for quality reasons. French EP-labels “Effinergie+” and “BEPOS Effinergie 2013” represent
the main parts of EP-label with 76% and 8% respectively. As mentioned before, they require
to achieve at least class A.
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Figure 3:Distribution of buildings ‘use (left) and EP-label (right)

Figure 4 shows the distributions of measurements according to the type of ventilation system
and building’s use. Residential buildings are mainly equipped with single-exhaust ventilation
system (78% for single-family houses and 85% multi-family buildings). Conversely, nonresidential buildings are mainly equipped with balanced ventilation system (85%).
The proportion of balanced ventilation system in this database is globally higher than its
proportion compared to all new buildings in France. According to the building airtightness
database (which includes more than 200,000 buildings), only 50 % of non-residential
buildings have balanced ventilation, and less than 5% in residential buildings. It makes sense
to test more balanced ventilation systems because of the higher impact of ductworks leaks on
heat/cooling loads.

Figure 4: Type of ventilation system depending on buildings’ use

Figure 5 presents the distributions of measurements regarding the type of ducts. Table 1
presents the distribution of the type of ductwork depending on the building’s use and the type
of ventilation system.
Three different types of ducts are mainly used: rigid metallic ducts, semi-rigid ducts, and
flexible ducts with either cylindrical or rectangular section. Rigid metallic ducts represent the
main part with 61% followed by flexible ducts with 27%. The ducts are mostly circular
(79%). The 8% of rectangular ducts are sheet metal ducts.
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Figure 5:Distribution of type of ducts

For balanced ventilation systems, metal ducts are mainly used especially in non-residential
buildings. For single-exhaust ventilation system, metal ducts are widely used both in nonresidential buildings and multi-family buildings, and flexible ducts in single-family houses.
According to (Bailly Mélois & Moujalled, 2017), this practice is consistent with the type of
ducts generally implemented in all buildings in France, as it corresponds to the French
standards and professional recommendations.
Table 1: Type of implemented ducts depending on building’s use and type of ventilation system
Type of
ventilation
Balanced
ventilation
Singleexhaust
ventilation

3.2

Office
buildings

Schools

Hospitals

Semi-rigid ducts
Flexible ducts

79% (146)
5% (10)
3% (6)

83% (77)
2% (2)
6% (6)

83% (26)
6% (2)
0% (0)

4% (18)
1% (6)
2% (13)

8% (32)
4% (17)
5% (19)

Metal ducts
Semi-rigid ducts
Flexible ducts

11% (21)
0% (1)
0% (0)

7% (7)
0% (0)
0% (0)

6% (2)
0% (0)
3% (1)

80% (360)
1% (6)
10% (46)

5% (20)
3% (11)

Type of ducts
Metal ducts

Multi-family Single-family
buildings
houses

72% (265)

Results of measured ductwork airtightness

Figure 6 presents the distribution of ductwork airtightness measured classes depending on
target classes. The class “2.5*A” is the default value of the French EP-regulation. It can be
used in the EP calculation without any justification.
More than half of the measurements (56%) are performed without any target class
(“>2.5*A”). When a target class is selected, class A is the most frequent (19%). This is logical
since the class A (or higher) is the class to reach for the EP-labels. It is followed by the class
“2.5*A” (16%). Target Classes B and C are less frequent with 6% and 2% respectively.
Target classes “A” and “2.5*A” are mostly chosen for residential buildings (almost 90%).
Whereas most target classes B and C (90%) are chosen for non-residential buildings.
As shown in Figure 6, the distribution of the specific ductwork airtightness measured class
depends on the chosen target class:
- For the target class C, only 55% of measured ductworks achieve class C (mainly
offices and hospitals). 23% of measurements achieve class B, and 19% are two classes
lower at class A.
- For the target class B, the result is slighter better with 63% of measured ductworks
achieving class B or higher. 28% of measurements achieve class A, and 8% are at
least two classes lower than class B.
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-

For the target class A, most measured ductworks achieve class A (90%), and 25%
achieve a better class. Only 10% do not achieve class A.
For measured ductworks with “no target class” (>2.5*A), the results are quite good as
69% of the measured ductwork reach class A or better. It means that, even with no
target class, good results can be achieved thanks to the commitment to a measurement
procedure encouraging a careful implementation of ductworks. However, this result
only applies to the database and cannot be generalized to all new buildings in France.

Figure 6: Distribution of ductwork airtightness measured classes depending on target classes

Figure 7 presents the results of ductwork airtightness measured class in residential and nonresidential buildings. For residential buildings, most measured ductworks achieve class A
(46% for single-family houses and 48% for multi-family buildings). In multi-family
buildings, 23% of measured ductworks achieved a better class (mainly B), against 11% in
single-family houses.
For non-residential buildings, most measured ductworks achieve class B in particular office
buildings (55%) and hospitals (44%). Also 15% of measured ductworks in non-residential
buildings achieve class C (against 5% in residential buildings). Ductworks in non-residential
buildings are overall tighter than in residential buildings. This result is consistent with the
target classes of non-residential-buildings where classes B and C are the most targeted.

Figure 7: Distribution of ductwork airtightness measured classes in residential buildings (left) and nonresidential buildings (right)
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Finally, Figure 8 shows the distributions of ductwork airtightness measured classes depending
on type of ventilation systems and implemented ducts. The distribution of the specific
ductwork airtightness measured class is clearly depending on the type of ventilation system
and especially on the type of ducts:
- For single-exhaust ventilation systems that are widely used in residential buildings,
55% of measured flexible ducts achieve class A or better, against 80% for spiral metal
ducts and 70% for sheet metal ducts. Flexible ducts are widely used in single-family
houses with single-exhaust ventilation, whereas metal ducts are the most used in
multi-family buildings. The wide use of flexible ducts in single-family houses could
explain the difference in results between single-family houses and multi-family
buildings in Figure 7.
- For balanced ventilation system, ductworks are clearly tighter than for single-exhaust
ventilation system, especially metal ducts: 68% of flexible ducts achieve class A or
better, 87% for spiral metal ducts, and 81% for sheet metal ducts. Balanced ventilation
systems are mainly used in non-residential buildings where classes B and C are the
most targeted as mentioned before. This is can help to explain the better results in nonresidential buildings.

Figure 8: Distribution of ductwork airtightness measured classes depending on type of ventilation systems and
implemented ducts

4

CONCLUSIONS

The French database of ductwork airtightness has been created nearly two years ago as part of
the qualification scheme for ductwork airtightness testers. It now includes almost 1,300
measurements. Although the number of measurements is still low compared to the building
airtightness database, the number of ductwork airtightness measurements that are performed
by qualified testers continues to increase annually in both residential buildings and nonresidential buildings. In particular, measurements in residential buildings are growing fast. In
2016, they represent 73% of the total measurements. Regarding ventilation system, residential
buildings, are mainly equipped with single-exhaust ventilation systems (80%), whereas a
large part of non-residential buildings (85%) are equipped with balanced ventilation systems.
Regarding the type of ducts, flexible ducts are widely used in single dwellings in association
with single-exhaust ventilation system (89%). Rigid metallic ducts are mostly used in multi-
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family and non-residential buildings in association with both single-exhaust and balanced
ventilation systems respectively.
Regarding ductwork airtightness performance, it seems to be related to the ventilation system
and especially to the type of ducts. Class A is the most frequent result for residential
buildings, which are mainly equipped with single-exhaust ventilation system. However, in
single dwellings where flexible ducts are mostly used, 57% of measurements achieved Class
A or better, against 76% in multi-family buildings with a large part of rigid metallic ducts. In
non-residential buildings mainly equipped with a balanced ventilation system and rigid
metallic ducts, class B is the most frequent result, and 86% of measurements achieved Class
A or better.
All measurements in the database were performed according to specific and not common
demands. Thus, all results presented in this paper only apply to the buildings of the database
and cannot be generalized to all new buildings in France.
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ABSTRACT
The implementation of the Energy Performance of Buildings Directive 2010/31/EU recast puts increasing
pressure to achieve better building and ductwork airtightness.
In this context, Eurovent Certita Certification decided to establish a new certification programme for Ventilation
Ductwork Systems, opening a new chapter in the history of the Eurovent Certified Performance (ECP)
certification mark, which concerned only products, not systems, until then.
To meet this challenge, Eurovent Certita Certification worked for one year with a dedicated committee gathering
six major European manufacturers of ventilation ducts and fittings. The development of the programme also
involved consultation of European testing laboratories. The resulting requirements and rules defined for the
DUCT programme rely on Ventilation ductwork system (typical setup) testing and production sites
auditing.
The scope of the programme covers rigid and semi-rigid ventilation ductwork systems divided into the following
sub-programmes:


Rigid metallic ductwork systems with circular cross-section (DUCT-MC);



Rigid metallic ductwork systems with rectangular cross-section (DUCT-MR);



Semi-rigid non-metallic ductwork systems predominantly made of plastics (DUCT-P);

Among other verifications, the performance testing on typical set-ups enables to validate the airtightness class
declared by the manufacturer. The production site auditing enables to verify the manufacturing process
steadiness. These two verifications combined ensure that the air tightness class claimed by the manufacturer can
indeed be reached in practice.
The first certification of ventilation ductwork systems was granted by Eurovent Certita Certification in
December 2017 as a new step towards good airtightness levels in buildings, contributing to the pursuit of nearly
zero-energy buildings and improving indoor air quality.

KEYWORDS
Ductwork system, air tightness class, energy efficiency, Indoor Air Quality
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1

INTRODUCTION

The Energy Performance of Buildings Directive (EPBD) recast published in 2010 (Directive
2010/31/EU) acknowledged that air tightness as an important role to play in the building
energy consumption reduction [1]. With Nearly Zero-Energy Buildings as objective for new
buildings, the directive is urging the whole building sector to consider it as a key parameter in
the building conception.
In addition to the energy efficiency objectives, the buildings airtightness is an even more
challenging topic for the construction sector professionals because poorly designed, “too
airtight”, buildings can compromise the Indoor Air Quality (IAQ), contributing to what is
called the “sick-building syndrome”.
However, when the building is properly conceived and equipped with an appropriate
ventilation system, the airtightness actually leads to better IAQ levels and thermal comfort.
Within the building construction elements, the ductwork system is crucial to reach proper
energy consumption and IAQ levels. Indeed, studies evidenced that excessive ductwork
leakage have a huge impact on energy use and indoor air quality issues.
Besides the qualification of installers for an improved airtightness in-situ, the ductwork
system intrinsic airtightness (resulting from the ductwork system constituting elements
conception and manufacturing) appears to be of prime importance.
In this context of rising awareness regarding airtightness and IAQ as challenges for the
construction sector, Eurovent Certita Certification decided to contribute by establishing a new
certification programme for Ventilation Ductwork Systems.
2

AIRTIGHTNESS REGULATORY REQUIREMENTS

More and more countries consider air-tightness in their national regulations, however the
focus is set at the building level and the ductwork contribution is rarely given its due weight.
Besides, when minimum requirements for building air-tightness exist, the rating justification
is not always mandatory.
2.1

Airtightness requirements for buildings in European countries

An increasing number of countries include in their regulations either required or
recommended minimum airtightness levels (see Figure 1). Even though mandatory testing is
not systematic yet, it gradually came into force in countries such as France, Ireland or the
United Kingdom (see Figure 2) and the list continuously increases.
As an example the French regulation (RT2012) introduced a minimum requirement for the
building airtightness of all residential buildings and justification of the value is mandatory.
For non-residential buildings, a default value is implemented for each building type and
justification is mandatory to use a better value than the default one in the energy performance
(EP) calculation. The building airtightness level is to be justified by means of airtightness
testing by a qualified tester. If a certified quality management approach is applied only a
sample of buildings is to be tested, otherwise testing is required for each building [2].
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Yes by systematic testing
Yes by systematic testing or a certified approach
Yes

Not necessarily

No

No

Figure 1 : Do minimum building airtightness
requirements exist in EP regulation?1

2.2

Figure 2 : Does compliance to this requirement need
to be justified?

Airtightness requirements for ductwork systems in European countries

Scandinavian countries enhance airtight ductwork systems since the 1950s. For instance, in
Sweden, the AMA (General Material and Workmanship Specifications) specification
guidelines include tightness requirements since 1966. Since then, construction products
manufacturers and installers have continuously cared for airtightness in their work and field
measurements testify that Scandinavian countries reach very low air leakage in their ductwork
installations [3].
In Europe, only the French (RT2012) and Belgian (EPB) regulations consider the ductwork
airtightness as an input in the energy performance calculation. There is no minimum
requirement but a good airtightness level, if justified, can reduce the calculated energy use. In
Belgium the leakage flow according to standard EN 14134:2004[4] is applied whereas in
France this is the airtightness class according to standard EN 12237:2003[5] which is used in
the calculation.
3

MEASURING
THE
DUCTWORK
AIRTIGHTNESS CLASS

LEAKAGE

TO

VERIFY

THE

Ductwork leakage can be measured in situ according to specific standards. This paper focuses
of measurements that can be conducted in a test laboratory.
For metallic ducts with circular cross-section, the air-tightness classification goes from A
(worst) to D (best) as shown in Table 1.
For metallic rectangular ducts a similar classification is defined in standard EN 1507:2006 [6]

1

Source: Survey on building and ductwork airtightness requirements in Europe, Results obtained from 10
countries presented during TightVent Airtightness Association Committee-TAAC of January 2017
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A leakage test is to be conducted according to EN 12237:2003 [5] or EN 1507:2006 [6] to
verify the airtightness class rating.
For each test pressure pt, the leakage factor f, ratio of the air leakage rate qv (in m3/s) observed
during the leakage test and the ductwork surface area A (in m2), shall be lower than the
corresponding air leakage limit fmax which is calculated from the test pressure pt as indicated
in Table 1 below.
𝑓=

𝑞𝑣
𝐴

(1)

Besides no damage shall be observed on the ductwork (deflection, hole, etc.). This double
verification must be successful for ten test pressures in the pressure range corresponding to
the class (for example that is [-750 Pa; +1000Pa] for class B) to consider that the tested
ductwork complies with the airtightness class rating.
Table 1 Air tightness classification for metallic circular ducts according to EN 12237:2003[5]

Air tightness class
A (worst)
B
C
D (best)

Static gauge pressure limit (ps) [Pa]
Positive
500
1000
2000
2000

Negative
500
750
750
750

Air leakage limit (fmax)
[m3⋅s-1⋅m-2]
0.027 x pt0.65 x10-3
0.009 x pt0.65 x10-3
0.003 x pt0.65 x10-3
0.001 x pt0.65 x10-3

4 CERTIFYING AIRTIGHTNESS CLASS RATINGS
When it comes to ductwork systems intrinsic airtightness class, it is necessary to appeal to a
third-party to get reliable ratings.
4.1 Third-party certification for a fair and objective comparison of the ratings
Third-party certification purpose is to make available reliable, comparable and transparent
data.
As third-party certifier, Eurovent Certita Certification (ECC) has to fulfil impartiality,
independency and integrity requirements. The ISO 17065 accreditation by national body
COFRAC32 guarantees that these requirements are met and provides as a solid international
recognition thanks to the EA3/IAF4 agreements.
The certification process of a given Eurovent Certified Performance (ECP) programme is
described in the dedicated documents which constitute a single, common baseline for the
product evaluation rules and guarantee a fair treatment of the manufacturers. Indeed, these
documents are public so any manufacturer can check that each of the certification process
steps (product selection, testing, auditing, etc.) is conducted in accordance with the related
procedure.

COFRAC certificate n°5-0517. Accreditation scope available at https://www.cofrac.fr
European accreditation http://www.european-accreditation.org
4
International Accreditation Forum http://www.iaf.nu
2
3
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To enhance an objective comparison, the certified data are quantifiable values expressed in
specific units which are stipulated in the certification programme documents. Besides, the
certified data is available on-line5 24/7, to anyone, without any registration or password.
4.2

The DUCT programme

The DUCT programme, into force since September 2016, opened a new chapter in the history
of the Eurovent Certified Performance (ECP) certification mark, which concerned only
products, not systems, until then.
To meet this challenge and ensure the programme content relevance, Eurovent Certita
Certification worked for one year with a dedicated committee gathering six major European
manufacturers of ventilation ducts and fittings. The development of the programme also
involved consultation of European testing laboratories. The resulting rules are gathered in
specific documents [7][8][9][10].
The scope of the programme covers rigid and semi-rigid ventilation ductwork systems divided
into the following sub-programmes:
 Rigid metallic ductwork systems with circular cross-section (DUCT-MC);
 Rigid metallic ductwork systems with rectangular cross-section (DUCT-MR);
 Semi-rigid non-metallic ductwork systems predominantly made of plastics (DUCT-P);
The scope is restrained to ductwork systems made of elements (straight duct or fittings) fitted
with an integrated sealing solution to guarantee a good level of intrinsic airtightness. Sealing
solutions considered as suitable are listed in the rating standard of each sub-programme
[8][9][10].
The product performance testing is conducted annually on a typical setup, common to all
manufacturers of a given sub-programme, which varies from one year to the other. This
typical set-up is defined by the DUCT project manager in accordance with the rules defined in
the certification documents [7][8][9][10].

5

http://www.eurovent-certification.com
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Figure 3 : Example of typical ductwork system suitable for DUCT-MC sub-programme testing. Source [11]

The test is conducted in accordance with EN 12237:2003 [5] for circular and semi-circular
geometries (sub-programmes DUCT-MC and DUCT-P) or EN 1507:2006 [6] for ductwork
systems of rectangular geometries (sub-programme DUCT-MR).
For the DUCT-P sub-programme, specific test pressures were defined by the Launching
Committee as non-metallic ductwork products are not originally covered by EN 12237:2003
[5]. The certification documents will be updated according to upcoming unique test standard
under preparation by CEN TC 156.
To ensure the performance ratings accuracy and reliability, the certification process relies
upon product performance testing but also on production sites auditing which enables to
verify that the tested object is representative of the whole production. Indeed, during the audit
the auditor proceeds to the ductwork elements sampling and identifies them with his signature
to guarantee that elements constituting the tested system are issued from regular production.
The audit is also the opportunity to verify key manufacturing requirements defined in the
certification documents. For instance a dimensional check shall be performed regularly
enough to guarantee a proper matching of the elements to be assembled.
Audits are conducted annually on a number of local workshops (manufacturing straight ducts
only) and fitting factories specified in the operational manual [7] to verify that the
requirements are met at all times.
4.3

How does the DUCT programme contribute to encourage better airtightness?

The goal of ECP mark is to verify the rating accuracy, not to influence the market. This is
why a ductwork system with airtightness class A can be ECP certified just as well as a
ductwork system with airtightness class D. However publishing certified ratings favours
comparability of data so experienced showed for other certification programmes that the
apparition of certified products on a market tends to raise the performance level.
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Annual testing of the ductwork systems and auditing of production sites represent a great
incentive for manufacturers to continuously improve their products, hence favouring better
and better airtightness ratings.
The Eurovent Certified Performance (ECP) mark, is one the most renowned certification
mark in the HVAC&R fields in Europe and beyond. It is estimated that 66% of HVAC&R
products sold on the European market are ECP certified6. It is therefore expected that the
international outreach of the ECP mark will encourage manufacturers to participate to the
DUCT programme and thus prove their products ability to constitute ductwork systems
compliant with the advertised airtightness class.
5

CONCLUSIONS

Air tightness is a key lever towards a better energy efficiency of the ventilation system and,
by extension, of the building. Besides, it contributes in achieving better Indoor Air Quality
levels.
Energy regulations and energy performance programmes are progressively becoming more
stringent, putting increasing pressure for better air tightness levels and enhancing justification
to prove compliance.
Certification of ventilation ductwork systems airtightness is a new step towards a better
assessment of airtightness levels, contributing to the pursuit of Nearly Zero-Energy Buildings
and improvement of the Indoor Air Quality.
6
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SUMMARY


Historical Background: The use of aerosol particles to seal ductwork from the inside was brought to
the proof of concept stage in 1994 by researchers at Lawrence Berkeley National Laboratory (LBNL)
(Carrie and Modera 1994-1995). Originally applied mainly in the US market and in residential
ventilation systems, ductwork specialist and innovator MEZ-TECHNIK transferred the technology
together with Aeroseal LLC (Amit Gupta) in 2015 to Europe, adapted, approved and reengineered the
Aeroseal technology according to today’s European market needs, requirements and standards.



Today: Mid 2018, so far seventeen companies in Europe (out of more than 400 worldwide) provide
Aeroseal sealing services on construction sites for new and retrofit ventilation systems in order to
reduce leakages of ductwork, duct components and AHU’s in the most efficient and effective way. In
2017, 65 commercial and residential projects have been performed in Europe. Thousands worldwide
and in the US.



Potential: More than 20 years after its invention Aeroseal has still the potential to change the process
chain in how to build highly efficient air duct systems and therefore to play a significant role in
reducing energy consumption and CO2 pollution worldwide. Facing leakages between 15-30% in
European ventilation systems in average, this technology can close this gap to nearly zero leakage and
reduce the energy consumption of Aeroseal sealed systems by up to 40% in average, including a quick
amortisation rate of between 1 to 5 years.



In brief: Aeroseal technology utilizes air laden with fine aerosol particles (2-20 µm) to pressurize a
duct system, resulting in deposition of those particles at the leaks within that duct system. By reducing
leakages of duct systems by 90% in average Aeroseal sealing technology allows reducing leakages to a
standard better as air tightness class D or ATC 1 for a complete system. Aeroseal technology can be
applied in new constructions as well as in existing systems to improve energy efficiency, cleanliness of
ventilation systems, IAQ and comfort.



New quality standard: The technology defines a new standard in air tightness, hygiene and comfort in
non-domestic & domestic air duct systems. Air tightness classes C & D as described in European
standards such as EN 1507, EN 1237 and EN 16798-3 (ATC 3, ATC 2 and ATC 1) could not or only
hardly be reached so far for a complete and installed duct systems with today’s technology, due to
several influence factors in today’s process chain in ductwork construction. Problems like odours or
noise created by leaky ductwork can be solved easily.



Fulfilment of European Standards: Tested to nearly all relevant European standards and
requirements related to air duct systems, Aeroseal can be applied in most building types and industrial
ventilations systems as well as for AHU's.
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AEROSEAL IN EUROPE

Reference projects & case studies from various European Countries and building types can
be found on our website: https://mez-technik.de/en/mez-aeroseal/case-studies-references.html
UL & European standards, approval, test results and MSDS can be handed out upon
request. Please contact j.mez@mez-technik.de
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ABSTRACT

Over the course of the four-year research project of the IEA EBC Annex 62, Ventilative Cooling (VC) has been
proven a robust and highly energy efficient solution to support summer comfort in both residential and
commercial buildings. Furthermore our findings show that VC can be successfully applied in both cool and
warm temperate climates.
This paper concludes on how the application of Ventilative Cooling will become successful. It offers detailed
insights on VC elements, their application and control strategies most commonly linked to well-operating VC
systems. Beyond that hands-on information on algorithms for early stage air-flow estimation as well as key
performance indicators, which should be considered, are stated.
These key findings are of interest especially for researchers, architects, HVAC designers and facility managers
striving after designing and operating energy efficient buildings making use of Ventilative Cooling to achieve
indoor thermal comfort.
2

KEYWORDS

Ventilative Cooling implementation, Ventilative Cooling performance indicators, Ventilative Cooling challenges

3

INTRODUCTION

Over the course of the IEA EBC Annex 62 in depth research on Ventilative Cooling (VC)
such as short time performance measurements, user surveys, involvements in VC-buildingdesign, long-term case studies and expert interviews has been carried out. This paper presents
a list of key performance-indicators derived from successful VC solutions as well as a list of
major challenges and examples of successful practical solutions. The focus of this paper is
solution-oriented and supports hands on approaches rather than background analysis.
4

KEY-PERFORMANCE INDICATORS




Airflow
Temperature
Usability and Reliability

In addition to these three main topics, we collected associated findings for successful VC
implementation. Such as:
 Favour airflow through architectural apertures
 Enhance airflow by powerless ventilators
 Design for very low pressure drop in the VC-system
 Make the most of available temperature differences, limit VC to periods which
physically make sense
 Strictly emphasise Operability and Reliability of VC components
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5

AIRFLOW

Sufficient airflow, whether naturally or mechanically induced is crucial for Ventilative
Cooling systems. Design for significant air change rates is necessary in order to get a VCsystem working.
An air change rate (ACH) of greater 3 h-1 is mandatory, whereas an ACH greater 5 h-1 is
recommended to achieve substantial heat removal and justify noteworthy investments.1 The
analysis of case studies showed, that the percentage opening area to floor area ratio (POF) has
to be around 2-8%, whereas in temperate climates with dry hot summers ratios at the higher
end have been recorded. The analysed case studies show no correlation of building category
concerning POFs. These values do not take into account the flow effects of the opening, but
may be used as rule of thumb in early design stages.2
The following example shows the balance of temperature and energy flow in a standardized
room within a characteristic Central European summer.

Figure 1: Scheme of typical VC temperatures, loads and air change rates
A massive wall, ceiling or floor may store up to 70 Wh/m² within one day. To release this
heat by night ventilation, seven hour duration of specific heat flow of 10 W/m² is necessary.
In a 24 m² room, under realistic circumstances this leads to the need of at least ACH 8,0 h-1,
better ACH 10,0 h-1. ACH 5 is five to ten times more than needed for hygienic aspects only.
Therefore it is recommended to unlink the function of Night Ventilation from the function of
hygienic ventilation. It is more promising to use window ventilation to achieve higher ACH.
In the worst case of single sided ventilation in still air at only 3 K temperature difference a
fully opened window of 2 m height and 0,5 m width will already provide an air exchange of
approx. 300 m³/h. 3 This would represent approx. ACH 4,2 h-1 for the 24 m² and 3 m high
room.1
There are several options to induce the necessary airflow and as a result high enough air
change rates.

1
2

3

Holzer, P. et al. (2017), p.3
O’Sullivan, P. O’Donovan, A. (2018), p.24
According to formula I.14 from ISO 13791:2012
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5.1 Favour airflow through architectural apertures
Airflow through architectural apertures is mostly common and a very cost-effective manner to
achieve increased air volume flow. The magnitude through an architectural aperture is a
function of the openable geometric cross-sectional area, the aerodynamic property of the
aperture and the pressure drop on it (caused by temperature differences, wind magnitude and
orientation). Scientific literature offers numerous algorithms to calculate the airflow
efficiency provided through an architectural aperture.
A robust algorithm for single sided ventilation (one opening) is that proposed by de Gids &
Pfaff including airflow driving forces of temperature (buoyancy) and wind (1):
∆

(1)
(2)

Opening area [m2]
Wind constant (0.001)
Buoyancy constant (0.0035)
Turbulence constant (0.01)
Window height [m]
Volume flow rate [m³/s]
Reference wind speed measured at the height of 10 m [m/s]
Mean velocity [m/s]

Um

Airflow might as well be enhanced by certain components which are not solely restricted to
ventilative cooling applications. If applied in ventilative cooling applications though, they
have to be selected and applied knowing the air volume flows that may result (typically high).
5.2 Enhance airflow by powerless ventilators
Powerless ventilators generally make use of wind pressure to generate either additional
pressure driving supply air flow or - more often - generate a negative pressure driving extract
air. The most widely used are Venturi ventilators, powerless rotating ventilators and wind
scoops. Powerless ventilators are generally robust, inexpensive and very effective. Again,
their effects depend inevitably on the presence of wind.
The Venturi effect may be utilized for providing a negative pressure at extract vents and thus
enhancing ventilation. Venturi elements for ventilative cooling may be shaped as Venturi
roofs or Venturi roof ventilators. The driving ventilation force can be significant, depending
on the square of the air velocity.
2 ²
Cp
pwind
v
ρ

(3)

Pressure coefficient (negative value)
Wind pressure, additive to static pressure of the free stream [Pa]
Flow speed of the free stream [m/s]
Air density at sea level (1.204 kg/m³)

Industrial Venturi ventilators reach pressure coefficients up to (– 1), leading to remarkable
negative pressures of:



4 Pa at an undisturbed wind speed of 2.5 m/s;
up to 60 Pa at an undisturbed wind speed of 10 m/s.
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Venturi roofs ventilators and Venturi chimney caps are offered throughout the world as robust
and effective air flow enhancing devices for exhaust air (Figure 2: Prefabricated ventilators
which utilize the Venturi effect.Figure 2).

Figure 2: Prefabricated ventilators which utilize the Venturi effect.4
5.3 Design for very low pressure drop in the VC systems
A very low pressure drop is mandatory for successful VC application. Driving forces of
buoyancy, as for instance for stack ventilation, are typically low5 as also expressed in
equation (6). If the air driving force is buoyancy, typically design for less than 5 Pa. If the air
driving force is mechanical ventilation, design for less than 100 Pa.
With a given pressure drop the airflow through an architectural aperture can be calculated
with the analytical algorithm based upon mass and spin balance [4]:
∆

∆

²
A
Cd
CF
k
∆
ρ

(4)
(5)

Opening area [m²]
Discharge coefficient of aperture (Cd for windows = 0.6-0.7; 0.67 (EN 16798-7:2017))
Flow coefficient of the aperture [m3/sPa0.5]
Flow resistance (k typical for windows = 2.1)
Volumetric airflow from aperture [m3/s]
Pressure difference across the perimeter [Pa]
Air density (1.21 kg/m3 at 20°C and standard pressure)

Driving force by buoyancy equals: 6
p
p
T

T

(6)

pressure difference [Pa]
temperature difference [K]
height [m]

4
Passivent Airstract roof ventilation terminals,
https://specificationonline.co.uk/directory/passivent/products/airstract-roof-ventilation-terminals (05/06/2018)
5
Heiselberg, P. (2018) p.76
6
Kolokotroni, M., Heiselberg, P. (2015).
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This leads to driving forces in the range of 5 Pa, rarely more. Wind pressure might help with
another 5 Pa, equalling the dynamic pressure at a wind speed of 3 m/s.
Driving force by mechanical ventilation technically can be raised to some hundred Pa, but
economically and ecologically is limited by the call for high power efficiency (COP), given
by the ratio of Pthermal / Pelecrtical . A total pressure drop of 100 Pa will lead to a power
efficiency (COP) of 20, which is a reasonable benchmark, compared to a mechanical chiller.
EN 13779 defines the best category of Specific Fan Power (SFP) lower than 500 W/(m³.s),
equalling a pressure drop of 250 Pa. In Ventilative Cooling this is still too much. VC
applications have to be designed within the non-existing category “SFP 1+” with a specific
fan power of lower than 200 W/(m³.s), equalling a pressure drop of 100 Pa. 7
A well performing example of VC exhaust ventilation has been monitored in a Viennese
social housing project. The air is drawn in via automated staircase windows, guided through
the central aisles, drawn out via <10 m duct length by a central exhaust ventilator on the roof
of the building. The monitoring proofed a Specific Fan Power (SFP) lower than 170 W/(m³.s),
equalling a total pressure drop of 85 Pa, resulting in COP = 24 at an extract air flow of
22.000 m³/h. 8

Figure 3: Air inlet window with chain actuator (left) Exhaust ventilator on roof (right)
6

TEMPERATURE

The efficient operation of VC is highly dependent on outdoor air temperatures. As shown in
chapter 5 natural airflow rates are strongly linked to temperature differences (T) of indoor
and outdoor air temperatures. Especially in dense urban areas day night swings might not be
sufficient for effective night ventilation. Site specific circumstances however can make a big
difference. Green outdoor spaces, like parks with trees and unsealed surfaces, may provide
adequate reduction of night temperatures. Orientation of air inlet openings should consider
such circumstances.
6.1

Exploit available temperature differences, limit VC to periods which physically
make sense

VC system should only operate at a sufficient temperature difference potential of indoor to
outdoor temperature. A recommendable threshold seems a T of 2 K or higher. Automated
7
8

Calculations based on an average ventilator efficiency ratio of 50% and air temperature rising by 3 K.
Holzer, P. et al. (2017), p.2
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VC systems always consume resources such as energy or attrition of components. In the case
of a long term monitored building of the University of Innsbruck even higher temperature
differences proofed practical. It has been reported, that windows opened and closed several
times during the course of one night with a set temperature difference of only 2 K, as outdoor
air temperature fluctuated within such amplitude. In that specific case a T of 3 K proofed
more suitable and efficient.
Note that 1.000 m³/h carry the thermal load of 340 W at a temperature rise of 1 K. If driven
mechanically at “SFP 1” at 500 Wel/(m³.s) this will cause an electrical load of 140 W. Thus,
running automated VC at low indoor-outdoor temperature differences is only effective in
naturally driven systems. Even there, 2 K or more seem to be a recommendable threshold.
The following figure shows short time monitoring results from mechanical ventilative cooling
in a Viennese office during a mild summer period. Mechanical ventilation runs from 22:00 to
06:00. Outdoor Air Temperature (green) undergoes the extract air temperature (yellow) at
22:00. The monitoring results show that the start point is well set. As T has its peak in the
early morning hours the operation of the operation time should be extended to fully benefit
from low outdoor temperatures.9

Figure 4: Temperature profile of mechanical Ventilative Cooling system in an office

6.2 Design the VC system for summer comfort at increased air temperatures
The ability of thermal mass to absorb thermal energy is highly dependent on the prevailing
indoor air temperature. Utilisation of this ability can be increased by allowing higher indoor
temperatures during the day. If the space is mechanically cooled to indoor air temperatures
below 26°C, activation of thermal mass is less effective. Ventilative Cooling in the sense of
increased indoor air velocity can also provide summer comfort in such cases.

9

Holzer, P. et al. (2017), p.4
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Air movement is the most effective mean of extracting heat from the human body, both by
convection and evaporation in and ordinary indoor environment. Thus, air movement, hereby
addressed as comfort ventilation, is not a measure for extracting heat from houses but of
extracting heat from human bodies.
The effect of raising the personal neutral temperature by moving air is quantitatively
described in many comfort Standards (i.e. ISO 7730:2005, Appendix G). The graph indicates
the air speed needed to offset an elevated temperature. It is valid for light sedentary work of
1.2 met and for summer clothing of 0.5 clo. The set of curves indicates the correlation for
specific temperature differences between the air temperature and the mean radiant
temperature (Figure 5Figure 5 Thermal effectivity of comfort ventilation.).

Figure 5 Thermal effectivity of comfort ventilation10.
Air movement may be provided both by natural airflow, whereas heat transfer has to be
prevented, and by mechanical fans. Box fans, oscillating fans or ceiling fans are well known
and proven for increasing the interior air speed and improving thermal comfort. Higher air
speeds permit the buildings to be operated at a higher set-point temperature and thus to reduce
its cooling needs. Air circulation fans allow the thermostat to increase by >2°K. Thus, fans
can meet up to 40% of the cooling need of buildings under the assumption that the occupants
are always affected by increased air movement.
Regarding personal acceptability it is necessary to enable people to personally control comfort
ventilation. Air movement at a velocity of 1 m/s, which is the same speed as normal walking,
may be regarded as a nice breeze, or as a nasty draft, all depending on the degree of personal
adaptive options and preferences.
7

USABILITY AND RELIABILITY

User integration is crucial for a functioning VC system and a well excepted indoor
environment. There might be discrepancies concerning the desired operation of VC
components (e.g. the scheduled opening and closing of windows) and user preferences, which
have to be taken into account. Case study documentations show best results when automated
10

International Organization for Standards. ISO 7730: 2005. Ergonomics of the thermal environment.
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components also allow for manual control. Such implementations prove to be the most
adaptable and reliable solutions, where VC systems work well and users are satisfied.11
One example of such a combination from a Viennese primary school has been documented,
where windows (shown in Figure 6) are used for night ventilation. They allow users to
manually open the window which increases user acceptance, but still are controlled
automatically for night ventilation which ensures high efficiency of VC.

Figure 6 Automated window, with optional manual operation and resistance sensitive gasket
VC systems with natural ventilation give the chance of reducing energy consumption
significantly and represent the most cost-effective option for VC12. Their design and operation
however implies greater insecurities in terms of reliability than those with mechanical
ventilation. Case study research shows that computer simulations can reduce uncertainties
which occur with the implementation of natural ventilation, although design should be
conservative when estimating cooling potential.13
7.1 Strictly emphasise Operability and Reliability of VC components
The operability of VC components, especially of the airflow guiding and airflow enhancing
components, is key to success of the whole VC system. The following aspects are related to
previous chapters and offer close links to practical VC application.
Within Annex 62 we identified the following aspects as challenges of VC in an operational
context:
 Safety & security aspects dealing with injury, burglary and vandalism
 Operational aspects dealing with wrong settings in the control systems
 Economic aspects dealing with investment and maintenance
Safety and security measures have to be taken into account from early design stages on. They
play an important role especially in public buildings where users and visitors might not be
that well informed about the building’s technical equipment. For automated components, like
windows, flaps or louvres, entrapment prevention is mandatory. The best solution comes by
making moveable parts of VC components inaccessible for users (Figure 7). If placed at
heights above 2 m they are usually save. Another option is to use pressure sensitive sealing as
shown in Figure 6. This measure needs additional installation care and raises maintenance
costs, but allows for placement of VC components in positions reachable by users.
11

O’Sullivan, P. O’Donovan, A. (2018), p.30
O’Sullivan, P. O’Donovan, A. (2018), p.27
13
O’Sullivan, P. O’Donovan, A. (2018), p.29
12
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Figure 7 Automated window in an Austrian kindergarten
Problems within the control systems manifest themselves only during the operation of a VC
system. Case study research also showed that post occupancy optimisation is very important,
especially for VC systems of high technology levels. Problems of the control system are often
only revealed over the course of a whole year.
It has also been reported, that occupants take less responsibility for maintaining indoor
climatic conditions and engage less with the building use over the course of the first months
after occupation of the building, which makes well configured automated systems even more
vital.12
Economic aspects should always consider both investment and maintenance costs. Case study
research show, that over long periods of operation, VC systems are more cost effective than
conventional cooling systems14. Naturally driven VC systems may cause higher investment
costs, but are less expensive in running costs. One case study showed that after 15 years of
operation of the naturally driven VC system, 10% of the actuators had to be replaced. It has
been reported that during that time good thermal summer comfort had been maintained and
that the system is still in use today.15
Reliability of VC operation is higher for automated systems than for manually controlled
ones. Users tend to open windows during warm periods and usually keep windows shut
during cold and windy weather which can compromise VC control strategies.16 In case of
singular automated ventilation openings in small and medium residential buildings, local
controllers of automated ventilation openings usually are an appropriate option. There are
wireless solutions together with smart home controllers which minimize installation costs.
Input variables may be temperature, humidity, CO2 and time.17
The next figure illustrates an example of a window, meant for manually operated night
ventilation in an Austrian school, which was analysed within Annex 62: Protection against
14

O’Sullivan, P. O’Donovan, A. (2018), p.83
O’Sullivan, P. O’Donovan, A. (2018), p.104
16
Heiselberg, P. (2018) p.98
17
Holzer, P. Psomas, T. (2018), p.76
15
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rain, burglary and fall is secured by a fixed metal grill in front of the window. Usage of the
window is compromised by the exceptional deep windowsill, which invites users to use it as a
shelf board, blocking its opening.

Figure 8 Window for manual night ventilation secured against rain fall and burglary but
blocked by books
In most cases of large residential as well as commercial ventilative cooling applications
central control will be the best option. Ventilative cooling may be integrated in the building’s
central Direct Digital Control (DDC). Input parameters may be again indoor temperature,
humidity, CO2 and time (outdoor temperature, wind, solar radiation). It is important to clarify
the control needs of ventilative cooling components already at the early design stage. Though,
DDC in principle is open to all kinds of algorithms. Professional DDC solutions are
predefined and limited in many aspects. Alterations of systems once installed may turn out
impossible or expensive.17
8

CONCLUSIONS

Ventilative Cooling proofs to be a robust, cost and highly energy efficient solution to ensure
climatic indoor comfort in buildings in both cool and warm temperate climate. Taking on the
findings and results from this paper and the Annex 62 will help to make its implementation
successful and promote its application on a broad scale. For further results and in depth
reading please refer to the official Annex 62 deliverables cited in the references below.
9
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ABSTRACT
Ventilative cooling (VC) is an application (distribution in time and space) of air flow rates to reduce cooling
loads in spaces using outside air driven by natural, mechanical or hybrid ventilation strategies. Ventilative
cooling reduces overheating in both existing and new buildings - being both a sustainable and energy efficient
solution to improve indoor thermal comfort. In new buildings VC, may save cooling energy and thereby make it
easier to fulfil future energy legislation for buildings. VC is an important topic supported by the International
Energy Agency (IEA) - where the IEA Annex 62 has had a special focus on this area.
Low energy buildings are highly insulated and airtight and therefore subject to overheating risks, where VC
might be a relevant solution. One of the tasks of IEA Annex 62 has been to evaluate the current status and make
recommendations for better implementation of VC in future standards, legislation and compliance tools for 11
different countries, incl. e.g. Denmark, Italy and Japan.
The purpose of this paper is to evaluate how well ventilative cooling is currently integrated into Danish national
standards, legislation and compliance tools and thereby make future recommendations based on this.
The approach is to evaluate to which extent certain ventilative cooling parameters are integrated into Danish
standards, legislation and compliance tools through questionnaires asking if e.g. cross ventilation is included,
which calculation time step is used for thermal comfort and if the position of windows is taken into account.
Based on the answers from the questionnaire a concise status was established for Denmark, conclusions were
drawn and thereafter concrete recommendations were given.
The Authors hope that the recommendations found throughout the IEA Annex 62 activities will help and inspire
policy makers, regulators and experts to improve future standards, legislations and compliance tools and better
address natural ventilative cooling.
Results show that ventilative cooling is not explicitly addressed in Danish building legislation nor national
standards. There is presently, among others, lack of information on how to use windows, night cooling
possibilities, window control and automation. In Danish building legislation and compliance tool, design air
flows are specified by the designer as fixed air flow rates split up into winter and summer operation. In reality air
flow rates, especially from natural ventilation, are seldom or never constant and a recommendation could be to
allow the possibility for variable air flow rates. The recommendation for better implementation of ventilative
cooling in Danish standards could be to have more “design specific” standards providing guidance on how to
achieve well-functioning ventilative cooling systems reducing overheating in buildings. The concrete
recommendations should give inspiration to regulators when making future revisions of standards, legislation
and compliance tools.

KEYWORDS
Ventilative cooling, standards, legislation, compliance tools, recommendations

1

INTRODUCTION

Ventilative cooling (VC) can be described as the effective use of outside air by means of
natural, mechanical, or hybrid ventilation strategies to reduce or eliminate the need for
compressed cooling. VC is not a product and should be rather regarded as an integrated part
of the design strategy. Case studies demonstrated that the use of VC, in many situations, can
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result in considerable energy savings as well for new constructed buildings (Tranholm, 2012)
as for renovation or retrofit situations (Flourentzou, 2012).
In spite of the considerable energy saving potential of VC, architects and engineers are
sceptical to apply VC in their building design. One of the major reasons is the uncertainties
regarding the estimation of energy performance and thermal comfort in buildings in which
VC is applied. A possible key incentive to increase the opportunities for VC, and lower the
uncertainties for building designers, are regulatory measures. (State-of-the-art-review,
Kolokotroni et al., 2015) state that further research should be conducted to study if the VC
potential can be estimated using monthly time steps. Monthly average models are the most
used in European compliance tools and could underestimate the cooling potential of VC and
therefore, reduce the application for building designers. On the other hand, it seems relevant
to start considering incorporation of dynamic, hourly-based models in the building
regulations. These models increase the possibilities to evaluate and optimize VC and thereby
increase its application potential.
The overall objective of this article is to describe the current status and future
recommendations for better implementation of ventilative cooling in standards, legislation
and compliance tools in Denmark. The work is targeted building designers, builders and
experts working with building energy performance standards, legislations and compliance
tools with the goal of helping these target groups with concrete recommendations, for better
future implementation of ventilative cooling, using this report as background information on
how ventilative cooling is implemented, and what can be done to improve the
implementation. The aim is that building designers, builders and experts, will be sufficiently
informed of the missing aspects of ventilative cooling found in existing standards, legislations
and compliance tools in Denmark and thereby act on these findings to ensure better buildings
in future with reduced overheating issues.
The work behind this article is a part of the subtask A: “Recommendations for standards and
legislation” of the research of IEA Annex 62 on “Ventilative Cooling” which ran 4 years from
2014-2017 that operates under International Energy Agency (IEA). For this task, the
information needed is obtained by questionnaires answered by experts in 11 countries, all of
which participate in IEA Annex 62. Though as mentioned this article only contains the
findings from Denmark, though also some general conclusions from the main work are also
drawn for better overall understanding.
In this article, the current status for the integration of ventilative cooling in standards,
legislation and compliance tools in Denmark are presented in section 2. Thereafter the
recommendations for better implementation of ventilative cooling are given in section 3 and
finally a conclusion is drawn at the end of the article in section 4.
2

STATUS OF VENTILATIVE COOLING
LEGISLATION AND COMPLIANCE TOOLS

IN

DANISH

STANDARDS,

The split of roles and responsibilities between standards, legislation, and compliance tools
differ from country to country. The collective task is to set up targets for certain parameters
and methods to evaluate if these targets have been met. The targets are assumed to be defined
in the legislation and the methods to evaluate if the targets are met are defined in standards
and/or national compliance tools.
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The aim of this section is to give a status of how ventilative cooling is implemented in Danish
standards, legislation and compliance tools. For more detailed information on the answers
given for Denmark please see the filled in questionnaire in Table 1 in
APPENDIX A.
2.1

Status of ventilative cooling in Danish standards

Overall there are very few Danish national standards concerning ventilative cooling. Actually,
only one has been evaluated, (DS 447:2013) dealing with requirements for ventilation
systems in buildings. This standard has a very useful overview of requirements and what to
include when designing and dimensioning ventilation systems, hereunder natural ventilation
systems using passive techniques for e.g. ventilative cooling. In (DS 447:2013) both natural,
mechanical and hybrid ventilation systems are defined, as well as demand controlled
ventilation and summer comfort (e.g. ventilative cooling) is described.
In Denmark, (DS 447:2013) is commonly applied in practice when making ventilation
systems, instead of CEN EN and ISO standards, which is why (DS 447:2013) is the only
reviewed national standard in this article.
Due to the length of this article the evaluation of CEN EN standards, CEN Technical reports
and ISO standards are not part of this article, but narrowed down to only national inputs.
2.2

Status of ventilative cooling in Danish legislation

The type of legislation differs from to country to country, as not all countries have e.g.
regional legislations. Different countries depending on their geographical size, authorities,
structures, etc., might have both national or national and regional legislations. In Denmark,
there is only national building legislation and no regional legislations. The fact that in
Denmark there is only national legislation can be explained by the relatively uniform climate
of the entire country, not large in geographical size, uniform building traditions and not large
population.
Several countries, among them Denmark, have taken steps to integrate ventilative cooling into
their building legislation, which is considered as a positive development.
Ventilative cooling is not explicitly addressed in Danish Building Regulations. Minimum
required ventilation air flow rates are defined for hygienic purposes (indoor air quality) and
not for thermal comfort. Thermal indoor comfort criteria with respect to number of
overheating hours are specifically addressed for residential buildings and less specific for
other building types but this criterion is presently not directly linked to any technology
solution, for example, ventilative cooling.
In Denmark, thermal comfort criteria are mandatory for residential buildings. For residences,
it should be proved by simplified (but still hourly) calculations that the temperature does not
exceed 27°C for more than 100 hours and 28°C for more than 25 hours (Danish BR 18, 2018).
For other buildings than residential, the building owner sets the maximum number of hours
the temperature can exceed 26°C and 27°C”. Often design guideline (DS 474, 2017) is used
that states that temperatures above 26°C should not be exceeded for more than 100 hours and
that temperatures above 27°C should not be exceeded for more than 25 hours during a typical
year. Moreover, (DS 447:2013) states that indoor temperature should not exceed 26°C (unless
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it can be excused by special processes in the kitchen). However, how these criteria should be
achieved are not specified although for residential buildings it is written that, if the building
has openable windows that allow airing of the space, then it should be possible to obtain these
criteria. However, how to use the windows, night cooling possibilities, window control and
automation is not mentioned.
Other key statements can be found in (Danish BR 18, 2018) and supplementing it, in
guideline document (Danish SBi Anvisning 213, 2016) that refer to ventilative cooling are:
 Air flow rates should be reduced when the need for ventilation is reduced.
 In rooms with strongly variable loads it should be possible to adjust air flow rates to
the needs.
 Air recirculation is not considered as an alternative to heat recovery.
 Building Regulation for ventilation systems specifically refer to (DS 447:2013) - this
means that both natural and mechanical ventilation systems are considered as
ventilation possibilities.
 Danish Building Regulation define specifically indoor thermal comfort criteria for
residential buildings and less specific for other buildings. For residential buildings,
Danish legislation permits simplified calculation method to document that criteria are
held, see also “Summer comfort” calculation in chapter about the "status of ventilative
cooling in Danish compliance tools". This method is not explicitly referred to in
Building Regulation text but in fact it is the method that was recently incorporated into
Danish compliance tool, namely “Summer Comfort” calculation.
Thermal comfort calculation method for other than residential buildings require dynamic tools
that is able to take the Danish Design Reference Year weather data set into account. Other
criteria, such as validation agreement, are not stated and thermal comfort calculations are
not performed by compliance tool.
2.3

Status of ventilative cooling in Danish compliance tool

Since 2015, the Danish Building Institute - SBi, has implemented an additional feature to the
official compliance tool to evaluate thermal comfort. This module is called “Summer
comfort” and is used to evaluate the thermal comfort in summer in residential buildings
through hourly calculations (described as total number of hours above 27°C and 28°C). It
should be highlighted that for many years the same compliance tool primarily served as
documentation of energy performance which is still based on monthly calculations.
It is essential that national compliance tools can interpret the legislation in a fair and correct
manner in order for ventilative cooling to become fully considered as a mean of ventilation
and cooling and at the same time respected as an influential technology on energy use and
indoor climate. The degree of complexity among national compliance tools can vary and it is
sometimes difficult to distinguish between national legislation and national compliance tools,
but the compliance tool should reflect what is stated in the national legislation.
Due to the limited number of parameters available in the compliance tool, only some features
of ventilative cooling can be considered. For example, the Danish compliance tool allows to
promote cross-ventilation, number of openable windows and take the geometrical free area of
windows into account. However, this approach is still limited for modeling ventilative cooling
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properly and therefore more advanced calculation tools should be considered and connected
to the existing compliance tool, without jeopardizing well-known approaches.
As stated in (State-of-the-art-review, Kolokotroni et al., 2015) “Most countries have as their
default a monthly energy calculation, which is not well suited for ventilative cooling. More
complex calculations are generally possible in the energy performance calculations, but you
need to be an expert and the complex calculations are time-consuming”. Denmark is one of
these countries with its obligatory energy compliance tool Be18 (earlier versions are Be6,
Be10 and Be15) that performs monthly energy calculation and that since 2015 allows for
simplified thermal comfort calculation (Summer comfort), but only for residential buildings.
As indicated in (Belleri, 2014) “Danish building legislation allows in general terms to take
into account the effect of ventilative cooling, but does not specify how. Be18, the Danish
compliance tool, allows users to input a ventilation rate value for ventilative cooling, but does
not assist them in determining the value. It also does not take into account thermal comfort
improvements due to elevated air velocity”
In the Danish compliance tool, ventilation air flow rates are defined as constant air flow rates.
Moreover, in Danish compliance calculation, ventilation air can be specified as natural or
mechanical. From the energy point of view this is positive because energy savings due to heat
recovery (mechanical) and savings on operation of the fan (natural) can be considered in the
overall energy performance of the building.
Moreover, the air flow rate can be varied from summer to winter season and between day and
night. Therefore, although the air flow rate is given as a constant value, the tool is to some
extent able to capture the dynamic character of the ventilation performance. Selection
between single-sided and cross ventilation strategy is not possible directly through the
software interface, but recommended air flow rates take into account these strategies
recommending higher air flows for cross ventilation than single-sided ventilation. Also, a
simple relation between air flow rate and openable window area is included in the help file of
the tool (not in the interface).
For the energy compliance check, the Danish compliance tool performs 12 (steady-state)
monthly calculations. This simplification is the primary reason why the compliance tool is not
able to capture the dynamic character of the ventilative cooling performance with an adequate
resolution.
Thermal comfort compliance calculation (only for residential buildings) should be performed
for the selected critical room with the highest risk of overheating. The critical room is selected
by the designer. Moreover, the calculation is hourly and based on a simplified energy balance
method that takes solar heat gains into account through the windows located in the critical
room. Solar heat gains are taken into account for window area, window orientation, properties
for solar gains and are specific for the calculated building. Other loads are not included.
Design air flows are specified by the designer as fixed air change rates separately for winter
and for summer with distinction between day and night for the summer case. In case of the
building being naturally ventilated, air flow calculation is estimated taking into account the
ratio between the effective window area and floor area. If the building is mechanically
ventilated then maximum designed air flow rate should be applied both for day and night
operation. The calculation algorithm behind the method is however, not explained. The
outcome is provided as number of hours above 27°C and 28°C. In practice, this calculation
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would often be the only one that documents indoor thermal comfort in new residential
buildings.
3

RECOMMENDATIONS TO VENTILATIVE COOLING
STANDARDS, LEGISLATION AND COMPLIANCE TOOLS

IN

DANISH

The aim of this section is to give recommendations to better implementation of ventilative
cooling in Danish standards, legislation and compliance tools.
It is recommended that the full effects of ventilative cooling are evaluated reflecting the real
conditions for the building, control, use and climate. This should in particular include the
actual building physics and geometry. Legislation should include or refer to guidelines,
standards or compliance tools on how to calculate the cooling effect, resulting temperatures
and the energy performance. Moreover, compliance tools should also reflect what is stated in
the legislation.
3.1

Recommendations to ventilative cooling in standards

Overall the most important Danish national standard that has been evaluated in this report
concerning ventilative cooling is (DS 447:2013). This standard deal with requirements for
ventilation systems in buildings and has a very good and useful overview of requirements and
what to include when designing ventilation systems, hereunder natural ventilation systems
using passive techniques.
A recommendation could be to have a more “design specific” national standard on ventilative
cooling, actually showing guidance on how to achieve well-functioning ventilative cooling
systems, e.g. looking at the integration of ventilation components for natural
ventilation/ventilative cooling like in (CIBSE AM 10:2005), instead of focusing on the
concrete requirements. This issue should be further investigated in future national standards,
and furthermore the work of (DS 447:2013) could be used as inspiration in the new projects
starting up in CEN and ISO.
To allow for ventilative cooling to be better addressed in standards both at the design stage,
where initial calculations of e.g. the natural forces are made as well as, at more detailed stages
where more detailed calculations are needed, it is important that several parameters are taken
into account, such as:






3.2

Assessment of overheating, e.g.:
o Thermal comfort indicators, including adaptive temperature sensation
o Energy performance indicators
Acknowledgement of natural and mechanical ventilative cooling
Acknowledgement of night cooling
The support of calculation methods that fairly treat natural ventilative cooling for
determination of air flow rates including e.g. the dynamics of varying ventilation and
the effects of location, area and control of openings
Recommendations to ventilative cooling in legislation
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The recommendations for national legislation in Denmark with regards to ventilative cooling
are listed below:
‐ Ventilative cooling should be explicitly addressed in Danish legislation (presently it is
not)
‐ Cooling capabilities of natural and mechanical ventilation systems should be directly
indicated.
‐ Thermal comfort criteria with respect to overheating in other buildings than
residential, for example, offices, schools, day-care institutions are still up to the
investor. For these buildings applies, as well, thermal comfort criteria for working
spaces. If reading these criteria carefully one would notice that they are not explicitly
defined. Furthermore, thermal comfort criteria recommended by the Danish Working
Environment Service and the ones from standards are not exactly identical. Therefore,
thermal comfort criteria in other buildings should be set in order.
‐ Legislation text should be more specific with regards to ventilation strategies in order
to cool/maintain acceptable thermal comfort.
‐ Natural ventilation strategies: single-sided, cross- and stack-ventilation should be
clearly identified with respect to realistic ventilation capacities, application, other
regulations such as fire regulations.
‐ Proof risks and limitations with regards to operation and capacities of natural
ventilation should be explicitly stated. Proofs should consider: burglary, insects, rain,
safety, noise and pollutions.
3.3

Recommendations to ventilative cooling in compliance tools

To allow for ventilative cooling to be treated in compliance tools evaluations, several
parameters should be considered, such as:
1. Assessment of overheating, e.g.:
a. Thermal comfort indicators, including adaptive temperature sensation
b. Energy performance indicators like e.g. virtual cooling needs, cooling
consumptions etc.
2. Assessment of increased air flows when efficient ventilative cooling systems are used:
a. Differentiation should be made i.e. for cross- or stack ventilation vs. singlesided ventilation, automated systems vs. manual control, large vs. small
opening areas (roughly included in Denmark, though many countries do not
even take this point into account, so it is important to mention)
b. Associated airflows should preferably be based on building physics for e.g.
dynamic tools (using pressure equations) or – as a simpler solution - on
“coefficients” which increase air flows based on the chosen system.
Although the Danish national compliance tool reflects some flexibility to describe ventilative
cooling, there is still place for improvement.
The recommendations for national compliance tool in Denmark for future updates with
regards to ventilative cooling are listed below:
‐ Possibility for variable air flow rates, ventilation time schedules and simple control
strategies should be the first one to be implemented for the ventilation strategy
description (assuming that calculation is hourly and not monthly). Presently
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‐

‐
‐

‐

‐

‐
‐

compliance tool calculations do not allow grasping the required dynamic response of
the ventilation to the varying loads in legislation.
Key performance indicators, such as Cooling Requirements Reduction (CRR) and
Ventilative Cooling Seasonal Energy Efficiency Ratio (SEER) should be included in
compliance tool calculations.
Calculation algorithm behind the “Summer comfort” module in BE18 should be
elaborated and explained in the tool help file.
There is differentiation between day and night air flows and summer and winter
season air flows but still they are used as average values for very long time spans.
More discretized time step for ventilation description should be used.
At present, real dynamic characteristics of ventilation and air based cooling capacities
are not included in the compliance tool calculations, both for mechanical and natural
ventilation. Therefore, compliance tool results should rather be used as tools to
compare one building with other building performance, but not to draw conclusions on
real building performance.
Air flows in natural ventilation system are specified disregarding window position in
the building, specific opening geometry and characteristics and airflow paths to other
openings. Therefore, the compliance tool should at its present stage of development
not be used as design tool (which often is done). Presently, aside airflow calculations
are required to gain trust in natural ventilation performance and to use “more correct”
average air flows in compliance tool calculations.
Proofs constrains for automated controlled windows should be specifically addressed
because they would have great influence on building comfort and energy performance.
Two complementary means could be used to introduce ventilative cooling into Danish
compliance tool(s)
o Using ventilative cooling to reduce “virtual” cooling needs of the evaluated
building, regardless of any cooling system installation.
o

4

Using ventilative cooling to reduce overheating hours, meaning that room
temperatures should be evaluated accurately.

CONCLUSION

Generally, ventilative cooling is not very well included in standards, legislation and
compliance tools across the evaluated countries and the level of detail for evaluation of
ventilative cooling, ranges vastly from simplified to detailed methods, e.g. from pure monthly
average models to more dynamic hourly-based models.
When revising standards, legislation and compliance tools with respect to calculation and
design of ventilative cooling systems, it should be ensured that the text is technology neutral,
thereby not favouring specific technologies and allowing emerging technologies such as
hybrid systems.
In difference to most European compliance tools, using the monthly average models that
could underestimate the cooling potential of ventilative cooling, there has in Denmark been
made an improvement. This improvement is the implementation to the official compliance
tool of a “Summer comfort” module that performs hourly calculations of thermal comfort in
summer in residential buildings only. This method could be seen as an "intermediary"
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approach, in between the mentioned very simplified monthly average models and the more
dynamic hourly-based models. Although the method is a step forward, it is equally important
that the calculated or allowed air change rates are high enough to actually achieve the needed
cooling effect. Here improvements in the Danish method are still needed – by e.g. ensuring
the associated airflows are preferably based on building physics for e.g. dynamic tools (using
pressure equations).
Even though the benefits of ventilative cooling are widely acknowledged, its use by e.g.
designers or architects strongly depend on a few intertwined challenges:




5

The adequate modelling of natural ventilation and especially of air flows
The share of the energy for cooling for summer comfort and overheating risk is to
become equivalent to energy consumption for heating in winter
To adequately predict the expected "thermal comfort and cooling requirements", as
well as the "energy performance" when using ventilative cooling in buildings (this
could e.g. be based on Static models (e.g. Fanger PMV model) or Adaptive models
(e.g. adaptive comfort model))
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APPENDIX A
7

Residential

Non‐residential

Non‐residential

Danish legislation, BR15

Residential

Danish standard for NV, MV & HV; DS 447:2013

No

Parameters
No

Compliance tool Be18
Non‐residential
Not specific but there is link
between anticipated air flow
and effective window area.

Yes

Residential
Not specific but there is link
between anticipated air flow
and effective window area.

Yes

No

Not specific but there is link
between anticipated air flow
and effective window area.

Single‐sided ventilation

No

Not specific but there is link
between anticipated air flow
and effective window area.
No
No

No
No

Yes
Yes

No

Yes
Yes

No

Cross ventilation
Stack ventilation
Yes

Yes, separate air flow can be
specified.
Yes, by natural ventilation,
then no fan energy
consumption.

Yes

Yes, separate air flow can be
specified.
Yes, by natural ventilation,
then no fan energy
consumption.

No

Yes, natural and mechanical
system can be specified in
one building.

Night cooling

Yes, natural and mechanical
system can be specified in
one building.

No

No

No

No

Yes

No

Yes

No

Free cooling

No

No

No

No

Yes

Yes

Yes [12]

Yes
Yes

*Thermal comfort to be
documented by dynamic
calculation.

Comfort:hourly

Energy: Steady‐state

Simplified hourly calculation

Monthly

Energy: Steady‐state monthly

Thermal comfort: Not
included in compliance tool.

Yes, automatic control would Yes, automatic control would
increase anticipated air flow. increase anticipated air flow.

No

Yes [11]

No

** Energy performance is
documented through steady‐
state calculation

Thermal comfort: Not
included in compliance tool.
Overheating hours are
recalculated to Watts and add
as punishement for energy
performance

Comfort: hourly calculation

Question if legislation directly Question if legislation directly
address Ventilative Cooling or address Ventilative Cooling or
cooling by means of air. For cooling by means of air. For
Danish case the answer
Danish case the answer
would be No
would be No

Energy performance: monthly
Energy performance: monthly
Energy performance: monthly
calculation
calculation

Comfort: hourly calculation

*Thermal comfort may be
documented by simplified
dynamic calculation.

No

Monthly and hourly [12]

Steady state and dynamic
calculation [12]

Yes

Monthly and hourly [11]

Steady state and dynamic
calculation [11]

Yes

Hybrid systems

Is wind included in your calculation?

Position of windows in building

Effect of having manual or automatic window
operation

Steady‐state or dynamic calculation?

Time‐step (monthly or hourly)?

Indicate important issue not included in this
table

Table 1 - Ventilative cooling parameters in standards, legislation and compliance tools in
residential buildings and non-residential buildings in Denmark
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ABSTRACT
Even in Northern European climates, overheating in many Nearly Zero Energy Buildings is a barrier to year round
occupant satisfaction with the indoor thermal environment. Improved energy performance and enhanced thermal
comfort should not be perceived as a rigid dichotomy of concepts. However, an acceptable thermal environment,
during extended cooling periods now present in NZEB’s, can come at a high energy cost if mechanical cooling is
used. Passive cooling through the integration of natural ventilation principles with the building morphology and
materials has long been championed as a viable alternative to mechanical cooling. This paper presents findings
from an investigation into the effect incorporating energy storage can have on the assessment of climate cooling
potential for low energy buildings. A method to include the energy accumulation in the steady state energy balance
equation for predicting the balance point temperature used to assess the ventilative cooling state is proposed. The
energy accumulation in the thermal mass is restricted to an amount that raises the temperature of the material by
less than 1K thereby supporting an assumption that the approach is steady state. To achieve this the thermal mass
is estimated based on the dimensions of the structure but the depth is assumed as sufficiently large to facilitate a
low utilisation of the available capacitance in the structure thus resulting in a temperature change of less than 1K.
The approach is applied to a case study in Cork Ireland. Results show that even a modest energy accumulation
significantly influences the prediction of ventilative cooling hours in winter months. Required cooling airflow
rates are also modified significantly. Simplified approaches to incorporating thermal mass in early stage
assessment of climate cooling potential should be considered further and can influence whether or not a passive
strategy may be adopted for a building design.

KEYWORDS
Cooling potential, thermal mass, single-sided ventilation

1

INTRODUCTION

The cooling demand in both residential and commercial buildings in expected to increase
substantially in 2050 (Santamouris, 2016). This presents unique and unpreceded challenges, in
ensuring that the energy consumed in the building stock is reduced to, and maintained at nearly
zero energy levels. Avoiding extended periods of overheating will contribute largely to
reducing the cooling energy cost of future climate change. Overheating mitigation in nearly
zero energy buildings (nZEBs) is one challenge, another challenge is maximising the use of
untreated outdoor air to reduce the reliance on mechanical energy systems in nZEBs. Previous
studies on overheating have focused on low energy or passive buildings in particular (Dodoo
& Gustavsson, 2016; McLeod, Hopfe, & Kwan, 2013; Rodrigues, Gillott, & Tetlow, 2013), and
in Europe a large amount of this research has been presented in climates that are moderate,
where designs focus on reducing heating season energy consumption (Gupta, 2013; Psomas,
Heiselberg, Duer, & Bjørn, 2016; Rohdin, Molin, & Moshfegh, 2014; Tabatabaei Sameni,
Gaterell, Montazami, & Ahmed, 2015). Considering overheating in the design stage has been
seen as vital to reducing future overheating (Gul et al., 2015). Unfortunately, past experiences
with the housing industry leaves at lot to be desired, as current or future overheating has been
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seldom considered in the design stage within this industry (Lavafpour & Sharples, 2014). This
overheating risk could be further underestimated in practise, as overheating is expected to have
a more pronounced effect in low energy buildings when compared to traditional buildings
(Dodoo, Gustavsson, & Bonakdar, 2014). Exposed thermal mass, external solar shading and
defined ventilation strategies like night ventilation have been shown to be vital in reducing
overheating (Holmes & Hacker, 2007). Furthermore, proven examples of low energy mixedmode buildings have shown that exemplary comfort and energy performance can be achieved
for a range of climate zones and building types (O’Sullivan, O’Donovan, Zhang, & Carrilho da
Graca, 2017). Therefore, design stage tools that incorporate, climatic cooling, ventilation
strategies, and mitigation measures like thermal mass could prove vital in informing designers
to make the right decisions from both comfort and energy perspectives. Estimations of the
available climatic cooling potential from natural sources has been put forward by many
researchers (Artmann, Manz, & Heiselberg, 2007; Axley & Emmerich, 2002; Campaniço,
Soares, Hollmuller, & Cardoso, 2016; Chiesa & Grosso, 2015; Panchabikesan, Vellaisamy, &
Ramalingam, 2017). While the approaches used above are by no means ideal they provide
designers with a critical insight into the potential of the climate they are planning to build in
and offer simple overview as opposed to the detailed approach of whole building simulation
which can take more time. The drawbacks of some of the climate cooling potential approaches
are that they tend to over or underestimate the contribution from thermal storage in a buildings
thermal mass, with some approaches not accounting for thermal mass and others assuming
thermal mass was infinite. Gandhi, Brager and Dutton also present examples of early phase
simulation tools that can be used by designers for simulating mixed-mode buildings (Gandhi,
Brager, & Dutton, 2015). In more recent work, as part of objectives set out in IEA EBC Annex
62, a cooling potential analysis tool was developed by (Annamaria Belleri, Marta Avantaggiato,
2017) which can be used easily by designers in the early phases of building design. While this
tool does not look specifically at the airflow configuration of a building or account for thermal
mass, it gives the user an insight into required airflow rates when using untreated outdoor air
for a minimum or enhanced airflow rate, evaporative cooling, and for a specific climate and
building (Belleri & Chiesa, 2017). This paper aims to investigate whether the inclusion of a
nominal amount of energy accumulation (due to thermal storage) in the energy balance model
for estimating climate cooling potential will result in a significant change in the predicted
number of hours requiring enhanced ventilative cooling (VC) for a given location and building.
It also investigates whether there is a change in the required ventilation rates for the enhanced
VC and if this improves the likelihood of single sided ventilation as a viable cooling strategy.
The method of inclusion of an energy accumulation term in the balance point temperature
equation is presented. Results are also presented and discussed.
2
2.1

METHODOLOGY
Existing cooling potential analysis tool

Assessing the cooling potential of a location requires knowledge about the local climate and
the building which the assessment will be carried out for. The approach suggested by Emmerich
and Axley uses a single zone steady state energy balance model that, in its basic form, does not
account for any thermal storage in the energy balance. It assumes that because the indoor
temperature is assumed as a constant in the estimation of the balance point temperature, then
no thermal mass is present for modulating the temperature. The method then calculates the
balance point temperature ( ) at each time step using Equation 1 below and uses different
criteria to determine whether the zone is in heating mode, the minimum airflow rates for
hygiene is sufficient for cooling, or whether an enhanced VC airflow is needed to meet cooling
demand. Where,
is calculated as the sum all gains to the air node at each time step.
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(1)

∑

These criteria are shown in Equation 2 below with representing external air temperature from
weather data,
representing the balance point temperature,
and
the upper and lower
thermal comfort limit values respectively and
an upper comfort limit temperature offset to
ensure valuable cooling is available.
0,
1,
2,
3,

if
if
if
if

,
,
,

(2)

A drawback of this approach is that it may overestimate the number of cooling hours given the
magnitude of the instantaneous gains that are assumed to enter the air node. This can lead to a
larger heat gain, requiring removal using an enhanced VC airflow rate. Using this method also
results in the prediction of some very high air change rates (ACRs) for cooling. Consequently,
in early stage design this may rule out the use of otherwise appropriate strategies such as single
sided ventilation, a strategy well adapted to retrofit projects. Thermal storage in the building
structure can reduce the amplitude, time and occurrence of heat gain to the air node in a
homogenous thermal zone. Taking account of its effect can be complex given the dynamic
nature of the charging and discharging of energy from the storage mass, as well as the coupled
nature between the indoor air temperature and thermal mass temperature, with either
influencing the other respectively. However, when assessing the cooling potential of a given
building and associated climate the approach is based on a steady state method that uses a
constant for indoor air temperature. The methods proposed generally assess whether the
external air temperature ( ) is above or below the value that would result in no additional
heating or cooling required to maintain the desired indoor air temperature set-point (
. If
cooling is needed then as long as the external temperature is below the upper thermal comfort
limit defined by the adaptive thermal comfort model, useful cooling is available.
2.2

Proposed inclusion of energy accumulation in thermal mass

As long as a differential in temperature exists between the indoor air and thermal mass there
will be some energy accumulation in the thermal storage, charging when the differential is
positive in the direction of heat flow into the thermal mass, discharging when the differential is
positive in the direction out of the thermal mass. Assuming a constant temperature difference
can be a simplified way of allocating a portion of the energy to storage at each time step. With
the assumption of a constant air temperature
in the energy balance model and assuming
that only a small portion of the available thermal mass is utilised, we can reasonably assume
that there also exists a broadly constant thermal mass temperature (
and therefore it is
possible to incorporate an energy accumulation to the thermal mass at each time step using the
steady state energy balance model to estimate the balance point temperature ( , see Equation
1). In a structure that can be assumed to be infinitely massive there is a large potential for energy
storage without large changes to the temperature of the thermal mass. A large amount of energy
accumulation is required to increase the temperature of the structure. In a similar but more
realistic scenario where we define a zone and associated thermal storage potential, if we are to
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reasonably assume that the temperature of the thermal storage will remain constant, we can
limit the energy accumulation in the thermal storage to below that required to raise the
temperature by 1 degree Kelvin during each day. This approach is suitable in order to validate
the assumption of a constant thermal mass temperature in the modified energy balance equation.
Using a constant thermal mass temperature allows an assessment of how sensitive the climate
cooling potential analysis approaches are to the assumption that there is no thermal mass
present, where all gains are assumed to act instantaneously in the air node. The proposed
approach here does not investigate different levels of thermal mass, i.e. lightweight versus
heavyweight, rather it seeks to quantify whether there is a significant effect on the number of
hours requiring enhanced cooling when some energy accumulation is allowed to take place, and
what the subsequent influence on the required ventilation rates might be. To include the energy
accumulation term we provisionally propose the replacement of
with an adjusted total heat
gain value ( ) that incorporates the energy accumulation in the thermal mass:
(3)
Where the energy accumulation term (

) is calculated as:
(4)

The three terms on the right hand side represent the fraction of solar gain which charges the
thermal storage directly at the current time step, the fraction of solar gain which discharges
from the thermal storage based on a pre-defined time lag , (proposed as being between 1 hour
and 3 hours, taken as 2 hour for this study), and a convective energy transfer into the thermal
storage from the air node. At each time step in the hourly assessment method, the accumulated
energy term is then subtracted from the total energy accumulation term giving an adjusted value
( ) used for the estimation of the balance point temperature. This modified balance point
temperature shifts the external air temperature value at which cooling will now be required,
thus adjusting the number of cooling hours. To ensure the constant thermal mass temperature
assumption remains valid, and in turn a constant temperature differential between the air and
thermal mass, the solar charging fraction for the thermal mass , the time lag , and the heat
transfer coefficient , have been set to ensure that the total energy accumulation over a given
daily occupancy period (in this analysis taken from 08:00 to 17:00), does not exceed the energy
required to raise the thermal storage by 1°K for any of the annual occupancy days. This is
completed by assessing the following expression for each occupancy period:

(5)
Where
is the energy necessary to raise the thermal storage by 1°K. The total energy
accumulated in a given day is calculated as:
∆

(6)
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In the example used for this study the thermal storage has been estimated based on the details
in Table 1 below. Using these details,
is estimated to be 31,752 kJ/K. The amount of
available thermal storage each day is therefore restricted from exceeding this value. By way of
example, Figure 1 presents typical energy accumulation profiles for a day in January, and a day
in July.

Figure 1: Energy accumulation within the thermal mass throughout a typical winter day (January 1st)
and a typical summer day (July 28th). Energy accumulation shown in red, energy required to limit
temperature increase to 1°K shown in blue.

It can be seen that using mid-range values for the respective energy charging components of
Equation 4 the
chosen still allows reasonable hourly charging and discharging without
saturating. To ensure that the accumulated energy at the end of each occupancy period can be
sufficiently dissipated from the structure, the heat removal potential from night-time VC is
estimated and compared with the previous days building up. This involved calculating the
maximum heat removal potential of the ventilation opening in the zone during each night and
assessing whether this value exceeded the total energy accumulation during the previous
occupied period. An indoor cooling set-point of 23°C was taken to estimate the heat removal
potential. We provisionally set the cooling hours to be from 00:00 to 07:00 though these would
change depending on the cooling demand and limits relating to boundary conditions. The
integral of energy removal throughout the nigh-time period is calculated by using the external
air temperature for each hour to estimate the heat removal rate using a nominal ACR value. It
was found that for the annual period a maximum daily night-time ACR value of 1.75 ACH is
required to ensure that there is sufficient heat removal potential to discharge the energy
accumulated in the thermal mass throughout the previous day. The actual value varies each day
with 1.75 ACH being the maximum required value. It is reasonable to assume that this range of
ACR values would be achievable when required and as such the assumption that all energy
accumulated in the thermal mass is removed by the beginning of each day appears reasonable.
The number of hours where cooling is available during the night can also be increased. As the
purpose is to test how sensitive the approach is to the effects of an energy sink in the energy
balance model, this limit was deemed acceptable for the purpose of this paper. Evidently it
restricts the extent to which energy accumulation can be incorporated into the model and
therefore the study doesn’t seek to present a comprehensive assessment of how thermal storage
can influence cooling potential and its associated VC ventilation rates. Here, the study
specifically seeks to quantify whether or not a notional energy storage can have a significant
influence on the outcome for the assessment method. A northern European location is selected
for investigation of the effect of an allowance for energy accumulation in the energy balance
model. A building in Cork, Ireland was assessed for this study, the building details are included
in Table 1 below.
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Table 1: Building details
Input Parameter

Units

Values

General
PartL2017new

Name
Building Type

(-)

Office

Comfort Category

(-)

III

Floor to ceiling height

(m)

3.0

Depth of room

(m)

8.0

Width of room

(m)

12.0

Area of external glazing

(m2)

14.4

Depth of internal wall (for thermal storage)

(m)

0.1

(W/m2K)

0.21

Geometry

Thermal Characteristics
U-Value External Wall

2

U-Value Glazing

(W/m K)

1.60

G-Value Glazing

(-)

0.70

U-Value External Roof

2

0.20

2

(W/m K)

U-Value Floor

(W/m K)

0.21

Heat capacity of internal wall

(J/kg K)

840

Density of internal wall

3

(kg/m )

2000

Shading control set point

(W)

80

Minimum Ventilation Rate

(l/s/p)

12

Number of Occupants

(QTY)

-

Occupant Density

2

(m /p)

10

Occupant Sensible heat Gain

(W/p)

90

2

Additional

Internal heat gain

(W/m )

25

Heating set point temperature

(°C)

20

Cooling set point temperature

(°C)

23

The change in VC hours from employing thermal mass is presented. The distribution of when
the VC hours are required is also compared. This is to identify whether or not the thermal mass
has an impact on cooling requirements outside the summer period as the current approach
estimates a high proportion of VC during winter. The distribution of ACR values for a scenario
with and without energy accumulation is also investigated.
3

RESULTS

Figure 2 presents the variation in monthly enhanced VC hours when thermal mass is applied
and outlined in Table 1 above. Large reductions in VC are noticeable during winter months
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with the lower energy gains more affected by the amount of accumulation available with the
thermal mass. In summer months there is less of an impact on whether or not cooling is needed.

Figure 2: Change in VC hours when an energy accumulation term is used in the energy balance equation

Even with some accumulation of energy in the thermal mass there is still a sufficiently large
energy load in the space to require VC during summer. Table 2 summarises actual change in
all modes of operation for the analysis method. However, this result demonstrates that even
with a notional allowance for energy accumulation in the simplified approach there is an effect
on the outcome of the tool. This evidently doesn’t allow for the coupled dynamic heat transfer
interaction effects between air and mass temperatures.
Table 2: Summary of annual occupancy hours according to VC mode.
Mode

Description

No Thermal mass (hrs)

Thermal mass (hrs)

0

Heating mode

321

704

1

Cooling with Min airflow

454

834

2

Cooling with VC airflow

2875

2112

Figure 3 shows how the required ACRs have been affected when thermal mass is incorporated
into the calculation. Table 3 provides summary statistics.
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Figure 3: Change in range of ACR values when an energy accumulation term is used in the energy balance
equation

The mean air change rate required throughout the occupied hours reduces from 2.8 ACH to 1.9
ACH, a 32% reduction. While the standard deviation of ACR values does not change
significantly the distribution of values shifts left with the maximum ACR value reducing from
14.9 to 12.3 ACH, an 18% reduction. The skewness increases from 0.14 to 0.42 when thermal
mass is introduced demonstrating the increase in minimum airflow values in the thermal mass
dataset. In general introducing some energy accumulation results in ACR values that are lower
making the likelihood of strategies such as single sided ventilation more acceptable to meet the
cooling requirements for the building.
Table 3: Summary of annual occupancy hours according to VC mode.

4

Type

mean

median

max

Std. dev.

No Thermal Mass

2.8

2.9

14.9

1.8

Thermal Mass

1.9

2.3

12.3

1.7

CONCLUSIONS

When using early stage assessment tools to establish the climate cooling potential for a given
combination of location and building the approach often omits the effects of energy storage in
the building thermal mass. This is usually due to the complicated interaction between the air
and storage material. However, adopting a simplified approach that limits the storage mass to
a constant temperature can facilitate an initial investigation into the potential effect energy
accumulation might have on the extent of ventilative cooling needed and the magnitude of
associated cooling airflow rates. The approach presented here, while not comprehensive in its
treatment of the relationship between thermal mass and internal zone air, does demonstrate the
importance of developing early stage techniques that account for its presence. A significant
reduction in VC hours during winter months was shown to exist when thermal mass is
incorporated along with a reduction in the magnitude of required ventilation airflow rates. More
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work is needed on properly allowing for the dynamic interaction between the thermal mass and
air mass within the zone.
5
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ABSTRACT
Ventilative cooling (VC) is an application (distribution in time and space) of air flow rates to reduce
cooling loads in spaces using outside air driven by natural, mechanical or hybrid ventilation
strategies. VC reduces overheating in both existing and new buildings - being both a sustainable
and energy efficient solution to improve indoor thermal comfort. VC is promising low energy
cooling technology that has potential to substantially reduce the use of mechanical cooling in
airtight and highly insulated buildings. However, architects and engineers are skeptic to apply
natural VC in their building design due to the uncertainty in the prediction of energy performance
and thermal comfort.
Firstly, BSim software, that is a whole building simulation tool, is validated according to procedure
proposed in EN 15255 standard (Thermal performance of buildings – Sensible room cooling load
calculation – General criteria and validation procedures). The aim of validation according to
standard is to control if BSim modules provide reliable results and would not cause the discrepancy
between measured and simulated operative temperature.
Secondly, simulated operative temperatures for five different ventilation system configurations are
compared to on-site building measurements of a single sided ventilated office room.
Paper shows that simulation model is capable of estimating the operative temperature during a
summer period reasonably accurate. The maximum obtained deviation of the simulated operative
temperature for five different system configurations, is within -19% and 5.1%.
Moreover, out of 13 selected validation cases proposed in EN 15255, 11 have passed and 2 have not
pass the validation procedure. The paper provides explanation for the 2 cases that did not pass the
validation procedure and share the conclusions drawn from validation procedure.
KEYWORDS
Ventilative cooling, natural ventilation, dynamic simulation, validation.

1 INTRODUCTION
Study presented in this paper is a part of subtask A: “Methods and Tools” of the on-going research
of Annex 62 “Ventilative Cooling” that operates under International Energy Agency (IEA).
Ventilative Cooling (VC) can be described as effective use of outside air by means of natural,
mechanical, or hybrid ventilation strategy to reduce or eliminate the need for compressed cooling.
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VC is not a product and should be rather regarded as an integrated part of the design strategy. Case
studies demonstrated that the use of VC, in many situations, can result in considerable energy
savings as well for new constructed buildings (Tranholm, 2012) as for renovation or retrofit
situations (Flourentzou, 2012).
In spite of the considerable energy saving potential of VC, architects and engineers are sceptical to
apply VC in their building design. One of the major reasons is the uncertainties regarding the
estimation of energy performance and thermal comfort in buildings in which VC is applied. A
possible key incentive to increase the opportunities for VC, and lower the uncertainties for building
designers, are regulatory measures. In the article of (Kapsalaki, 2015), the current building
regulations of 8 European countries are investigated regarding if these regulations assess the
potential of VC. The study showed that regulations usually consider VC rather simplified and do
not address its complexity. Another important finding is that the majority of the countries estimate
the cooling demand based on monthly models (Kapsalaki, 2015). However, it is uncertain whether
monthly models can evaluate the complexity and cooling potential of VC. Kolokotroni
(Kolokotroni, 2015) state that further research should be conducted to study if VC potential can be
estimated using monthly time steps. Monthly average models could under estimate the cooling
potential of VC and therefore, reduce the application for building designers. On the other hand, it
seems relevant to start considering incorporation of dynamic, hourly-based models in the building
regulations. These models increase the possibilities to evaluate and optimize VC and thereby
increase its application potential. However, due to the complexity of VC the hourly based models
also impose adequate control strategies and appropriate input parameters. An important input
parameter to assess the VC performance is the outdoor wind velocity and temperature. The
ventilation rate and cooling power of VC is induced by thermal buoyancy and outdoor wind
pressure difference. The latter one is highly turbulent and variable over time. The most of dynamic
hourly-based building performance simulation tools applies hourly-based meteorological weather
data as input for the determination of the local solar radiation, temperature and wind velocity. It is
however questionable whether an hourly input is sufficient enough to take the turbulent behaviour
into consideration and estimate correctly the VC potential.
In the present study the simulation results of dynamic model with an hourly based meteorological
input data are compared to measurements of an existing building to assess the accuracy and the
deficiencies of this kind of models.
The comparison is made based on a single-sided ventilated room consisting of a side hung window
for both night and continuous ventilation strategies. The software used for the simulation is BSim
developed by the Danish Building Institute, (Wittchen, 2005). In this study the following main
research question is answered:
What is the estimated operative temperature accuracy of a dynamic model with hourly
based meteorological input data for a single sided natural ventilated room?
To answer the main research question, the following sub research question is answered:
What is the accuracy of the BSim simulation program regarding the sensible cooling load in
comparison with the EN-15255 standard?
Firstly, methodology is presented. Thereafter the measurement protocol is described. Subsequently
the applied equations in BSim and the sensibility of different parameters are discussed. Weekly
comparisons between measured and simulated operative temperature are presented. Paper closes
with discussion and conclusions.
2 METHODOLOGY
2.1 Validation with EN 15255
Firstly, BSim software is validated according to procedure proposed in EN 15255 standard (CEN,
2006). The aim of validation according to standard is to control if other BSim models provide
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reliable results and will not be the reason for discrepancy between measured and simulated
operative temperature.
The standard EN 15255 validation procedure consists of 15 tests cases of which 13 were considered
relevant for this study, see Table 1. The validation consists of a comparison between the simulated
cooling load, and average cooling load with reference values specified in the standard.
Table 1: 13 chosen validation tests
Test
1
2
3
4
5
6
7
8
9
10
11
12
13

Column Title
Reference case
Test 1 + modification of the thermal inertia
Test 1 + modification of the internal gains
Test 1 + modification of the glazing system
Test 1 + modification of the system control
Test 1 + intermittent operation of the system
Test 6 + modification of the thermal inertia
Test 6 + modification of the internal gains
Test 6 + modification of the shading
Test 6 + modification of the ventilation
Test 6 + modification of the max. cooling power
Test 6 + modification of system control
Test 6 + modification of the shading control

Mismatch

Validation procedure has indicated some limitation concerning the standard. The standard does not
take into account: dynamic solar path tracking, self-shading, and dynamic material properties. BSim
is an advanced simulation software and had to be simplified in order to mimic requirements
stipulated in EN 15255.
To comply with the standard the maximum cooling load and average cooling load must not deviate
5% from the reference values provided in the standard for each 15 cases. In Fig.1 are presented
mismatch percentages of the average cooling and maximum cooling load obtained by BSim. Of the
13 cases conducted 11comply with the accuracy requirements. The maximum cooling power in test
2 and 4 from Table 1 is estimated slightly higher in comparison with the reference values stated in
the standard.
8.0%
7.0%
6.0%
5.0%
4.0%
3.0%
2.0%
1.0%
0.0%
-1.0%
-2.0%
-3.0%
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Test case

Figure 1: Mismatch of the maximum and average cooling load in relation to the reference results

The overestimation of the maximum cooling power in test 4 can be possibly ascribed to the not
fully equalized operative temperature with the air temperature (EN 15255 requires air temperature
whereas BSim is controlled according to operative temperature). For the validation purpose
operative temperature in BSim is weighted with factor 0.9 for air component and only 0.1 for
radiant component. This small but still difference becomes especially important for cases with high
solar gains. Test 4 consists of a glazing system without shading device. The high solar radiation
increases the wall temperature resulting in a larger difference between the mean radiant and air
temperature. Due to this effect the air temperature is 1.5 K lower compared to the operative
temperature at the hour with the highest solar radiation. Probably if both the operative and air
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temperature were fully equalized case 4 would fall within the accuracy requirements. A clear
explanation cannot be given for the overestimation of the maximum cooling power with 1.5 % point
in test 2. One clarification could be that the adjustments and assumptions made for the
simplification of the program, result in a slightly higher accuracy mismatch. These assumptions and
simplifications are well substantiated. Nevertheless, the assumptions to equalize the operative
temperature with the air temperature and the increase of the transmittance of the solar shading have
a considerable influence on the cooling load. The combined inaccuracy of the made simplifications
could result in a small overestimation of the maximum cooling power for specific cases. In authors
opinion BSim passed validation procedure and mismatch between standard reference values and
simulated values is mostly not due to incorrect calculation method in software but rather due to
mismatch in input parameters defining reference cases.
2.2 Reference building description and measuring campaign
In this section the building and the measurement protocol are described. Building selection and
measuring campaign on the building was conducted by the consulting/research company ESTIA
from Switzerland. Measurements were conducted in the primary school building located in StGermain, Switzerland in west oriented room highlighted in yellow in Fig. 2.

Figure 2: West façade view of the measured building, the monitored room is highlighted in yellow.
The chosen room has a rectangular shape (5,3 x 7,6 x 3,3m), heavy weight construction, mechanical
ventilated HVAC system, and a glazing composition consisting of an openable glass area of 1m2
and fixed glass area of 7m2 plus an exterior shading device which covers both the side hung
window and the fixed window glass area. The primary school is located in an open area.
Obstructions around building were taken into account in the simulation model. Due to the asphalt
surrounding the building a ground reflectance of 0.1 is assumed as appropriate value.
Temperatures were measured inside, outside and in the adjacent rooms of the investigated room.
The measurements were conducted for 6 weeks from 1-7-2015 till 13-8-2015. The data was logged
over this period with an interval of 10 minutes. A concise function description of the most
important sensors is given below in this chapter. The air temperature in the monitored room was
measured at floor and ceiling height. Additionally, in the middle of the room was measured
operative temperature. In order to appropriately address the heat transfer between monitored room
and the adjacent rooms, temperature sensors were placed also in all adjacent rooms and in the
corridor. To acquire insights of the wall surface temperature, a sensor was placed against one of the
inner walls. Based on the measured local weather conditions a weather data file was prepared and
uploaded to BSim. The solar radiation on site was not measured and therefore, it was collected from
an official weather station located 2-4 km in the vicinity of the monitored building.
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Figure 3: Overview of temperature sensor locations in and around the monitored room.

Measurements are performed under 6 test conditions in order to investigate if software is able to
provide reliable results under different VC strategies. The different 6 test cases are presented in
Table 2. It has to be indicated that during the measuring campaign monitored building was not
occupied.
Table 2: Overview of 6 test cases.
Case
1
2
3
4
5
6

Blinds position
Standard
Standard
Standard
Standard
Standard
Open

Mech. ventilation
On
Off
Off
Off
Off
Off

Window position
Closed
35% open (nigh)
35% open (permanent)
62% open (permanent)
Closed
Closed

Intern. gains [W]
300
300
300
300
300
300

Specification of the control settings of each system:
- Standard blind position refers to following daily repeated position in standard time:
o Blind is completely open at 06:00
o Blind is closed at 13:00 at pitch angle of 45°
o Blind is completely closed at 17:00
o Blind is completely closed during the weekend
- The internal gains resemble people load (building is not occupied during measuring campaign)
and follow a daily profile. Heat gains are activated from 07:00 till 11:00 and 12:00 till 16:00.
The inlet air temperature from the mechanical ventilation is measured at 26°C at a daily repeated
ventilation rate of 150m3/h between 07:00 till 16:00 and 62 m3/h between 17:00 till 23:00. For the
rest of the hours the ventilation system is not in operation. The open area of the window is
calculated as summation of the open areas at the side of the side hung window and bottom
triangular. The top triangular in this case is not taken into account because of the lintel.
2.3 Natural ventilation in BSim
This chapter shortly present calculation method for natural ventilation that is applied in BSim.
BSim general expression to calculate the total airflow 𝑞𝑣 , that takes into account an air flow
induced by wind and thermal buoyancy.
1

1
2

2 |
2
𝑞𝑣 = |𝑞𝑤
+ 𝑞𝑣𝑇
=

𝐶
||𝐶𝑣| (𝐶𝑣 𝑉10 )2
𝑣

+

1
∆𝑇
2)
|∆𝑇|
(𝐶
𝑇
|∆𝑇|

2 2

|

(1)

in which 𝐶𝑉 is a constant determined by building and wind conditions and 𝐶𝑇 is constant
determined by building and temperature conditions, V10 is wind velocity at the height of 10 m, ΔT
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is air temperature difference between inside and outside . This expression is used for both single
side and cross natural ventilation. The distinction between these two is made by the application of
different constants.
To apply general expression in Eq. 1 for a situation of one single opening with combined wind and
thermal buoyancy, BSim first numerically calculates the height of the neutral plane by the mass
balance Eq. (2). With the known neutral plane height, the 𝐶𝑇 coefficient is calculated by Eq. 3. This
derivation is proposed by Andersen (Andersen, 2003) based on fundamental flow equations.
𝑛

∑

1/2 𝐻0 −𝐻𝑗

𝐶𝑑,𝑗 𝐴𝑗 |𝐻0 − 𝐻𝑗 |

|𝐻0 −𝐻𝑗 |

𝑗=1
𝑛

𝐶𝑇 = ∑

2(𝐻0 −𝐻𝑗 )𝑔

𝐶𝑑,𝑗 𝐴𝑗 (

𝑗=1

𝑇𝑖

=0

(2)

1/2

)

(3)

Where H0 is neutral plane height, Hj is height difference between ground level and middle of jth
opening, Cd is opening’s discharge coefficient, A is opening geometrical area.
The 𝐶𝑣 coefficient is based on the empirical equation derived by Warren and Parkins 1985 and is
calculated by Eq. (4).
𝐶𝑣 = 0.03𝐴

(4)

Both constants substituted in Eq. 1 results in Eq. 5 for calculation of total air volume flow.
𝑛

𝑞𝑣 = |(0.03𝐴𝑉10 )2 + ∑
𝑗=1

2(𝐻0 −𝐻𝑗 )𝑔

𝐶𝑑,𝑗 𝐴𝑗 (

𝑇𝑖

1
2

1/2

)

|

(5)

The used 𝐶𝑣 coefficient is based on theoretical considerations, wind tunnel experiments, and two
scale measurements. This expression represents a minimum estimate of the ventilation rate for wind
induced natural ventilation and does not take into consideration the incidence angle of the wind and
disregards the 𝐶𝑑 value of the window. Although Eq. 4 is simplistic, it is quite accurate, also in
relation to a window system including a shading device. Koffi (Koffi, 2015) showed by means of
site measurements that the average derivation of Eq. 4 is 14.7% for a window including a horizontal
sliding shutter. The shading device applied in this study is different, namely a venetian blind.
Nevertheless, this study provides a proper indication of the expected accuracy. Important to note is
that the wind direction during the measurement conducted in this study was mostly windward. No
reference is found to verify the accuracy of Eq. 3. The same applies for the combination of both
equations in Eq.5. Therefore, the judgement about the overall accuracy of the calculation method
cannot be given.
2.4 Important assumptions to models input parameters
In the model several important parameters had to be carefully estimated. These are: solar radiation,
Cd coefficient of the window and vertical temperature gradient in the room. In this section are
presented investigations behind the assumptions.
Solar radiation
Only the global radiance in W/m2 was available for this study. To divide the global radiation into a
direct and diffuse horizontal radiation, the model of Perez (Perez, 1992) was applied.
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Discharge coefficient
During the measurements the venetian blinds changes position and angle. This influences the
discharge coefficient (Cd) of the window, since friction and turbulences in the window opening are
affected. BSim does not allow applying different Cd values for the same simulation. Therefore, a
simplified average value has to be used. To evaluate the effects of the shading position on the flow
rate through the opening, measurements in the room were conducted. Indoor and outdoor
temperature and CO2 level were measured. The CO2 was used as tracer gas. By means of the decay
method the air flow through the window was estimated, see Eq. 6.
1

𝐶0

6

𝐶𝑖 (𝑡)

𝑄 = − 𝑙𝑛 (

)

(6)

At which the 𝐶0 is the initial CO2 concentration and 𝐶𝑖 (𝑡) the concentration at time x. With the
obtained air flow through the window, the Cd coefficient is estimated by Eq. 7. derived by
(Flourentzou, 1997).
𝐶𝑑 =

𝑄

(7)

1 √(𝑇𝑖 −𝑇𝑒 )𝑔𝐻
𝐴
̅
3
𝑇

Table 3: Measured/calculated Cd coefficient for different shading position
Blind position
Cd

Opened
0.60

45°
0.44

Closed
0.43

To investigate sensitivity of the model to Cd coefficient, a comparison between the operative
temperature of models with a Cd value of 0.6, 0.5, and 0.44 was performed. The outcomes showed
an insignificant difference between the simulated operative temperature of the different models and
finally it was decided to use Cd of 0.6 for all test cases.
Vertical temperature distribution
Dynamic building simulation programs often assume that air in the room is fully mixed. This
simplification in some cases is far from reality. For example, for displacement ventilation or natural
ventilation with a substantial temperature difference between exterior and interior this might be the
case. The experimental study of (Heiselberg, 2001) showed that especially for single sided
ventilation the airflow through the window is downwards and at large opening angles reaches the
floor and turns into the room as a stratified airflow. The stratified flow result in a vertical
temperature distribution at which the assumption of the fully mixed zone no longer holds. Important
to note is that the experiments were conducted with a temperature difference between the outside
and inside at 20 K. The temperature difference in this study varies between 10 and 0 K. The vertical
temperature gradient in BSim can be adjusted by activation of “Kappa Coefficient”. The Kappa
value is a coefficient which is related to a linear simplification of the actual temperature vertical
profile. To assess the sensibility of models to this coefficient several simulations with Kappa values
1, 0.9 and, 0.7 were conducted. Results are presented for period of 3 days and the open area of the
side hung window is for these hours 62%. Kappa value equal 1 represents fully mixed air and the
lower the number become the higher the stratification becomes. The results for the three chosen
days are visualized in Fig. 4. From Fig.4 can be observed that simulated operative temperature
strongly depends on Kappa value. Kappa value of 0.7 overestimates the temperature gradient.
While a fully mixed assumption, Kappa 1, under estimate the temperature gradient. Kappa value of
0.9 appears to be a good estimate and indicate that air temperature has tendency to stratify. For
detailed explanation of Kappa model please refer to (Brohus, 2013).
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Figure 4: Simulated operative temperature for different Kappa values compared to the measured temperature Top
(sens).

3 RESULTS
In this chapter are presented plots depicting simulated and measured operative temperature for the 6
investigated VC strategies, see Fig. 5. Case 6 is only the last day in case 5 when solar shading was
not activated therefore it is depicted on one figure together with results for case 5. Summary of the
obtained results is presented in Table 4. In Table 4 can be found mean, min and max deviation
between measured and simulated operative temperature. Next to percentage deviation can be found
absolute mean, min and max temperature difference between measured and simulated operative
temperature.
Table 4: Summary of all cases - comparison between simulated and measured operative temperature.

Deviation mean
Deviation min.
Deviation max.
Temp. diff.mean
Temp. diff. min.
Temp.diff. max.

Case 1
0.8%
-1.9%
4.4%
0.23
-0.49
1.23

Case 2
0.3%
-5.8%
3.3%
0.1
-1.5
1.0

Case 3
-0.5%
-6.4%
5.1%
-0.1
-1.7
1.5

Case 4
5.2%
19.0%
0.4%
-1.3
-4.3
0.1

Case 5
-4.3%
-9.5%
0.5%
-1.1
-2.4
0.1
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Figure 5: Comparison of operative temperature measured and simulated for 6 investigated
operation scenarios.
4 DISCUSSION
Figure 5 (Case 1) presents results for the first week of the measuring campaign. This week starts
with weekend, which means no internal gains were present during these two days. Case 1 is the
only case with mechanical ventilation operating. Even though air flow to the room is kept under
control there can be observed temperature difference between measurements and simulations. The
highest discrepancy of approximately 1 ºC is observed for day hours. Difference in results could be
due to applied method to convert global solar radiation to direct and diffuse component.
For case 2 and 3 temperature agreement between simulated and measured operative temperature is
very satisfactory. This applies both to weekend days and week days.
The discrepancy becomes significant first after the weekend in case 4 (62% opened window).
Measured and simulated operative temperature begins to depart from each other. At the end of the
week, measured temperature becomes almost 2 degrees lower than the simulated one. Analysis
indicates that measured temperature is significantly lower than simulated temperature. In the case 4
window is kept opened and outdoor air temperature during that week is significantly lower than, for
example, previous week. It could be expected that inlet cold air would decay towards floor, spread
along the floor and rise up at heat gains. Such air distribution resample displacement ventilation and
could result in higher air temperature gradient and thus lower operative temperature in the middle
height of the room.
This could explain difference in observed and simulated operative temperature in that case. The
solution could be to apply lower Kappa value that would represent displacement air distribution. On
the other hand, since each simulation in BSim can be assigned only one Kappa value this would
influence results in the previous weeks and that would not lead to correct solution. This case
indicate that temperature stratification and air flow in the room is an important issue that should be
addressed carefully and that even in dynamic detailed models such as BSim there is still place for
improvement.
In case 5, measured and simulated temperature has the same profile but with 1 ºC shift. It is likely
that the 5th case is influenced by the big difference from the 4th case as the thermal inertia in the
building is causing some of the deviations due to discrepancy in the previous week. The last day in
week 5 represent case 6 when no solar shading was active. The effect of lack of shading is
immediately noticeable both in simulation and in measured data.
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5 CONCLUSION
In general agreement between simulated and measured operative temperature is satisfactory.
With regards to discrepancy between simulation and measurements, there could be several reasons
for the mismatch between simulated and measured temperature. The largest impact on the operative
temperature during day time has solar radiation. As indicated in the paper, in this study global solar
radiation was collected from local weather station and then it was converted by the model of (Perez,
1992) to a direct and diffuse component. This model has a mean bias error of 14%. The error might
contribute to the discrepancy between measurements and simulations.
From the presented study, it can be concluded that natural ventilation can be considered as mixing
ventilation but for some cases it would behave like displacement ventilation. Many of the whole
building simulation tools, including BSim, has it difficult to take into account both ventilation
principles, namely mixing and displacement, in one simulation model. Moreover, as a
recommendation for the software developers can be stated that closer attention should be paid to
tools supporting definition of vertical temperature stratification in the rooms.
Presented study indicates that even in hourly dynamic and detailed models results can differ with up
to 1- 2 ºC from measurements due to complexity of VC performance. That imposes question,
weather monthly tolls should be considered at all for modelling of VC and weather regulatory
measures should focus their recommendation on advanced dynamic tools.
6
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ABSTRACT
The test lecture rooms of KU Leuven Ghent Technology Campus are one the demonstration cases of IEA EBC
Annex 62: Ventilative Cooling. This nZEB school building is realised on top of an existing university building
and contains 2 large lecture rooms for maximum 80 students with a floor area of 140m² each. An all air system
with balanced mechanical ventilation is installed for ventilation, heating and cooling. The building is cooled by
three techniques of ventilative cooling: (1) natural night ventilation (opening the windows at both sides of the
building) (2) a modular bypass in the AHU and (3) indirect evaporative cooling (IEC).
This paper aims to evaluate thermal comfort in this nZEB school building and the performances of its ventilative
cooling system. Therefore, long term measurements of internal temperatures, occupancy, opening of windows,
operation of IEC, airflow of AHU, etc. were carried out from May to September 2017 (i.e. cooling season). In
addition, the airflow rates through the windows in cross ventilation and single sided ventilation mode were
measured on several days in March and April 2017. Both tracer gas concentration decay tests as air velocity
measurements were used for this purpose.
The results show that a good thermal summer comfort was measured in the test lecture rooms at the Technology
campus Ghent of KU Leuven (Belgium). Only during heat waves and/or periods with high occupancy rates, high
indoor temperatures were monitored. Both nighttime ventilation and indirect evaporative cooling operate very
well. IEC can lower the supply temperature by day significantly compared to the outdoor temperature. The ACR
of the night ventilation depends a lot on wind direction and velocity. Furthermore, two key lessons learned from
the operation phase are: (1) the data monitoring system was essential to optimize the performance of the
ventilative cooling and (2) the users have to informed about the operation of automated systems.

KEYWORDS
Ventilative cooling, nZEB, school building, measurements, thermal comfort

1

INTRODUCTION

To reduce the energy consumption in buildings, the EPBD directive requires that from 2020
all new buildings in the European Union have to be nZEB buildings. One of the major new
challenges in these highly insulated and airtight buildings is the increased need for cooling
and risk on overheating not only during summer, but all year round. In addition, this cooling
demand depends less on the outdoor temperature and more on the internal and solar heat gains
(Heiselberg, 2018). A shift is noticed from reduction in heating to reduction in cooling
demand. Therefore, conceptual and building technical measures as well as energy efficient
cooling systems are needed in these nZEB buildings to guarantee a good thermal comfort.
Ventilative cooling is an example of an energy efficient cooling method and was extensively
and detailed studied within IEA EBC Annex 62. The test lecture rooms of KU Leuven Ghent
Technology Campus were one the demonstration cases of IEA EBC Annex 62: Ventilative
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Cooling (see O’Sullivan and O’Donovan, 2018). This paper aims to evaluate thermal comfort
in this nZEB school building and the performances of its ventilative cooling system.
First, a description of the building, its systems and more specific the ventilative cooling and
control strategy is presented. Afterwards, the measurement set up for the evaluation of air
flow rates, operation of ventilative cooling and thermal comfort is shown. Section 4 presents
the results of the measurements and finally the conclusions and lessons learned are presented.
2
2.1

BUILDING DESCRIPTION
Building and use

The nZEB school building is realized at the Technology campus Ghent of KU Leuven
(Belgium) on top of an existing university building. The building contains 4 zones (see Figure
1): two large lecture rooms (1) and (2), a staircase (3) and a technical room (4). The lecture
rooms have a floor area of 140 m², a volume of 380 m³. The lecture rooms are designed as
identical zones with a different thermal mass. The lower room has a brick external wall with
exterior insulation while the upper room has a lightweight timber frame external wall with the
same U-value. Both lecture rooms have a concrete slab floor. This results in a light (2nd floor)
and a medium (1st floor) thermal mass according to EN ISO 13790.
Table 1 shows the building properties. The school building was constructed according to the
Passive House standard. This means that the air tightness (@50 Pa) is lower than 0.6 h-1 and
the U-values of the envelope parts are maximum 0.15 W/m²K. The windows are constructed
with triple glazing and have a g-value of 0.52. The window-to-wall ratio is 26.5% on both
façades. The window-to-floor ratio is 13%. The windows are provided of internal and external
solar shading. The external solar shading are moveable screens on the southwest façade which
are controlled automatically and provided of manual overrule.
The occupancy level in the building is dependent on the academic year, which counts 124
days with courses and 63 days with exams (in January, June and August-September). Holiday
periods are in April (2 weeks), July and the first half of August (6 weeks) and DecemberJanuary (2 weeks). The lecture rooms are in use from Monday to Friday between 8h15 and
18h with a maximum occupancy of 80 persons or 1.78 m²/pers. Figure 2 shows details of 1
typical week of occupancy.

Figure 1: Section (left) and floor plan (right) of the test lecture rooms on KU Leuven Technology campus Ghent
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Figure 2: Typical occupancy profile in the lecture rooms during one course week (Monday to Friday)
Table 1: Building properties
Property
U-value Wall
U-value Roof
U-value Floor
U-value Window
g-value Window
Air-tightness (@50 Pa) 1st floor
Air-tightness (@50 Pa) 2nd floor

2.2

value
0.15
0.14
0.15
0.65
0.52
0.41
0.29

unit
2
W/m K
2
W/m K
2
W/m K
2
W/m K
(-)
1/h
1/h

Systems

The building is equipped with an all air system with balanced mechanical ventilation with a
the total supply airflow of 4400 m³/h (see Figure 3). Demand controlled ventilation with 4
VAV boxes control the airflow based on CO2-concentrations in the rooms.

Figure 3: Visualisation of air distribution (supply in green, return in brown)

2.3

Ventilative cooling

Three different principles of ventilative cooling are implemented in this building: (1) natural
night ventilation, (2) a modular bypass in the air handling unit and (3) indirect evaporative
cooling (IEC). Design of the building and its ventilative cooling system is described in
Breesch et al. (2016).
Night ventilation relies on cross ventilation through openable windows at both sides of the
room (see Figure 4). The system includes 10 motorized bottom hung windows (1.29 x 1.38
m², maximum opening angle of 8.8°) with a chain actuator. There are 6 windows on the
southwestern side and 4 on the northeastern side of the lecture room The total effective
opening area of these windows is 4.0% of the floor area. The modular bypass and IEC are part
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of the AHU. The maximum airflow rate is 4400 m³/h. The maximum capacity of IEC at
maximum airflow is 13.1 kW.

Figure 4: Principle of natural night ventilation (left) and detail of motorized window (right)

2.4

Control strategy

Control strategy of the systems consists of two parts. First, the control strategy of the
mechanical ventilation system (operation of bypass and IEC) during occupancy is based on
internal and external temperatures (see Figure 5 left). This strategy actuates the supply air
temperature and the air flow rate. Second, control strategy at night that actuates the opening
of the windows and is based on internal temperature and relative humidity and external
weather conditions (temperature, rain) measured on site (see Figure 5 right).

Figure 5: Control strategy flowchart of AHU during occupancy (left) and natural night ventilation (right)
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3
3.1

MEASUREMENT SET UP
Airflow rate

Air Changes Rates (ACR) as result of the opening of the windows in the lecture rooms was
measured using a tracer gas concentration decay test method in March and April 2017. The
used gas is N2O also known as laughing gas. Tests were completed in accordance with the
procedures set out EN 12569. The measurements were carried out in a representative zone
with two opposing windows with a width of 3,04m (see Figure 6, left). Tracer gas was
injected and sampled in the middle of this small room. The concentration was increased in
this sealed room to a constant value of 200 ppm. After reaching this goal, one or two
opposing windows (depending on the test) were opened. The accuracy of the tracer gas
equipment is 10% of the measured value.
ACR was also estimated from the air velocity measurements. Figure 6 (right) shows the test
set up: the air velocity is measured every 10s during 30min on 4 locations with
omnidirectional sensors. The effective area of the window is calculated 0.109 m². The airflow
is determined as the effective area multiplied by the median of the air velocity.
Moreover, the air flow pattern is visualised by measuring air temperatures at different heights
and positions (see Decrock and Vanvalckenborgh, 2017).

Sensor Ti
Dosing
Sampling N2O

Open window

Figure 6: Test set up tracer gas measurement (left) and air velocity measurement (position of the sensors) (right)
Table 2: Properties of the sensors
Parameter
Air temperature
Air velocity

Type sensor
Omega PT100
TSI 8475

Room temperature
Supply temperature
Occupancy
Outdoor temperature
Wind velocity
Wind direction

SE CSTHR PT1000
SE CSTHK HX
Acurity Crosscan Camera
Vaisala HMS82
Ultrasonic 2D Anemometer
Ultrasonic 2D Anemometer

Accuracy
± 0.10 °C
3% of reading and 1% measurement range
(0.05-2.50 m/s)
± 0.1 °C
± 0.4 °C
± 5%
± 0.3 °C at 20°C
± 0.1 m/s (0-5 m/s)
±1°
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3.2

Indoor climate and operation ventilative cooling

A set of sensors has been installed to monitor continuously indoor and outdoor conditions and
is described in Andriamamonjy and Klein (2015). The lecture rooms have their own weather
station that monitors the main outdoor parameters: global horizontal solar radiation, outdoor
temperature, relative humidity, wind speed and direction. For the indoor conditions, the
temperature, CO2 concentration and the humidity are continuously monitored. The occupancy
of the lecture room is measured by using counting cameras which were installed in the lecture
room. The operational data of the AHU, night ventilation, IEC, heating systems, etc. is also
continuously monitored. The data from these sensors are displayed in real time and recorded
within a computer based monitoring and control system. The time step is 1 minute. Table 2
shows type and accuracy of the sensors used in this study.
In this study, internal temperatures and operation of ventilative cooling are studied during the
cooling season in 2017 in the lecture room on the first floor, i.e. from May 22th to September
30th 2017. As there was no occupancy in July and only limited in August, these months are
excluded from the analysis.
4

RESULTS

4.1

Airflow rate and air temperature profile

Table 3 presents the results of the tracer gas decay tests for single sided and cross ventilation
including the local weather conditions (wind velocity and direction) and the average indooroutdoor temperature difference during the test. For cross and single-sided ventilation, the 95%
confidence interval for ACR is respectively 1.21 to 2.12 and 2.17 to 4.64 h-1.
Table 3: Measured ACR with tracer gas decay during spring 2017
Ventilation mode

4,18 ± 0,42
3,76 ± 0,38
3,04 ± 0,30
2,05 ± 0,21
2,00 ± 0,20
1,17 ± 0,12
1,56 ± 0,16

Wind velocity
(m/s)

Wind direction

T (°C)

1,9
2,1
2,2
2,3
2,68
1,45
1,78

WNW
ESE
ESE
SSW
S
SSW
S

4,3
1,6
2,4
No data
No data
5,1
8,6

Air velocity (m/s)

Cross ventilation
Cross ventilation
Cross ventilation
Single sided
Single sided
Single sided
Single sided

ACR (h-1)

Figure 7: Boxplots of air velocity for cross ventilation (wind velocity = 1.9 m/s, wind direction = WNW and
temperature difference = 4.3 °C)
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Figure 7 shows the results of the air velocity measurements for cross ventilation executed at
the same moment as the first tracer gas test in Table 3. The median value on the different
positions equals 1.21 m/s, 1.25 m/s, 1.05 m/s and 0.65 m/s. Only the velocity at position V4
has a deviating value. This air velocity results in an ACR of 4,21 ± 0,13 h-1. A good
agreement with the result from the tracer gas decay method was found (see line 1 in Table 3).
Figure 8 shows the air temperatures at the start and 10, 20 and 60 min after opening the
window. The stratification at the start changes to a more uniform air distribution after 60 min.
The air in the whole lecture room is cooled down.

a) start

b) 10 min

c) 20 min

d) 60 min

Figure 8: Air temperature profile in the room at the start, after 10, 20 and 60 min for cross ventilation

4.2

Operation of ventilative cooling

Figure 9 presents the ratio of operation time of the windows to the possible total opening
hours by night (22h tot 6h) and the ratio of the operation of the IEC to the operation hours of
the AHU by day. IEC and nighttime ventilation are in use during 66% respectively 45% of the
time.
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Figure 9: Percentage of hours of operation of windows by night and IEC by day from May to September 2017

In addition, Figure 10 shows the operation of the windows for night ventilation respectively
indirect evaporative cooling during extremely warm days in June 2017. In that period, IEC
operates the whole day and can lower the supply temperature significantly compared to the
outdoor temperature.

Figure 10: Operation of windows (above) and IEC (below) during an extremely warm period (21-23 June 2017)

4.3

Thermal comfort

Figure 11 presents hourly indoor operative temperature in this lecture room. The percentage
of hours of exceedance per month above 23°C, 25°C and 28°C are shown. Furthermore, the
number of occupied hours of exceedance of a particular indoor temperature above a threshold
value is commonly taken as an overheating performance indicator. In this lecture room,
during operation of the AHU, 5.1% and 0.3% of the hours in 2017 exceeded 25°C
respectively 28°C. This means a good thermal comfort according to EN 15251.
Thermal comfort in this lecture rooms is also evaluated as a function of the running mean
outdoor temperature as defined by the Dutch adaptive temperature limits indicator (van der
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Linden et al., 2006) (see Figure 12). Overall, good thermal comfort is concluded. However,
high temperatures are noticed during hot summer and/or periods with a high occupancy rate.

Figure 11 Percentage of hours above threshold values for internal temperatures in lecture room on 1st floor MaySeptember 2017
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Figure 12 Thermal comfort evaluation according to the Adaptive Temperature Limits Method (van der Linden et
al., 2006)

5

CONCLUSIONS AND LESSONS LEARNED

The test lecture rooms of KU Leuven Ghent Technology Campus are one the demonstration
cases of IEA EBC Annex 62: Ventilative Cooling. Three different principles of ventilative
cooling are implemented in this building: (1) natural night ventilation, (2) a modular bypass in
the air handling unit and (3) indirect evaporative cooling (IEC). Thermal comfort in this
nZEB school building and the performances of its ventilative cooling systems were evaluated.
A good thermal summer comfort was measured in the test lecture rooms at the Technology
campus Ghent of KU Leuven (Belgium). Only during heat waves and/or periods with high
occupancy rates, high indoor temperatures were monitored.
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Both nighttime ventilation and indirect evaporative cooling operate very well. IEC can lower
the supply temperature by day significantly compared to the outdoor temperature. The ACR
of the nighttime ventilation (cross ventilation) depends a lot on wind direction and velocity.
The ACR can be increased by adding mechanical extraction.
The extensive data monitoring system was of great value to detect malfunctions, to improve
the control of the building systems and optimize the whole building performance. Monitoring
showed e.g. that the windows for night ventilation opened and closed a lot at night during the
first weeks. This was due to (1) bad translation of the signal of the rain sensor and (2) peaks in
the wind velocity. These parameters are part of the control of the windows. This
malfunctioning was discovered and solved by analysing the monitoring results.
Furthermore, attention has to be paid to the users. A lot of different teachers give classes in
these lecture rooms. Most of them are not used to automated blinds, ventilation and
ventilative cooling. They open the door to the corridor and the windows even when it is warm
outside and consequently cause a decrease in thermal comfort. It is important to educate and
inform the users about the operation of the automated system to come to a comfortable and
energy efficient building.
6
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ABSTRACT
Recent studies have shown that ventilative cooling reduces overheating, improves summer comfort and
decreases cooling loads. Therefore, it is considered as one of the most efficient way to improve summer comfort.
Although, HVAC designers still lack of guidelines to improve the energy and comfort efficiency of their
installations.
This paper is issued from the research project FREEVENT that mainly deals with field measurement evaluations
of summer comfort and evaluates the efficiency of ventilative cooling in French residential and office buildings.
The objective of this work is to quantify and qualify the efficiency of the ventilation systems and the energy and
thermal performance of buildings. For this, two field measurement campaigns were conducted: ventilation
checks on 9 sites and full measurements and monitoring on 6 of them.
We present the results of FREEVENT project, including state of the art and onsite measurement campaigns.
Onsite conditions, buildings’ architecture characteristics, thermal inertia, solar shadings and various constraints
are discussed as main designing choices for efficient ventilative cooling systems. We show how performance is
linked to good sizing, design, correct use of thermal destocking, and - last but not least - correct fit in and correct
take over, checking airflows as well as controls of the system.
Our study concludes with recommendations guidelines for designers, published in a French guide.

KEYWORDS
Ventilative cooling, summer comfort, energy efficiency, field measurement, ventilation

1

INTRODUCTION
1.1 Ventilative cooling, a solution to provide summer comfort in passive buildings

Trends to drastically reduce energy consumption in low energy buildings restrict active
cooling modes for air conditioning. It can therefore negatively impact summer comfort in
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such buildings. Indeed, many recent post-occupation evaluation studies revealed that new
buildings with high thermal inertia, high insulation and airtight performances show very often
overheating periods in summer or in mid-seasons with high indoor loads.
Solar protections and heat loads reductions have been identified as major contributions to
reduce overheating risks. As a matter of fact, ventilative cooling ensures an interesting mode
to promote summer comfort once all techniques and solutions of solar protection and load
reduction have been exhausted. A study from Belgium (IBGE, 2010) shows the impact and
the interest of integrating ventilative cooling in new buildings, either during occupation of the
premises (free-cooling) or in night periods (night cooling).
1.2 Learnings from previous works
The relevance of ventilative cooling was studied theoretically and proved in most European
climates (Pellegrini, 2013), and especially in cities where the urban heat island reinforces the
cooling needs (Kolokotroni, 2013). A specific study (Pellegrini, 2013) shows that the relative
potential gain over air conditioning and ventilation energy consumption can vary according to
the climate : 83% in Athens (GR), 65% in Rome (IT), less than 6% in Berlin (D) and less than
1% in Copenhagen (DK). Besides theoretical studies, several case studies in Denmark
(Foldbjerg, 2012), in Minnesota, USA (Coolson, 2011), in Cyprus (Florntzou, 2012), in
France (Peuportier, 2013), in Italy (Grosso, M.) and Belgium (Pollet, 2013) prove the
efficiency of ventilative cooling for a large variety of buildings. The ventilative cooling
potential was proved in single family detached houses from the program MODEL HOME
2020 (Foldbjerg, 2013). Measurements in dwellings in Germany, Austria, Denmark and
France in post-occupancy evaluation studies (Foldbjerg, 2012), (Foldbjerg, 2013),
(Peuportier, 2013) show that by combining solar protection, windows opening and ventilative
cooling automatized strategies, one can 1) avoid overheating periods in passive buildings
without installing air conditioning cooling systems ; 2) reduce ventilation fan electrical
consumption, through natural ventilation in summer and hybrid ventilation in mid season, at
the same time ensuring acceptable indoor air quality (IAQ)
Since onsite measurements are difficult to implement, gains estimations are generally
assessed through numerical simulations performed during the design phases. A data
compilation of recent works synthetizes major findings (Bernard, 2017) :
- the gains announced in temperature are in the range of 5 ° C.
- ventilative cooling strongly reduces the hours of overheating in continental climate
and lower consumption of air conditioning and ventilation of 10%
- ventilative cooling divides by two hours of discomfort and/or earn an average 40% off
on energy consumption in Mediterranean climate.
Last, recent works presented at the workshop “Ventilative cooling”1 in 2013 show that very
few regulations in Europe value ventilative cooling. Although France appears to be ahead of
this issue, it is still necessary to better account for the impact of ventilative cooling in national
thermal regulations and practices.
1.3 Ventilative cooling and heat evacuation
The objective of a correct ventilative cooling design is to evacuate during the night the
increase of temperature that occurs during the day and to ensure comfortable conditions
during daily occupation (free-cooling) or in night periods (night cooling). Ventilative cooling
depends on thermal energy (heat) evacuation capacity from a hot evening to a comfortable
morning, taking advantage of the coolness of the night. This heat evacuation is characterized
by the inside temperature drop during the night, and called temperature Gain (G). The main
1

http://www.buildup.eu/en/news/international-workshop-ventilative-cooling-registration-programme-available
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issue is to correctly design the ventilation cooling system, in order to have a not too hot or too
cold indoor environment in the morning. Ventilative cooling can rely on different forms of
ventilation Mechanical Ventilation / Hybrid or natural ventilation / Mixed ventilation.
The thermal cooling potential  is the difference between indoor and outdoor temperature
during the period of ventilative cooling, shown by the green area in Figure 1. The curve
shows an example of two specific nights : during a heat wave and for a cooler period. Here,
we can see how important it is on indoor temperature decrease to account for weather
conditions and to design an adequate control for ventilative cooling (through manual, clockbased or temperature probes controlled technologies).
Tempe‐
rature
(°C)

ventilative cooling
duration

ventilative cooling
duration

Gain G

 max

Gain G

 (t0)
Tout
Tin
 max

Hour of day (HH:MM)

Figure 1: Thermal cooling potential and temperature Gain G based on outside and inside temperatures.

1.4 Objectives
We present the results of FREEVENT project, including state of the art and onsite field
measurement campaigns. FREEVENT project is a French multi-partners research project2
awardee in 2015 from ADEME’s call for proposal “Responsible Buildings to the horizon
2020”. The main objective of this research project was to monitor buildings with implemented
solutions of ventilative cooling, and to analyze the results obtained in order to draw
recommendations for professionals.
This paper focuses on the quantification and qualification of the efficiency of the ventilation
systems and the energy and thermal performance of buildings. For this, two field
measurement campaigns were conducted: ventilation checks on 9 sites and full measurements
and monitoring on 6 of them. Our study summarizes ventilative cooling recommendations
guidelines for designers that have been published in a French guide (Bernard, 2018)
downloadable from a platform dedicated to sustainable construction (Construction 21
website).
2 METHODOLOGY AND RESULTS
For the FREEVENT project, 9 French buildings equipped with ventilative cooling systems
have been selected to be audited through user surveys, onsite measurement campaigns and
numerical simulations. Subsequently, a further analysis through extensive field measurement
monitorings was conducted in 6 of the latter sites in order to assess gains on summer comfort
from ventilative cooling systems. All sites have been chosen in South of France, in order to
account for challenging summer comfort conditions. Measurements were monitored during

2

ALLIE’AIR, ALDES, SEGE, ACA-O and CDPEA/APEBAT
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summer periods. The table below shows all the diagnosed operations characteristics. More
details on operations are reported elsewhere
Period of Field
measurements

BUILDING / SITE
Day nursery in Vitrolles

Office building in Valence

2015.06.15 to
2015.07.31

Office building near
Toulouse

Natural ventilation with motorized openings
(simple and balanced ventilation)

2015.08.31 to Mechanical ventilation (extraction in halls and windows openings)
2015.09.13 windows manual control and openings, night automatic activation

Elementary school
Dojo – Martial art Sport gym

Characteristics of ventilative cooling

No
2015.07.31 to
2015.09.19
2016.06.27 to
2016.09.22
2015.08.01 to
2015.08.31

Ducts natural ventilation (monodraught towers)
Balanced mechanical ventilation
Balanced mechanical ventilation ; Façades motorized openings in
offices and meeting rooms, Manual and programmable controls
(temperature, wind and rain sensors)

Single family air
2015.06.24 to Single flow ventilation (Insufflation). Programmable controls with
conditionned house (in Ain)
2015.09.15
possible manual over-ride in the room.
single family house
(near Toulouse)

June 2015

Balanced mechanical ventilation: heat exchanger by-pass /
insufflation in rooms. Programmable and manual controls.

Single family house in Marseille

No

Windows openings

Single family house in Bordeaux

No

Windows openings

Table 2: Site characterisitics of ventilative cooling equipped buildings

Figure 2: Description of experimental protocol : site locations as function of solar resources (in hours)

2.4 Measurement protocol
Six buildings have been monitored. The monitoring consisted in : 1) temperature
measurements in some premises ; 2) When possible, relative humidity measurements and CO2
measurements in these premises ; 3) assessment of the ventilation airflow rate in case of
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mechanical ventilation ; 3) When possible, assessment of the absorbed power of the fans ; 4)
characterization of windows openings and assessement of natural ventilation airflows.
We used either initial embedded sensors (measures stored in Building Management System)
validated at the time of diagnosis or specific sensors for the study. The details of the
instrumentation are given in each site report (contact authors).
2.5 Thermal Performance indicators
In order to characterize thermal performance of ventilative cooling in the analyzed buildings,
we defined the following indicators :
Ventilative cooling temperature gain G(°C) is defined during the ventilative cooling period
as :
G (°C) = (Tin_t0 - Tin-mini )
where,
is the inside temperature when ventilative cooling starts
- Tin_t0
- Tin-mini
is the minimum temperature during the ventilative cooling period
The average ventilative cooling potential  (°C) is defined as the average difference between
inside and outside temperatures during the period:
 (°C) =

 (Tin-Tout)/number of measurements

Energy recovered Crec (kWh) during the ventilative cooling period :
Crec (kWh) =

 (Prec) /1000 =  (|1,22.Q.(Tout-Tin)|) / 1000

where,

- Q is the ventilation airflowrate (l/s) :  (|1,22.Q.(Tout-Tin)| – Pabs) / 1000
Energy Efficiency Ratio EER(-), assessed as the ratio between the recovered Energy and the
absorbed Energy by the fans during the ventilative cooling period :
EER = Crec/  (Pabs.nh/1000)
- Pabs : absorbed power (W) by the fan (Pabs =0 for natural ventilation).
- nh (h) is the number of hours of the ventilative cooling period

where

The occupants comfort, assessed with the PMV and PPD indicators, according to the
definition of the corresponding norm (ISO, 2005).
2.6 Detailed onsite measurement results
Monitoring detailed results are presented in Table 2 and Table 3, below.
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Number
Energy
Energy

Ventilative Ventilation
of hours recovered Efficiency
average
temperature
cooling
Ratio
ventilative ventilative
gain
airflowrate
cooling
EER
cooling
with/without
(h)
(kWh)
(-)
potential
(m3/h)
(°C)
(°C)
Dojo (2015)

3900/3400

-3.6 / -2.3 °C

Dojo (2016)

4600/CO2

-3.6 / -1.1 °C

House in Ain /
mechanical
ventilation

65

N.A. (AC)

House in Ain /
windows
opening

21

N.A. (AC)

Offices in
Valence

4719
(5 ACH)

-1.8 °C

House in
Toulouse

100

-2.3 / -2.3 °C

Offices in
Toulouse
(ground floor)

Natural

-1.8 / -0.5 °C

Offices in
Toulouse (first
floor)

natural

-2.5 / -1.5 °C

Day nursery

1500
(1 ACH,
theoretical
for T =
6°C)

-4 °C / no
meas.

6.5 °C

143 h

873 kWh

2.6

4.0 °C

786 h

2078 kWh

1.1

16.0 °C

Approx..
440 h

82 kWh

13

11.0 °C

Approx.
200 h

19 kWh

NA

4.3 °C

120 h

155 kWh

1.2 (8.9)

5.0 to 6.0
°C

10 h/night

42 kWh

12.5

3.0 °C

0 to 10
h/night

NA

∞

4.0 °C

0 to 10
h/night

NA

∞

5.7 °C

12 h/night

40 kWh
per night

NA

Comments

Ventilation
undersized
Improved heat
evacuation and
comfort
Night ventilation,
in order to avoid
AC
Night ventilation,
in order to avoid
AC when
mechanical fan
was interrupted
Windows
openings in
several offices
Ventilative
cooling
airflowrate too
low as compared
to the surface
No energy
consumption
linked to night
ventilation
No energy
consumption
linked to night
ventilation
No energy
consumption
linked to night
ventilation.
Undersized
ventilation as
regards to daily
loads (Tmax
31°C at the
evening / Tmin
27°C the
morning)

Table 2: Results for thermal performance indicators of ventilative cooling
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Ventilative
cooling
airflowrate
(m3/h)
Dojo (2015)

3900/3500


G (°C)
with
|
without
ventilative
cooling

PMVevening PMVmorning
/
/
PPDevening PPDmorning

-3.6 | -2.3

NA

NA
NA
NA

Dojo (2016)

4600 (CO2)

-3.6 | -1.1

NA

Office building in
Valence

4700
(5 ACH)

-1.8 | NA

NA

House in Toulouse with
ventilative cooling

-2.3 | -2.3

Offices in Toulouse
(ground floor)
with ventilative cooling
without ventilative
cooling

for warm days

-1.0 / 25%

-1.8 | -0.5

Offices in Toulouse (first
floor)
with ventilative cooling
without ventilative
cooling

Day nursery

-0.6 / 12%

Comments

-0.8 / 19%
-0.5 / 10%

-1.1 / 32%
-0.7 / 14%

+0.1 / 8%
+0.4 / 8%

-0.7 / 14%
-0.1 / 5%

-2.5 | -1.5

1500
(1 ACH)

-4.0 | NA

2.2 / 85%

0.6 / 12%

Comfort just about
acceptable in the
morning ; discomfort
the evening (AC
installation)

Table 3: Results for occupants comfort of ventilative cooling

3

DISCUSSION

Assessing the ratio G/ between the Ventilative cooling decrease of temperature and the
potential of decrease indicates if a better use of the site potential could be achieved. This ratio
indicates if the site potential has been fully used to its maximum. Assessed as an average on
season, it can then qualify the system performance or indicate that increasing airflow, for
instance by mechanical assistance, could be useful.
For example, a low ratio G/ indicates that with higher airflow we could cool more the area
(the system is under-sized) while a high ratio indicates that for this climate, it’s not really
useful to increase more the airflow (the system might be over-sized). Yet the real decision is
made checking with comfort conditions inside, are they fulfilled or not.
In addition it may be possible to reduce day load (solar protections, indoor loads
management…) to improve comfort. This indicator doesn’t neither check the comfort
achieved (i.e., it may be good for a night ventilation and temperature too low in the morning
when occupants arrive) nor for the energy used to obtain this result (ie fan absorbed power if
relevant).
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As a matter of fact, the following findings may help for a better understanding :
 A very good ratio obtained with inside T° at 17°C in the morning (too cold) is not
what we try to achieve. The use of night ventilation should be stopped when indoor
temperature is achieved by a correct temperature control.
 A very good ratio with inside T° drop from 36°C in the evening to 26°C in the
morning is still not comfortable (too hot). The potential is used though and on this site,
it is not possible to improve the system a lot anyway. Internal loads, solar protections
to reduce the temperature increase at day have to be checked. If not, switching to
active cooling may be necessary
 A very low T° drop from 26°C to 24°C would characterized a very good building with
high inertia and thermal capacity that will never heat higher than 26°c during the day :
bad ratio but perfect comfort.
 A poor ratio with inside T° drop from 36°C in the evening to 26°C in the morning is
still not comfortable (too hot), but the night ventilation doesn’t use all the site
potential. It can be improved by increasing airflow (mechanical assistance for natural
ventilation, sizing of components…)
The G/ ratio is interesting to design summer comfort solutions with ventilative cooling,
among other indicators. But taken alone, it doesn't give enough information to give a full
description of the building’s performance.
As a matter of fact, the main challenge consists in providing comfortable conditions with an
optimized energy approach. The EER coefficient has an infinite value for natural ventilation
(since Fan absorbed energy ~ 0 kWh), while values of 4 <EER < 10, are usually observed for
mechanical ventilation. Lower EER may indicate either poor efficiency on fan absorbed
power or not enough temperature difference between outdoor and indoor when using
ventilative cooling (definition of running conditions/control). The EER optimization doesn’t
mean the potential of decrease is fully used. As a matter of fact, a performant EER doesn’t
mean necessarily an efficient ventilative cooling.

4

CONCLUSION

When one wants to optimize the thermal and comfort performance through ventilative cooling
one has to handle the following parameters: thermal decrease, EER and indoor comfort.
Hence, for the optimization of thermal performance and comfort it is necessary :
- To characterize the ventilative cooling performance : heat evacuation and EER
- To account for all the comfort issues related to ventilative cooling :
- Temperature : preventing indoor environments from over-heating in the evenings or
too cold mornings
- Acoustics (inside, outside)
- Air velocity
The findings relative to our field measurement campaign on ventilative cooling operations are
mixed. Yet, one can notice an improvement in comfort when the supplied airflow rate appears
to be sufficient. The concept of heat evacuation potential allows the designer to determine the
expected performance of the system. On these sites, the effective ventilative cooling heat
evacuation was 2 to 4 ° C while the potential of destocking was 4 to 16 ° C (in very peculiar
conditions for the latter).
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The main difficulties and barriers identified were:
- Undersizing design of ventilative cooling airflow rates
- Stopping or declining ventilative cooling airflow rates (due to noise, cleanliness of
filters, or the absence of the manually operated air supply...)
- wrong settings of regulations and controls
However in all cases, the recovered energy and the assessed performance (EER) shown
interesting potentials.
It is recommended to pay special attention to the design and installation but also at the
reception of the ventilative cooling systems, with the analysis of its operation to ensure good
performance. Indeed, the ventilative cooling is a sensitive asset, especially in the recent
constructions, but asked to be properly considered to enable the expected gains.
The results of this work highlight the following recommendations:
- Over all : Importance of architectural solar protections with automatic controland
adequacy of the inertia of the building; the absence of these passive protection makes
insufficient any recourse to the ventilative cooling for summer comfort.
- Malfunctions observed on expected airflow rates, related to the BMS or local controls,
highlight the need to implement the quality of follow-up-maintenance procedures in
time.
- Gains can be significant from the calculation of the EER in refurbished individual
houses
- Attention to specific acoustic discomfort related to the noise of the fans (indoors if
running when occupied, outdoor to neighbourhood).
- Specific product innovations on operations at the level of the opening on the façade
openings or interior joinery to provide the specific ventilative cooling airflow rates
and the safety/security conditions during the night.
Finally, we underline the following key points for success:
- Upstream bioclimatic design : ventilative cooling will not compensate a poor design of
internal and external loads.
- Adequate sizing that accounts for all comfort criterias
- Involvement of owners / maintainer and occupants in the first years for fine-tuning
operation.
- Development of devices specifically dedicated to over-ventilation

5
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SUMMARY
Demand controlled ventilation systems are representing a large majority of installations in France. They are
commonly used for more than 35 years. The strong development of these systems can be explained by the
French regulatory framework for air renewal. These demand controlled systems have been developed in order to
optimise the energy consumption and at the same time to ensure indoor air quality and building durability. In
residential buildings, demand control is based mainly on humidity whereas in commercial buildings it is based
on occupancy and/or CO2 levels. Research is still in progress to guarantee that the indoor air quality is ensured
at design stage and maintained during the building life.
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Demand Controlled Ventilation (DCV), Regulation, Technical rules, Assessment, France

1

DEMAND CONTROLLED VENTILATION SYSTEMS IN FRANCE

To face contemporary energy challenges, the requirements in terms of energy consumption of
buildings have hardened throughout the years. Ventilation is an important part of building
consumption and can be one of the ways to reduce this energy consumption. However
ventilation is essential for Indoor Air Quality (IAQ) of buildings.
The French regulatory framework for ventilation airflows relies on three major regulations:
- "Arrêté du 24 mars 1982", modified by "Arrêté du 28 octobre 1983": this bylaw includes
requirements on air renewal in each dwelling built after 1982;
- “Code du Travail” (Work Code) for buildings occupied by workers;
-“Réglement Sanitaire Départemental Type” (typical local health regulation, known as
“RSDT”), linked to the "Code de la Santé Publique" (Public Health Code) for buildings
receiving public, including offices receiving public.
Mechanical ventilation appeared in France in the early 1960s, and became commonly
installed in dwellings since publication of the 1982 bylaw which imposes minimum extract
airflow rates. Demand controlled ventilation appeared in France in the early 1980s as a
solution to answer the need of less energy consumption while maintaining IAQ. Today
demand controlled ventilation for both residential and non-residential applications is still the
reference.
The principle is simple: adjust continuously air renewal to the need. Airflows vary regarding
activities, and/or presence of occupants. During indoor peak pollution, the air change is much
higher than the average fixed flow required by the laws. During periods of low activity, flow
rates drop to the lowest. In residential buildings, a minimum airflow is required in order to
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treat permanent pollution emitted from the building and furniture materials. In office building,
the system can be stopped during unoccupied periods (nights, weekends ...).
The continuous adjustment of airflow rates reduces heating and cooling needs by reducing the
average rate of air renewal. Similarly, annual fan consumption is reduced due to part-load
operation. The following demand controlled systems have been chosen as the reference for
building energy performance calculations:
- For residential buildings: centralised mechanical exhaust demand controlled systems
based on humidity sensors. These systems equip 95% of new residential buildings in
France (Savin, 2009).
- For non-residential buildings: demand controlled ventilation by CO2 sensors and
presence detection.
In order to verify that the DCV system will provide satisfying indoor air quality, a French
Technical Assessment (Avis Technique, delivered by CSTB) is required to put the product on
the market.
2

ASSESSMENT PROCESS

The validation process of demand controlled systems relies on a Technical Appraisal
procedure called « Avis Techniques », which implies IAQ and energy performance
assessment.
For residential applications, annual dynamic simulation estimates the risk of insufficient air
renewal using CO2 concentrations and risk of condensation (Demouge, 2018). The annual
equivalent average airflow and energy consumption of fans are calculated and used for EPB
calculations. In parallel, the evaluation procedure relies on a certification to assess the quality
of individual units and controlled air terminal devices (inlet and outlet). The Technical
Assessment delivered to each system specifies design rules, installation, commissioning and
maintenance procedures.
For non-residential applications, the equivalent flow reduction coefficients are calculated on
the basis of on-site experiments, sensors accuracy, and control strategies. Airflow control
sensors are tested in laboratory according to a specific methodology for CO2 and optical
sensors, and according to EN 13141-9 and EN 13141-10 for humidity sensors. Results of the
test for optical sensors have an impact on design rules. The Technical Assessment delivered
with each system specifies design rules, installation, commissioning and maintenance
procedures.
3

CONCLUSION

Demand controlled ventilation systems are still the subject of research for sustainability
aspects, compliance check, finding new indicators, components, strategy. The objectives are
to improve their sensitivity and robustness in order to better meet the need for ventilation in
the right place at the right time.
4
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SUMMARY
The communication presents the Technical Appraisal Procedure followed in France for Demand-Controlled
ventilation systems through the illustration of the use of a thermo-hygro-aeraulic nodal model called MATHIS
developed by CSTB. The calculations methodology is described. Its application is illustrated for different family
of ventilation systems currently under the scope of the procedure. The needs and the current developments for a
better modelling of Indoor Air quality are lastly exposed.
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1

INTRODUCTION

In France, the ventilation of dwellings is mainly defined by prescriptive rules (Ministère
Urbanisme et logement, Energie, Santé, 1983). Those rules describe the architecture of an
overall and permanent ventilation system by means of air inlets placed in principal rooms
(namely living and bedrooms) and air outlets set up in technical rooms (kitchen, bathroom and
toilets). The volume flow rates at outlets are defined as function of the number of principal
rooms inside a given dwelling. The rules quantitively set the minimal flow rates for the kitchen
and the whole dwelling as well as higher flow rates that the system must be able to
independently reach in every technical room. In case of an automatically controlled ventilation
system, the minimal flow rates can be lowered under the authorization of the national regulation
body. In support of these prescriptive rules, a set of standards guarantee the correct operation
of the systems by providing rules for the system design, see for example (AFNOR, 2013)
(AFNOR, 2010), and the components qualification tests, see for example (AFNOR, 2005).
In this regulatory and normative background, the Technical Appraisal procedure offers to the
market a means to warranty the performance of the Demand-controlled ventilation systems and
to valorise them in terms of energy savings within the framework of the French Thermal
Regulation. The expert commission responsible for the evaluation procedure (commission
GS14.5) defines the set of requirements that a given system must meet and the calculation
procedure to be followed to justify this respect for each family of systems, see for example
(Groupe Spécialisé n°14.5, 2016).
In recent years, an effort has been made by CSTB in partnership with French manufacturers to
develop the MATHIS software: a first objective was to use the same tool for all families of
ventilation systems involved in the Technical Appraisal procedure. A second objective was to
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be able to improve the tool as innovation occurs, whether in terms of products or evaluation
rules.
In the next sections, we briefly describe the calculation method and the specificity of the use of
MATHIS for each family of ventilation systems.
2

CALCULATIONS
PROCEDURE

MADE

UNDER

THE

TECHNICAL

APPRAISAL

2.1 The software MATHIS
The airflow model of MATHIS is a nodal model based on a simplified representation of the
thermo-aeraulic phenomena inside a building (Demouge, MATHIS - Technical Guide, 2017).
The modelling principles are the same as other tools such as SIREN (Akoua, 2009), CONTAM
(Walton & Dols, 2005) or COMIS (Feustel, 1992)
Nodes represent the gas volumes of a building's rooms and portions of ventilation network.
Solving conservation of mass and internal energy in the nodes allows to reach the pressure, the
temperature and the mass fractions of the chemical species in the corresponding volumes. The
density is deduced from the state equation of perfect gases. A humidity model, considering
saturation vapor pressure and condensation / release of water vapor from the liquid phase,
allows to deduce the relative humidity.
Branches represent the aeraulic connections between these volumes. Several branch models are
implemented. Most branches are simply defined by a flowrate as function of pressure, such as
the orifice equation or by a fixed flowrate independent from pressure. However, ducts and fans
found in ventilation networks are described by their pressure loss or gain as function of flowrate.
For these, the writing of the conservation of the mechanical energy (Bernoulli equation) allows
to access to their flowrate.
This airflow model has been validated against wind tunnel tests (Demouge, Le Roux, & Faure,
Numerical Validation for Wind Driven Ventilation Design, 2011) (Demouge & Faure, Natural
Ventilation Design for Low-Rise Building: Comparison between a Nodal Model and Wind
Tunnel Tests, 2013). The model also has been validated against the software SIREN (Demouge,
Faure, & Piriou, Confrontation des logiciels MATHIS et SIREN, 2013), which was the CSTB’s
tool previously used for the Technical Appraisal procedure, and the CFD software FDS from
NIST (Lafféter, 2015).
A thermal model is coupled to the aeraulic model to represent the heat exchanges between the
gas volumes and the solid walls. It allows to consider the convective exchanges between
surfaces of the walls and gaseous volumes, the radiative exchanges between the external walls
and the near environment, the celestial vault and the sun, the radiative exchanges between the
walls of a same room as well as the diffusion of heat in the thickness of the walls. This thermal
model has been validated by the comparative method BESTest defined by IEA (Clerc &
Demouge, 2016).
2.2 Calculation principles
The main objectives of the calculations are:
 Check the efficiency of the system in the management of an acceptable Indoor Air
Quality (IAQ);
 Quantify the performance of the system with regards to energy savings.
The calculations are made during the heating season, from October 1st to May 20th.
The system's efficiency on IAQ is based on two criteria. The first one is based on the temporal
evolution of the volume fraction of CO2 and give information on the level of air renewal during
occupancy. The defined criterium considers both the duration and the level of exposure to CO2
and must remain below 400.103 ppm.h “cumulated in base 2000”, see Figure 1 for explanation.
The second one considers the evolution of relative humidity in technical rooms. It allows to
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check the ability of the system to quickly evacuate high sources of water vapor generated by
occupants’ activities (cooking, showers, washing and drying clothes, ...). The criterium states
that the number of hour with a humidity higher than 75% must remain below 600 in the kitchen
and 1000 in the bathroom for the whole heating season.

time

Ppm.h cumulated in base 2000

Figure 1: calculation of the CO2 criterium

Those criteria are calculated based on deterministic scenarios. Various sizes of dwellings are
considered, from 1 principal room up to 7, with various number of technical rooms and different
indoor architecture configurations (1 or 2 levels). Façade leakages are defined as well as
occupancy (number of occupants, H2O production associated to housing activities, hygroscopy
of furniture, …). Outdoor conditions such as wind speed and direction, temperature and
humidity, solar radiation, etc, are defined regarding the reference city used in the procedure.
In addition, the energy saving performance of the ventilation system is quantified for each type
of dwelling studied by the mean flowrate obtained at outlets and inlets. These flowrates are
used later as input data in the Building Energy Simulations made in the framework of French
Thermal Regulation (CSTB, 2010).
3

STUDIED VENTILATION SYSTEMS

Currently, the Technical Appraisal procedure has been applied for Demand-Controlled
Ventilation Systems solely based on humidity-controlled flowrates. Those system are indeed
widely used in France.
3.1 Humidity-Controlled Fan Assisted Ventilation Systems
For Fan Assisted Ventilation systems (exhaust or balanced), the calculations are made at the
scale of one dwelling. The behavior of the ventilation network is indeed expected to be weakly
impacted by outdoor conditions. Therefore, in the calculations, air terminal devices are
supposed to operate at their rated pressure (around 80 Pa). Corrections are applied on the mean
flowrate used for energy saving calculations with regards to fan control method and type of
dwelling (individual or collective housing)
3.2 Humidity-Controlled Hybrid Ventilation Systems
Hybrid ventilation systems (systems where natural ventilation may be at least in a certain period
supported or replaced by mechanical ventilation) are mainly used in reconditioning operations
of collective dwellings but can also be used in the construction of new housing. The rated
pressure of terminal devices of those systems is quite low, between 7 to 30 Pa. This leads to a
higher versatility of the ventilation network behaviour with regards to outside conditions.
Therefore, the choice has been made for the calculations to consider the system at the scale of
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a whole building (up to 10 levels of one dwellings each). The whole ventilation network is
modelled, which allows to consider stack effect and linear and singular pressure losses. Both
natural and mechanical operating modes of the exhaust fans are modelled. The results allow to
check the IAQ criteria as well as the mean exhaust flowrate per dwelling.
3.3

Compatibility between Air Conditioning System and Humidity-Controlled
Ventilation System
An Air conditioning (AC) system (used for heating and/or cooling) might disturb the operation
of the ventilation system and is by default proscribed in dwellings fitted with a HumidityControlled Ventilation system.
The GS14.5 has defined a specific procedure to assess the compatibility of an AC system with
a Humidity-controlled ventilation system. Full thermo-hygro-aeraulic calculations are then
made to represent the detailed operation of the AC system and its interaction with ventilation.
Calculations stand for the whole year with a time step of one minute. A comparative study is
made to check the evolution of IAQ criteria as well as energy savings performance of the
ventilation system between a house without AC system and the same house fitted with the AC
system.
3.4 Needs for a better assessment of IAQ
Up to now, the IAQ criteria used in this Technical Appraisal procedure have proven to be
sufficient. However, in the context of an increasing innovation from manufacturers and a
growing health protection demand from end users, the need for a finer and better modelling of
IAQ is rising.
A first point comes from innovation: the electronics components are cheaper, the probes for
any gas are available, high progress have been made in multi-control algorithmic. This allows
manufacturers to propose to the market some smart products which bring new needs in terms
of evaluation. For instance, the CO2 criterium has been defined on the knowledge and feedback
from the use of one given technology of Humidity-Controlled systems. Tomorrow, the same
criterium might be completely meaningless in the case of a CO2-Controlled ventilation system
set to maintain a constant CO2 volume fraction equal to 1999 ppmv.
A second point lays on the need to offer to the manufacturers a wider range of opportunities to
design higher added value products. Today in France, the sole energy savings performance is
considered when choosing a ventilation system: the lower the flowrate, the higher the benefits…
it sounds strange for systems whose main function is to insure sufficient air renewal.
4

CONCLUSION

This communication allowed us to illustrate the procedure used in France for the Technical
Appraisal of Demand-Controlled systems which partly relies on nodal modelling of the physical
phenomena involved. The limitations of the current procedure show the need for better
modelling of IAQ.
In the past years, a research effort has been made by the Health & Comfort Department of
CSTB in Grenoble to assess the possibility of modelling IAQ more accurately. Pollutant
emission databases of building materials and furniture are available and already allow an
acceptable modelling of the indoor transfer of species such as formaldehyde and total volatile
organic compounds (TVOCs). Efforts are made to consider fine particles, which have complex
phenomena of deposition/resuspension within the aeraulic network (ducts, air inlets, façade
leakage, filters, etc.) that must be well represented. Soil pollutants such as radon are also
considered by this research.
The integration of these pollutants is currently underway at CSTB Grenoble as a project called
MATHIS-QAI, which also includes the definition of relevant IAQ criteria. These different
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developments are a step towards an IAQ-oriented ventilation engineering using suitable
modelling tools.
5
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ABSTRACT
With 35 years of existence and more than 10 million equipped dwellings, mechanical humidity-based demandcontrolled ventilation (RH-DCV) can provide a comprehensive feedback on installation, aging, and maintenance
of its components. Their working principle is based on the extensions and retractions of a hygroscopic fabric,
which pulls on a shutter to modify the device’s cross-section – hence the airflow – upon humidity changes in
their environment.
In 2006, before generalizing the usage of RH-DCV in French residential buildings, the Ministry for Housing
ordered an evaluation of these systems after prolonged on-site operation. For this purpose, the COSTIC
laboratory selected 21 social housings in the Parisian suburb, and collected 57 exhaust units after 6 years of insitu functioning.
During the collecting phase, the first on-site observations were the following:
- 12 % of the exhaust units were installed in incorrect rooms (kitchen/bathroom swap, for instance).
- 14 % of the units had suffered damage, either due to voluntary modifications by the occupants (e.g.
blocking of the shutter), or to bad re-assembly after maintenance. In 1 out of 3 dwellings, at least one
device presented such defects.
- 75 % of the units showed an absence of sufficient maintenance (dusting), when 58 % visually exhibited
clogging of the canal.
The devices were first characterized on a laboratory test bench as-collected (i.e. still soiled). Characterization of
RH-DCV units consists in plotting the volume-flow crossing the unit as a function of relative humidity.
- 100 % of the non-damaged exhaust units exhibited a conform hygroscopic behavior or showed a slight
shift of their characteristic when still soiled.
- 46 % of the kitchen units complied with factory specifications despite the absence of maintenance.
- 100 % of the bathroom exhaust units showed an airflow reduced by 5 m3/h.
Devices were then cleaned and properly re-assembled. The shutter and shutter-case (passive elements) were
replaced when irreversible damaged was observed.
- 75 % of the units complied with factory specifications after cleaning.
- Among the other 25 %, the kitchen elements showed an increase of volume flow lower than 3 m3/h,
while bathroom units exhibited a decrease lower than 2 m3/h.
For the same study, self-adjusting exhaust units were also collected and tested. These devices were installed in
utility-rooms. Their working principle is based on the deformation of a membrane solely due to pressure forces
to maintain a constant airflow despite pressure variations in the ventilation ductwork.
- 100 % of the soiled units were out of their specification, with volume flows 4 to 10 m3/h (25 to 65 %)
lower than their initial setting.
- Once cleaned, 100 % of the units complied with factory specifications.
The results of this samples collection highlight the necessity of ventilation units’ maintenance; it also shows the
robustness of RH-DCV settings after prolonged in-situ operation.

KEYWORDS
Demand-controlled ventilation, humidity, installation, maintenance, feedback
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1 INTRODUCTION
With 35 years of existence and more than 10 million equipped dwellings, mechanical
humidity-based demand-controlled ventilation (RH-DCV) has become a reference system for
new buildings in certain European countries like France. Three main factors contributed to the
success of this ventilation system: the simplicity, the heat loss reduction obtained by adapting
the extracted airflows to the needs, and the guaranteed indoor air quality (IAQ). Both later
aspects are ensured by national standards, in conformity with European directives.
In 2006, before allowing the generalization of this technology in new residential buildings,
the French Ministry for Housing ordered an evaluation of RH-DCV after prolonged on-site
operation. For this purpose, the COSTIC laboratory was mandated to select 21 social
housings in the Parisian suburb in order to collect and test 57 exhaust units after 6 years of insitu functioning.
The devices were characterized twice on a laboratory test bench: first as-collected (i.e. still
soiled), then after cleaning and fixing when necessary so that the drift of the humidity sensor
could be assessed.
The aim of the present paper is to examine the results of this study. In section 2, we explain
the working principle of RH-DCV ventilation systems. Section 3 constitutes a feedback on
installation and maintenance. Section 4 is dedicated to the performances of exhaust units after
prolonged in-situ functioning; results are presented for hygroscopic and self-adjusting exhaust
units. Finally, conclusions are given with a link between performance and maintenance.
2 HUMIDITY-BASED DEMAND CONTROLLED VENTILATION
As described on Figure 1, RH-DCV is a Mechanical Exhaust Ventilation (MEV) system
implementing the “sweeping” principle: a constant-pressure exhaust fan (3) extracts air from
the dwelling via exhaust units in the wet rooms (2), thus generating an under-pressure which
sucks the air in from the outside via air inlets located in the dry rooms (1) (Savin, 2009).

Label 1: Air inlet

Label 2: Exhaust unit

Label 3: Exhaust fan

Figure 1: Principle of RH-DCV
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Examples of air inlets and exhaust units are shown in Figure 1, labels 1 and 2 respectively.
These devices are humidity-sensitive by design.
Activities in wet rooms generating water vapor (cooking, showering, washing, and drying of
clothes), exhaust units regulate the total airflow crossing the dwelling by adapting their crosssections to the current need.
Air inlets, on the other hand, control the repartition of fresh air entering the dry rooms based
on the relative occupation of the rooms. Occupation is evaluated by the humidity generated by
the human metabolism (breathing, perspiration) (ADEME, 2009).
The focus of this study is only on exhaust units. Fixed air inlets were installed in the
dwellings.

Figure 2: Exploded-view drawing of a humiditycontrolled exhaust unit

Figure 3: Close-view on the humidity sensing strip

The working principle of the hygroscopic devices is based on a calibrated nylon strip which
acts as local humidity sensor and actuator. The strip is connected to a shutter which controls
the cross-section of the device, hence the airflow crossing it.
Figure 2 shows an exploded-view of a humidity-controlled exhaust unit. Labels 1, 4 and 5
indicate plastic housing and adaptor pieces; label 2 shows the protection grid inside the wetroom; label 3 shows the shutter inside its shutter-case (passive part) and label 6 is the
humidity sensing strip (active part), of which a close-view is presented in Figure 3.
The airflow/humidity characteristics of each device is adapted depending on the dwelling size
and the room type. An optimal trade-off between heat loss and indoor air quality is
established based on standardized simulations.
An example a nominal characteristic is presented in red on Figure 4. The measured curve
must fit into a template based on the tolerances linked to the aforementioned standardized
simulations (in blue).
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Figure 4: Example of airflow/humidity characteristic for a kitchen humidity-controlled exhaust unit

3 FEEDBACK ON USAGE
In this section, we present feedback statistics on the installation, degradation, and
maintenance. Comments in this section are based on visual inspection of the collected exhaust
units
3.1 On-site installation
Hygroscopic and self-adjusting exhaust units are considered in this work. Numerous cases of
incorrect installations were observed, independently of the kind of ventilation system.
- 12% (4 out of 33 devices) of the exhaust units were installed in incorrect rooms
(kitchen/bathroom swap, for instance).
- Another 6% (2 out of 33 devices) of the exhaust units were installed in incorrect
apartments.
Both cases result in incorrect airflows in the dwelling. Higher airflows induce higher thermal
losses, while lower airflows reduce the indoor air quality. In general, 55% (6 out of 11
dwellings) of the dwellings presented a non-conformity linked to installation.
3.2

Degradations by the occupant
14% (5 out of 33 units) of the collected exhaust units were found with damage, either
due to voluntary modifications by the occupants (e.g. blocking of the shutter), or to
wrong re-assembly after maintenance.
- These degradations concern 36% (4 out of 11 dwellings) of the apartments.

-
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Figure 5: Shutter blocked open with a match

Figure 6: Humidity-sensitive strip detached from its
base

3.3 Maintenance
A total of 75% (28 out of 37 devices, including cellar units) of the exhaust units showed
insufficient or absent maintenance. All rooms considered, 91% (10 out of 11 dwellings) of the
apartments contained an insufficiently maintained exhaust unit.
Excluding the previous 5 devices which had been
degraded by the occupants, we divide the
maintenance of the exhaust units in three
categories: sufficient, insufficient, and absent.
The nature of the accumulated dirt is also
categorized: on one hand, dirt found on the exhaust
units in the kitchens is thick and oily, because
cooking activities generate volatile grease. On the
Figure 7: Statistics on maintenance over 37
other hand, the dirt found on toilet and bathroom
collected devices
units is generally dry and fibrous.
1. 11% (4 out of 37 units) of the exhaust units
were considered to have received sufficient maintenance. Devices in this category
presented aspects such as given in Figure 8 to Figure 13 or cleaner.
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Figure 8: Kitchen humidity-controlled exhaust unit,
with protection grid

Figure 9: Kitchen humidity-controlled exhaust unit,
protection grid removed

Figure 10: Bathroom humidity-controlled exhaust
unit, with protection grid

Figure 11: Bathroom humidity-controlled exhaust
unit, protection grid removed

Figure 13: Self-adjusting exhaust unit
Figure 12: Fixed (not humidity-controlled) exhaust
unit

2. 43% (16 out of 37 units) of the exhaust units were considered to have received
insufficient maintenance. Devices in this category presented aspects similar to devices
shown in Figure 14 to Figure 19.
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Figure 14: Kitchen humidity-controlled exhaust unit,
with protection grid

Figure 15: Kitchen humidity-controlled exhaust unit,
protection grid removed

Figure 16: Bathroom humidity-controlled exhaust
unit, with protection grid

Figure 17: Bathroom humidity-controlled exhaust
unit, protection grid removed

Figure 19: Self-adjusting exhaust unit
Figure 18: Fixed (not humidity-controlled) exhaust
unit

3. The remaining 32% (12 out of 37 units) of the exhaust units were excessively dirty
(absence of maintenance). Devices in this category presented aspects such as shown in
Figure 20 to Figure 25.
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Figure 20: Kitchen humidity-controlled exhaust unit,
with protection grid

Figure 21: Kitchen humidity-controlled exhaust unit,
protection grid removed

Figure 22: Hygroscopic bathroom exhaust unit, with
protection grid

Figure 23: Hygroscopic bathroom exhaust unit,
protection grid removed

Figure 25: Self-adjusting exhaust unit
Figure 24: Fixed (not humidity-controlled) exhaust
unit

4 PERFORMANCE OF EXHAUST UNITS IN ABSENCE OF MAINTENANCE
In this section, we study the performance of non-degraded exhaust units which have received
little to no maintenance as presented on Figure 20 to Figure 25.
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4.1 Humidity-controlled devices
Before any cleaning or fixing, we characterize the humidity-controlled devices by plotting the
airflow versus relative humidity. The measurement is performed on a dedicated test bench
under a pressure difference of 100 Pa.
As a first example, the curve obtained for the kitchen exhaust device from Figure 20 and
Figure 21 has been plotted in dark brown on Figure 26. The dirt on this unit was thick and
greasy, which is typical of dirt accumulated in kitchens. The curve’s hysteresis is seen on
every hygroscopic device; it is due to mechanical clearances. The initial tolerance envelope is
shown in dark brown on the graph.
Without cleaning or dusting, the device exhibits a conform hygroscopic behavior by
modulating the airflow as a function of humidity on the expected relative humidity range.
Despite the partial clogging of the canal, the unit can reach a maximal airflow reduced by
25% compared to its original value.
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Figure 26: Laboratory characteristic of an excessively dirty kitchen exhaust unit

In order to characterize the aging of the humidity sensing strip alone, the shutter-case and the
protection grid (see Figure 2) have been replaced by new parts with slightly different nominal
airflows and tolerance envelope. The devices were then characterized on the same test bench
under the same conditions. This test is representative of the device, had it been well
maintained. The curve and envelope are plotted in light green on Figure 26.
The curve exhibits a maximal airflow within the tolerances corresponding to the new shutter.
With a slight drift of +2 %RH visible at low humidity values, the curve fits well within its
tolerance template after six years of in-situ functioning.
A second example is given on Figure 27 for a device installed in toilets (the unit was installed
in the kitchen first, then moved to the toilets by the occupant). The accumulated dirt in this
case was dry and dusty, which is typical of toilets and bathrooms.
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Figure 27: Laboratory characteristic of an excessively dirty exhaust unit installed in the toilets

The device exhibits a conform hygroscopic characteristic: the crossing airflow is humiditydependent between 30 and 70 %RH. The dirt and dust accumulation on the shutter reduces
both maximal and minimal airflows of 34 % compared to nominal values.
After replacing the shutter-case and the protection grid, the measured curve (light green) fit
into the tolerance template.
In general, for as-collected humidity-controlled devices:
-

-

100 % of the non-damaged exhaust units exhibited a conform hygroscopic behavior,
or showed a shift of their characteristic lower than 2 %RH when still soiled.
46 % of the kitchen units which received no maintenance complied with factory
specifications. The other 54 % showed reduction of the measured airflows due to
clogging of the canal.
100 % of the bathroom exhaust units which received no maintenance showed an
airflow reduced by 5 m3/h over the entire humidity range.

Despite the reduction of airflow, the conform hygroscopic behavior still ensures a control of
steady-state humidity levels: on the above example, the shutter will stay open as long as
relative humidity is higher than 70 %RH. The airflow being reduced, the shutter will stay
open for a longer period.
After proper cleaning and reassembly (the shutter and shutter-case were replaced when
irreversible damaged was observed):
-

75 % of the units complied with factory specifications after cleaning.
among the other 25 %, the kitchen elements showed an increase of volume flow lower
than 3 m3/h, while bathroom units exhibited a decrease lower than 2 m3/h.

A proper maintenance of the humidity-controlled exhaust units ensures a behavior of the
device close to factory specifications. A thorough measurement of the actual in-situ drift of
the devices is planned as a joint study lead by the CEREMA, as presented by Jardinier et al. in
these proceedings (Jardinier, 2018).
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4.2 Self-adjusting devices
Self-adjusting exhaust units have been characterized following the same process. The test
curves of a moderately dirty (Figure 28) and an excessively dirty (Figure 29) self-adjusting
exhaust units are shown below.
The goal of these products is to provide a constant airflow, independent of the pressure within
the ventilation ducts. Therefore, we analyze the airflow for different values of pressure
difference within their working pressure range.
The bold red curve represents the theoretical behavior, while fine red curves show the
measured behavior on the new devices. Orange curves represent the measurements on the
device as-collected (i.e. still soiled), when the blue curves show the same measurement after
the unit had been cleaned.
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Figure 28: Test curves for a moderately dirty self-adjusting unit
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Figure 29: Test curves for an excessively dirty self-adjusting unit

In the examples above, self-adjusting exhaust units show a high sensitivity to maintenance:
the average airflows are reduced by 55 % of the nominal value in the case of moderate
maintenance, and 65 % of the nominal value in the case of insufficient maintenance. Once
properly maintained, the measured airflows are close to the original values.
In general, for collected self-adjusting units:
- 100 % of the soiled units were out of their specification, with volume flows 4 to
10 m3/h (25 to 65 %) lower than their initial setting.
- Once properly maintained, 100 % of the units complied with factory specifications.
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5 CONCLUSIONS
With 75% of insufficiently maintained exhaust units, the results of this samples collection
highlight a crying lack of maintenance of ventilation systems.
This lack is especially detrimental for the sampled self-adjusting exhaust units, which
airflows are significantly reduced (25 to 65%) by accumulated dirt, without any
compensation.
The collected humidity-controlled devices also exhibit reductions of the airflows, but all still
react to relative humidity variations. This reaction generates a feedback-loop on humidity
which minimizes the impact of airflow reduction due to dirty exhaust units.
For both self-adjusting and humidity-controlled devices, a proper maintenance ensures
behaviors close to or within the original settings.
Aware of this result, public authorities and the ventilation industry are acting together to
enhance the performance of ventilation systems over time: recommendations and informative
standards are published concerning schedules and good practice of maintenance.
Modifications of certain products to prevent dust accumulation are implemented, such as the
removal of protection grids.
6
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ABSTRACT
In-situ performance of mechanical humidity-based mechanical exhaust ventilation (RH-MEV) is characterized in
this study. This ventilation system includes fully-mechanical air inlets in the dry rooms and exhaust units in the
wet rooms: the extensions and retractions of a hygroscopic fabric modify their cross-sections upon hygrometric
changes in their environment without the need for motors or electronic sensors.
This demand-controlled ventilation (DCV) system was invented 35 years ago; it is now widely used in Europe,
and the first ventilation system in new French residential buildings.
A large-scale monitoring on thirty new occupied apartments in two residential buildings, equipped with this
system, was held from 2007 to 2009. The equipment included indoor air quality (IAQ) sensors in different rooms
of each dwelling (temperature, humidity, and CO2), as well as pressure and volume flow sensors for monitoring
the ventilation system. Recordings were performed every minute over two years. This former study showed:
- The good IAQ in terms of CO2 and humidity provided by the ventilation system, despite the overoccupation of some apartments. These results showed the system’s appropriate reaction to human
occupation resulting from a good correlation between CO2 and airflows.
- The statistical real-field savings on heat losses of 30 % in average compared to constant airflows from
the French regulation.
- The good agreement of the heat loss measurements with the simulation models used for the French
DCV technical agreements.
Ten years later the acquisition system is turned back on with the intention to assess the ventilation system
behaviour/performance after a prolonged in-situ functioning period. We present in this article the results of a
preliminary study:
- At start-up, more than 80 % of the metrology is still in working conditions.
- Using this rough data, the average in-situ drift of the hygroscopic devices after 9 years of operation is
estimated below ± 1.5 %RH and is lower than the announced accuracy of the electronical humidity
sensors at installation (± 1.8 %RH).
- The observed drift of volume flows on some of the exhaust units is typical of an absence of
maintenance.
- The battery of the presence-based toilet exhaust is often (90 %) discharged.
These first promising results will be followed by a thorough IAQ and performance study which shall include:
- The collection of the ventilation devices for a full quality control before and after the recommended
maintenance.
- The collection of the metrology sensors for re-calibration and drift-correction on the measurements.
- A new set-up for each apartment including pollutant (VOC, particle matter) sensors to follow the latest
interests of IAQ research.

KEYWORDS
Demand-controlled ventilation (DCV), humidity-controlled mechanical exhaust ventilation (RH-MEV), indoor
air quality (IAQ) energy, monitoring, residential
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1

INTRODUCTION

In Europe, several countries enable and/or promote the use of demand-controlled ventilation
(DCV) systems in ventilation codes, including Belgium, France, Spain, Poland, Switzerland,
Denmark, Sweden, the Netherlands, Germany (Savin and Laverge 2011, Kunkel, et al. 2015,
Borsboom 2015, Guyot, Walker and Sherman 2018). Pushed by the international movement
toward nearly-zero energy buildings, this success is not about to end. In Europe, two recently
published directives – n°1253/2014 regarding the eco-design requirements for ventilation
units and n°1254/2014 regarding the energy labelling of residential ventilation units
(European Parliament 2014) – are moving towards a generalization of low-pressure systems,
DCV systems and balanced heat recovery systems by 2018. With DCV, the indoor air quality
(IAQ) for the building and its occupants is guaranteed, as ensured by European countries
agreement procedures or certifications (Guyot, Sherman, et al. 2017).
Historically born 35 years ago in a context of energetic crisis, humidity-controlled mechanical
exhaust ventilation (RH-MEV) was designed to protect the buildings from condensation
induced by tighter building constructions and lower indoor temperatures, while limiting the
heat losses due to ventilation. RH-MEV is a DCV system adjusting the airflows according to
the estimated needs of the building and its occupants, with a direct relative humidity (RH)
measurement in both the wet and dry rooms. The extensions and retractions of a hygroscopic
fabric modify the cross-section of inlets and outlets upon hygrometric changes in their
environment without the need for motors or electronic sensors.
Relative humidity has direct incidences not only on buildings sanitary quality but also on
comfort and health of the occupants. This parameter is used to assess the ventilation needs, as
humidity is directly correlated to occupancy and occupant activities, produced by breathing,
cooking, showering, or clothes washing and drying. When no activity or occupancy is
detected, minimum airflows are maintained, as required by the French regulation for correct
dilution of pollutants not linked to occupancy – such as volatile organic compounds (VOC).
Several on-field studies were performed (Savin, Berthin and Jardinier 2016) in the last 25
years, proving and improving the above-mentioned performances of the RH-MEV systems.
In this paper, the studied ventilation system includes fully-mechanical air inlets in the dry
rooms and exhaust units in the wet rooms, except in the toilets equipped with an occupancy
sensor. Energy savings have been estimated about 30 to 50 % of the heating energy compared
to constant airflows MEV (Savin and Bernard 2009).
Its simple and reliable components and principle of operation allow its robustness, low cost
and ease of installation. This last aspect is of tremendous importance, knowing that noncompliance to ventilation systems installation rules are observed in 50 to 65% of the
controlled dwellings (ADEME 2016).
As a result, and pushed by the energy performance regulation, this system has been the most
widely installed in new French dwellings in the past 10 years (Bailly, G.Guyot and Leprince
2016).
We present a 10 years follow-up study on a large-scale monitoring on thirty new occupied
apartments in two residential buildings equipped with this RH-MEV system, which extended
from 2007 to 2009 in Paris and Lyon, France. The equipment included IAQ sensors in
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different rooms of each dwelling (temperature, humidity, and CO2), as well as pressure and
volume flow sensors for monitoring the ventilation system.
In the first part of this article, we describe the studied RH-MEV system and its components.
We then present the main results of the initial 2007 to 2009 project. We finally introduce the
10-years follow-up study, starting by some preliminary results, followed by the perspectives
for the study that will be held over the next two years.
2
2.1

MECHANICAL EXHAUST HUMIDITY-CONTROLLED VENTILATION
System and working principle

Mechanical exhaust ventilation (MEV) is based on the sweeping principle (see figure 1.a): an
exhaust fan ensures an under-pressure in the dwelling, allowing the outdoor air to come in
through air inlets (figure 1.b) situated in the “dry” rooms (bedrooms and living room) and go
out through exhaust units located in the service or “wet” rooms (kitchen, bathroom, toilets).

Figure 1: a) Sweeping principle and MEV components: 1. Air inlet, 2. Exhaust unit, 3. Fan. b) Example of an air
inlet

In the humidity-controlled MEV (RH-MEV) system described here, both the exhaust units
and air inlets are humidity sensitive. The unit aperture is controlled by a humidity sensor: if
the air is dry enough, its opening area is minimum, so that the airflow is at its minimum.
When a pollution episode – such as cooking or showering – occurs, or for prolonged
occupation, the humidity rises in the room and is detected by the unit sensor. As a result, the
opening area gets wider, according to the humidity level, and the volume of air passing
through the room is increased, removing and diluting the pollutants.
The fan is pressure-constant: the airflow directly depends on the exhaust unit opening area.
Exhaust units and air inlets have different hygroscopic behaviours and are adapted to the kind
of pollution they need to remove – high humidity events in the wet rooms and mainly
breathing in the dry rooms.
A typical exhaust unit hygroscopic curve envelope is presented on figure 2.a. The humidity
and airflow ranges are wide in order to respond to high humidity peaks during cooking or
shower events as well as lower humidity levels due to occupancy.
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a)

b)

Figure 2 : a) Exhaust unit hygroscopic curve envelope. The airflow increases with relative humidity. Every type
of exhaust unit is designed to have particular RH and airflow ranges to be as close as possible to the typical
needs of the room. b) Inlet hygroscopic curve envelope (black curve). The airflow increases with humidity. The
previous exhaust unit curve has been added in dotted grey to show the slightly steeper curve of the inlet, with
adapted RH and airflow ranges: lower humidity and airflow ranges in a dry room than in a wet room.

Air inlets (see a typical envelope on figure 2.b), exhibit higher sensitivity to small changes of
relative humidity on lower ranges, such as the one brought by human breathing. As a result, in
an occupied room, the inlet aperture widens-up in response to rising humidity, increasing the
proportion of the total airflow passing through it. In the meantime, in an unoccupied room, the
opening area remains minimum, reducing the airflow passing through the air-inlet.
As a result, air is distributed according to the occupation needs.
In addition, the humidity-charged air travels through the dwelling towards the humiditycontrolled exhaust units, which gets more opened, increasing the total airflow.
More details are given in (Savin and M.Jardinier 2009).
As far as the humidity sensor is concerned, several techniques have been experimented.
Among them, nylon-based mechanical sensor and actuator is massively used due to its proved
reliability (Savin, Berthin and Jardinier 2016). It is presented hereafter.
2.2

Hygroscopic components

The hygroscopic component we are presenting here is both a sensor and an actuator, taking
advantage of the hygroscopic properties of the nylon-strips it is made of. The sensor detects
humidity changes: when humidity increases, the nylon strips elongate while they shorten for
decreasing humidity. Attached to a spring, the sensor mechanically actuates a shutter,
defining the free opening area of the ventilation terminal (air inlet or exhaust unit), as seen on
the hygroscopic curves previously presented. The components are designed so that the nylon
strips are kept away from the airflow and therefore protected from grease and dirt.

Figure 3 : Hygroscopic nylon strips sensor and actuator in an exhaust unit
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This mechanical sensor and actuator works with no electrical energy and does not require any
wiring or battery. This not only ensures its robustness and reliability by limiting the risk of
failure and drift but also reduces the risk of wrong installation of ventilation terminals.
The 2007-2009 large-scale monitoring we present below is one of the studies that have shown
the efficiency of the RH-MEV systems based on hygroscopic nylon strips. Its context,
execution and main results are reported in the next part of this article.
3
3.1

2007-2009 MONITORING
Context and objectives

The initial study (Savin and Bernard 2009) involved the main French RH-MEV manufacturer
and distributors, in collaboration with public and private laboratories. It was held in three
phases. The aims of the first phase was to formalize a quality approach to improve the
performances of the buildings in terms of permeability and ducts installation. It was adopted
in the second phase on two new residential buildings, as early on as the construction phase.
The third part consisted in a large-scale monitoring on thirty new occupied apartments (1 to 4
bedrooms) in the aforementioned buildings (see table 1), equipped with RH-MEV system.
The aim was an on-field evaluation of the RH-MEV components and systems in terms of
energetic performance and indoor air quality, over two heating seasons (2007-2009). The
ventilation terminals were instrumented, and the buildings were equipped during the
construction phase.
Table 1 : Characteristics of the instrumented buildings
Site
Paris

Height
8 floors

Type of dwellings
1 to 5 main rooms

Permeability
I4 = 1.07 m3/h/m² @ 4 Pa
n50 = 1.51 ACH @ 50 Pa

Monitored
19 dwellings

Lyon

6 floors

2 to 5 main rooms

I4 = 0.64 m3/h/m² @ 4 Pa
n50 = 0.94 ACH @ 50 Pa

10 dwellings

3.2

Instrumentation and metrology

The dwellings and ventilation terminals were instrumented as follows:
 In the living room and one or two bedrooms, sensors units including electronical CO2,
relative humidity and temperature sensors were installed.
 In the kitchens and bathrooms, sensors units including electronical relative humidity
and temperature sensors were installed. In two dwellings CO2 was recorded as well.
 In the toilets, presence infrared (PIR) sensors controlling the exhaust units were
monitored.
 Every exhaust unit was equipped with a pressure sensor in ducts, as well as a halleffect sensor to monitor its aperture. Measuring the aperture and the pressure allowed
to compute the airflow passing through the unit.
 Every air inlet was equipped with hall-effect sensors to monitor its aperture.
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Figure 4 : Instrumented ventilation terminals. (A and B) Exhaust units are instrumented with aperture (hall
effect) and pressure sensors (+ PIR for in the toilets). (C and D) Air inlets are instrumented with aperture
sensors.



Outdoor conditions (temperature, humidity, CO2 and wind speed and direction) were
monitored.
Every sensor (except CO2, only checked) and ventilation units were laboratory-calibrated
before their onsite installation.
3.3

Main results

3.3.1 Indoor Air Quality (IAQ)
 CO2 measurements in all dwellings have shown that the indoor air quality was ensured
in rooms with low occupancies as well as in rooms with high occupancies, with very
few hours above 1500 ppm in the worst cases, as observed on figure 5.a. This
emphasizes the ability of RH-MEV to respond to the real needs even if this need is far
from the design occupation: even in over-occupied dwellings, the IAQ is still ensured
by RH-MEV.

Figure 5 : a) Repartition in hours of the CO2 level for two room occupations. b) Time evolution of CO2
concentration for measured hygroscopic air inlet, simulated hygroscopic air inlet and simulated constant air-flow
(18 m3/h at 10 Pa) air inlet, in a 35 m² room occupied by 4 teenagers.





Measurements together with simulation results showed that RH-MEV, thanks to the
air inlet opening in response to humidity, performed better than constant air-flow
system, by ventilating above the regulatory constant airflow when needed. See figure
5.b for an over-occupied room.
Humidity results were very satisfactory, showing that most dwellings presented a null
condensation risk, except in one case where a drying machine was installed in the
toilets.
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3.3.2 Energy impact
 The measured airflow savings compared to the French regulatory constant airflow
reference were of about 30 %, most dwellings being over-occupied. Extrapolating the
results to the statistical average French occupancy for each type of dwellings, the
estimated heat losses savings rise to 50 %.
 The measured fan consumption reduction allowed by RH-MEV was of 35 % in the
Lyon site and 50 % in the Paris site.
 The good agreement between the French regulation computation results and the in-situ
measurement results validated the good energetic prevision of the SIREN software.
3.3.3 In‐situ operation of the humidity‐controlled ventilation components
 All humidity-controlled exhaust units were working (in-situ) in their tolerance
envelope, following the laboratory nominal curve, as presented on figure 6 for a
kitchen exhaust unit. The month discrepancies are explained by the lower indoor
relative humidity in winter when outdoor air is dryer. The exhaust units are therefore
statistically less opened in winter than in summer, without being detrimental to their
dynamics and fast response to humidity changes. This design allows to have a
sufficient IAQ inside the dwellings in winter while contributing to energy savings.

Figure 6 : Representative example of a hygroscopic curve of a kitchen exhaust unit. Fine line: laboratory
measurements. Bold line: tolerance envelope. Points: in-situ measurements.



All air-inlets were working in their tolerance envelopes, slightly shifting towards
lower humidity as temperature decreased. This allows the air inlet to work on its
whole air-flows range even in winter when outdoor humidity is lower, ensuring its role
of air distribution (maximum airflows in highly-occupied rooms, minimum in
unoccupied ones).
3.3.4 Occupant behaviour
 A one-month breakdown of the fan in the Lyon building allowed to observe a strong
rise of CO2 concentration (above 1900 ppm most of the time), as well as an important
increase of the condensation risks. The occupants did not feel this confinement
increase, showing that occupants are unaware of the IAQ in their dwellings and
confirming the major role of an automatic DCV.
4
4.1

10 YEARS FOLLOW-UP STUDY
Context and objectives

The sensors and instrumented ventilation units were never removed from the apartments. This
offers the rare opportunity to turn the large-scale monitoring back on, in order to assess the
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performance of RH-MEV systems and components after more than ten years of in-situ
operation. Several aspects will be studied, among which:
 Determining if the hygroscopic components drifted and, if they did, by which extend,
 Identifying the maintenance issues,
 Determining the impact of dwelling use on indoor air quality.
4.2

Preliminary results

The preliminary results presented here should be taken with care. The aim of this first phase
was to turn acquisition systems back on, in order to identify the number of responding sensors
and get some first data to decide whether the study was feasible and of interest.
The system was turned back on in April 2017. 106 sensors over 112 responded, showing that
both the sensors and ventilation units were still in place and wired. When the power supply
was turned off, 80 % of the sensors were still communicating. The weather stations however
were off. Data was recorded from April to July 2017, as the power supply was over-heating
and had to be resized. One must note here that no maintenance was made on the sensors so
that the data is not laboratory certified.
4.2.1 Sensors
All communicating sensors give coherent results, although their absolute values are not
laboratory certified.
The Hall-effect sensors suffer from periodic perturbations. An electromagnetic compatibility
problem is suspected as these sensors are analogic. A Fourier-transform post-treatment was
implemented to remove the noisy data from the analysis.
4.2.2 Hygroscopic ventilation units
Air inlets
Because of the noise on the Hall-effect sensors, the air inlets response was difficult to
evaluate and analyse. Among the 38 Hall-effect sensors: 4 did not response or were too noisy.
26 over 34 communicating air inlets had coherent dynamics, with usual estimated airflow and
response to relative humidity. The issues with the remaining air inlets and their supposed
explanations can be found below:
Table 2: Air inlets issues (8 over 38) and probable explanations
Issue
Blocked aperture
(Minimum or maximum)
Incoherent range
(Aperture over maximum)
Low dynamics

Number
4
2
2

Possible explanation
Occupant intervention to maximise or minimize the airflows
Unhooked actuator
Unhooked Hall-effect sensor
Occupant intervention to minimize airflows
Misplaced Hall-effect sensor

These preliminary results and explanations have to be confirmed on site.
Exhaust units
The 19 instrumented toilets exhaust units are presence-controlled. Among them, 4 suffered
from electrical perturbation issues, and 14 had their batteries discharged. It has to be noted
here that these instrumented units have a higher power consumption than usual presencecontrolled units due to the reading of the PIR sensor data.
The hygroscopic behaviour of the kitchen and bathroom exhaust units were investigated. The
estimated airflows (measured apertures under 100 Pa) were plotted versus the measured RH,
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together with their tolerance envelopes. The Hall-effect sensors noise was filtered, as well as
fast RH transitions. Indeed, for rapid humidity increases – typically cooking or shower events
– the nylon strips need a few minutes to elongate and open the shutter, which is their normal
functioning behaviour. The electronical humidity sensor however senses the changes
immediately. As a result, an average of 5 % of the points are irrelevant. The example of figure
7 is representative of the 38 communicating exhaust units.

Figure 7: Hygroscopic curves and envelope of a bathroom exhaust unit in July 2008 (left) and July 2017 (right).
Noise (red crosses) and fast transitions (blue crosses) are filtered to keep only the relevant points (black crosses).
The red curve was laboratory plotted in 2008.



As far as kitchen exhaust units are concerned and let aside the Hall-effect sensors
issues, 13 over 14 hygroscopic curves were inside their tolerance envelopes. The
remaining one was blocked at the boost airflow, either by the occupant or because of
a component defect.
 Among the 23 communicating bathroom exhaust units, 19 hygroscopic curves were
inside their tolerance envelopes. 1 was blocked in opened position, 2 showed erratic
behaviour which could be due to a Hall-effect sensor issue, and 3 exhibited
behaviours typical to high clogging of the exhaust canal (airflow reduction at high
humidity, see figure 8.b)
In order to evaluate the drift of the hygroscopic components, we compared data from July
2008 and July 2017 (figure 7). We assumed that the airflows did not drift and computed the
mean humidity rates for each airflow. Some of the curves displayed obviously blocked
shutters, as seen on two examples on figure 8. From our previous experience (Berthin and
Parsy 2018) these behaviours are usually due to dust clogging and are reversible by simple
cleaning and maintenance. Such curves were excluded from the computation.
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Figure 8: Probably dust-clogged bathroom exhaust units. A) The maximum airflows are never reached (blocked
below 40 m3/h), B) The minimum airflows are never reached (blocked above 22 m3/h), the curve still fits in its
tolerance envelope.



4.3

A 1,5 % RH average drift was computed over 21 curves between July 2008 and July
2017 (giving less than 0,2 % RH drift/year). This value is lower than the 1,8 %
accuracy given by the RH electronic sensors (Sensirion SHT75) at their installation.
Laboratory measurements would allow to get a finer evaluation of this very low drift.
Next steps

The preliminary results have shown that most of the in-situ instrumentation was operational –
with 80 % of the sensors communicating – and that data could be collected. The first data
analysis has proved that coherent results could be obtained and shown the feasibility of a
rigorous study of the installed RH-MEV ventilation systems and components after ten years
of operation. The hygroscopic behaviour of the air inlets and exhaust units were checked,
giving very encouraging results. Maintenance and sensors issues were presumed and should
be verified on-site. Furthermore, a re-calibration of all the sensors should be made. Therefore,
with the agreement of the Paris and Lyon social housing offices, a 10 years follow-up study
will be held by the CEREMA, together with the manufacturers of the installed RH-MEV
systems. It will be divided into three phases that we develop below.
4.3.1 Phase 0
The aim of the first phase, that ought to be held from September 2018 to May 2019, is to get a
first full winter analysis of the systems after 10 years of operation, with as low disturbance as
possible for the occupants.
The power alimentation will be resized, and new weather stations will be installed on the roof
terraces. In addition, the batteries of the toilets presence-controlled exhaust units will be
changed.
To avoid any heavy intervention in the dwellings, the metrology will not be re-calibrated
before data collection.
4.3.2 Phase 1
The second phase, planned from May 2019 to September 2019, has three main objectives:
 Qualifying the hygroscopic components after 10 years of operation, before and after
maintenance of the grid and air channel of the unit
 Checking the metrology and recalibrate the sensors,
 Using the re-calibration of the sensors to post-treat the Phase 0 data.
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To fulfil those objectives, the instrumented ventilation terminals as well as the sensor units
will be collected from the dwellings to be laboratory tested and recalibrated. The ventilation
units will first be tested as collected and then cleaned to differentiate the potential drift of the
hygroscopic components from the effect of the maintenance of the grid and ventilation
channel.
4.3.3 Phase 2
The last phase, planned from September 2019 to May 2020, aims at making an in-situ QAI
and energetic performance monitoring of RH-MEV systems after 10 years of operation, with
certified metrology and normally maintained ventilation units. To do so, a full winter data
collection with the maintained instrumented ventilation units (keeping the 10 years old
hygroscopic nylon strips without any recalibration) and recalibrated sensors will be held. New
sensors such as particulate matter (PM1; PM2.5), or VOCs sensors could be added to further
investigate the air quality inside the dwellings. An occupation and behaviour survey will be
made with the occupants in order to get finer data analysis.
5

CONCLUSIONS

Mechanical humidity-controlled mechanical extract ventilation (HR-MEV) systems and
components were introduced in the first part of this article. The initial 2007-2009 large-scale
monitoring, aiming at characterizing HR-MEV in 30 occupied dwellings of 2 residential
buildings, was then presented, as well as its main results, showing:
 The good IAQ in terms of CO2 and humidity provided by the ventilation system,
despite the over-occupation of some apartments. These results showed the system’s
appropriate reaction to human occupation resulting from a good correlation between
CO2 and airflows.
 The statistical real-field savings on heat losses of 30 to 50 % in average compared to
constant airflows from the French regulation.
 The good agreement of the heat loss and IAQ measurements with the simulation
models used for the French DCV technical agreements.
Ten years later the building is re-visited, and the monitoring system is turned back on with the
intention to assess the IAQ and the ventilation system behaviour/performance after a
prolonged in-situ functioning period. The results of a preliminary study were presented
showing that:
 At start-up, more than 80 % of the metrology is still in working conditions, although
not laboratory certified,
 Using this rough data, respectively 26 over the 34 communicating air inlets have
coherent aperture response to humidity and 32 over 37 communicating exhaust units
are inside their tolerances. The average in-situ drift of the hygroscopic devices after 9
years of operation is estimated below ± 1.5 %RH. This value is lower than the
announced accuracy of the electronical humidity sensors at installation (± 1.8 %RH).
 The observed drift of volume flows on some of the exhaust units is characteristic of an
absence of maintenance.
 The battery of the presence-based toilet exhaust is often (90 %) discharged.
These first promising results need to be confirmed by a thorough study which shall include:
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6

The collection of the ventilation devices for a full quality control before and after the
recommended cleaning.
The collection of the metrology sensors for re-calibration and drift-correction on the
measurements.
A new set-up for each apartment including particle sensors to follow the latest
interests of IAQ research.
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SUMMARY
From September 2015 to March 2016, UTC engaged in a major refurbishment of its Design and Research
Center located in Culoz (France). Originally built in 1983, this building was intended to accommodate the Air
Side Engineering team with about 60 permanent employees.
The objective was first to increase the Energy Efficiency and the Indoor Air Quality of the building for the
well-being of the occupants, but also to demonstrate and showcase to visiting customers a “technological and
evolutionary platform” of our offer and innovations in real conditions of use.
By selecting A+ Class certified materials and energy efficient equipment (heat pump, heat recovery Air
Handling Unit, sensors , easy and smart controller, ...), and by carrying out detailed commissioning and followup of the equipment (MANAG’R(1) methodology), it was possible to demonstrate a high level of performance to
share with designers and installers.
This article details the characteristics and functions of the installation, the fresh air management strategy, and
finally, the performance obtained for different room types and situations.

KEYWORDS
IAQ – Ventilation – CO2 – Presence detection – Air Handling Unit

1
1.1

BUILDING HVAC INSTALLATION (FRESH AIR PART ONLY)
Building description – design parameters

The building consists of two levels of 260 m2 each, for a total volume of 1630 m3. The maximum number
of occupants is 80, distributed as shown in the table 1 below:
Table 1: number and distribution of occupants in the different types of rooms
Level
Level 0 - North
Level 0 - South
Level 1 - North
Level 1 - South
TOTAL

Open Space
12
12
12
12
48

Individual office
3
2
1
4
10

Meeting room
0
12
10
0
22

Total
15
26
23
16
80

The sizing of the fresh Air Handling Unit (AHU) is based on a value of 25 m3/h per person, in accordance
with the French regulation for workers. The nominal air flow rate of the AHU is 2 000 m3/h.
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1.2

Ventilation strategy

The ventilation rate is directly adapted to the building occupancy, while keeping the possibility of
maintaining a minimum ventilation during vacancy phases, such as during the night. For individual offices,
occupancy is detected by a “presence detector” (fig.1-4), while for open spaces and meeting rooms, it is done by
CO2 sensors (fig.1-5). Those sensors have a direct action on “all or little” air registers (fig.1-2) and modulating
air dampers (fig.1-3). The dampers plates are equipped with air flow regulators which allow a minimum air flow
even when dampers are closed (fig. 1-1).
Other air flow regulators are installed upstream and calibrated to the design value. Thus, when dampers are
open, they ensure a maximum air flow and automatic balance of the aeraulic circuit. The only parameter which
guarantees the distribution in the different parts of the circuit is the air pressure inside the circuit. Its value must
be at least 50Pa in all parts of the air circuit. A higher value generates useless energy consumption and
potentially acoustic disturbances, while a lower value no longer allows the self-balancing of the fresh air
distribution circuit.
AHU control is based on the pressure measured in the circuit. When the building is empty, the dampers are
closed and a minimum air flow is sufficient to maintain the pressure at its set point. As occupants arrive, the air
dampers open and the AHU must progressively increase the air flow to maintain the pressure set point.

(1)

2

(2)

(3)
(4)
(5)
Figure 1: components for fresh air flow control .
(1) air flow regulator, (2)“all or little” register, (3) modulating damper, (4) presence detector ,
(5) CO2 sensor

MEASUREMENTS – RESULTS

During the building refurbishment, particular attention was given to the design and inspection of the fresh
air circuit: conformity to the drawings, air tightness of the rigid parts of the pipes, minimum length of flexible
pipes, connection between all parts checked, etc… The installer was of course informed of the importance of
potential issues and was also particularly aware of possible mistakes.

2.1

Control measurements of the fresh air circuit

On final completion of the installation, measurements have been realized to check both pressure and air
flow at ALL fresh air circuit extremities, and at SOME intermediate distribution points. The pressure set point
was 90 Pa at the discharge of the AHU. The different measurements are grouped in Table 2 below. Figure 2
shows the location of the measurement points in the schematic of the fresh air circuit.

Figure 2: Measurement points location on fresh air circuit / Compact AHU ….
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Table 2: Pressure and air flow at different fresh air circuit locations
# point

Measurements
Nominal Air flow
Gap
P(Pa)/Qv(m3/h)
m3/h
% ref. nominal
1
Individual office
78/31
25
+24
2
Open-space
75/55
60
-8
3
Individual office
74/25
25
0
4
Open-space
74/57
60
-5
5
Open-space
68/90
6
Open-space
73/90
7
Meeting room
66/210
250
-16
8
Individual office
70/30
9
Open-space
71/100
90
+11
10
Open-space
73/102
90
+13
N.B. : the different registers of the circuit have been forced in open position for those measurements

2.2

Room type

CO2 level in different types of rooms

In order to be sure that fresh air flow is sufficient, CO2 levels have been recorded and verified in different
rooms and for different conditions.
Figure.3. gives an example of CO2 level in an individual office during normal use (left) and in degraded use
(right) during an improvised short meeting of 3 persons.
In this last condition, a short term high IAQ degradation is observed with a fresh air flow designed for only
one as the fan coil unit is sized for only one person. Nevertheless, the calculated ICONE1 index during this day
period is 1(low containment) while ICONE index is 0 (null containment) in normal use. CO2 levels in openspaces and in a meeting room without occupancy control have also been recorded in order to compare.

Figure 3: CO2 level inside an individual office in “normal” or “degraded” conditions of use

Figure 4: CO2 level inside an open-space and inside a meeting room (for 10 persons max.)

1

ICONE index : containment index defined by CSTB. From 0 (null containment) to 5 (extreme containment)
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3

CONCLUSIONS – PROSPECT

An occupancy controlled ventilation based on CO2 and presence detection has been installed during the
refurbishment of a 1980’s office building. The MANAG’R approach has been applied, especially the controls
and measurements all along the work and the commissioning of the installation. The HVAC system was
designed to supply, at the right location, 25 m3/h of fresh air per occupant, in accordance to the French regulation
for workers.
In those conditions and after controlling that the installation complied with the design, we are today able to
ensure that ICONE index, in the different types of rooms, stays between 0 and 1, regardless the conditions.
This permanent “field test” building is now equipped with a permanent control of the indoor PM2.5 level,
maintained under 10 µg/m3 (WHO recommendation) through complementary equipment . Furthermore, the
indoor air chemical and biological pollutants will soon be treated with plasma-photocatalysis technology.
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INTRODUCTION
Since the 1970s, many authors have discussed the impact of poor airtightness on building
energy use, indoor air quality, building damage, or noise transmission (Carrié and Rosenthal,
2008) (Tamura, 1975) (Sherman and Chan, 2006) (Orr and Figley, 1980). Nowadays, because
poor airtightness affects significantly the energy performance of buildings, and even more
significantly with low-energy targets, many countries include requirements for building
airtightness in their national regulations or energy-efficiency programs. Building pressurization
tests are increasingly used for compliance checks to energy performance requirements and may
result in severe penalties (Mees and Loncour, 2016). Therefore, the uncertainty of the
measurement results has become a key concern in several countries over the past few years.
1 OBJECTIVES OF THIS PRESENTATION
The goal of our work is to improve the reliability of airtightness test results regarding wind
impact with better uncertainty estimates and protocols. In this presentation, we will focus on
the effect of wind and the provisions set in airtightness protocols to limit the uncertainty in the
results.
2 WHEATHER CONDITIONS IN PAST AND CURRENT PROTOCOLS
In the 1970s, research teams elaborated first experimental prototypes and performed building
airtightness measurements. The influence of the weather effects led to recommendations
concerning the wind velocity: not higher than 8 m.s-1 (Nevander and Kronvall, 1978). Kronvall
(Kronvall, 1978) determined a lower wind speed limit at 5 m.s-1 using “static wind loads and
simplified load distribution models”. He defined this limit as the wind velocity (for static wind
load models) which induced a pressure difference of 5 Pa (with simplified load distribution
models). 5 Pa corresponds to 10% of the 50 Pa reference used in Sweden.
In 1984, 4 standards used a test pressurization method (Jackman, 1984): the Swedish standard
SS 02 15 51, the Norwegian standard NS 8200, the American standard ASTM E779-81 and the
Canadian General Standard (limited to depressurization tests). Whereas each of these four
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standards described a method for a fan pressurization test, some significant variations existed
(Jackman, 1984). Table 1 gives requirements regarding the wind included in those standards.
Table 1: Requirements regarding wind of the 4 first fan pressurization tests standards
Standard
Requirements

Swedish standard
SS 02 15 51 (1980)

Norwegian
standard NS
8200 (1981)

American standard
ASTM E779-81
(1981)

Canadian standard
(1983)

Climatic limits:
wind speed

< 10 m.s-1

< 6 m.s-1

< 4.4 m.s-1

< 5.5 m.s-1

Nowadays, two major standards regarding fan pressurization method for determining building
air leakage are commonly used: the US ASTM 779-10 and the ISO 9972 (2015). Both standards
describe a fan pressurization multi-point test method to characterize air leakage of building
envelope. Although the basic principles remain the same, there are significant differences
between these standards that affect the uncertainty in the test results, including the building
preparation and the meteorological conditions. Table 2 compares requirements of these two
standards regarding wind speed, temperatures, and zero-flow pressures.
Table 2: ASTM 779-10 and ISO 9972 requirements regarding meteorological conditions
Wind speed

Temperatures

Zero-flow
pressures

ASTM 779-10
Strong winds shall be avoided

ISO 9972
Strong winds are to be avoided

Large indoor-outdoor temperature
differences shall be avoided

It is recommended that
- wind speed near the ground ≤ 3 m.s-1
- meteorological wind speed ≤ 6 m.s-1
or ≤ 3 on the Beaufort scale
Large indoor-outdoor temperature differences
are to be avoided

Product of the indoor/outdoor air
temperature difference by the height of the
building shall be ≤ 200 m.°C

It is recommended that the product of the
indoor/outdoor air temperature difference by
the height of the building ≤ 250 m.K
The test is not valid if one zero low pressures
average (in absolute) ≥ 5 Pa

3 SOME ISSUES TO CONSIDER AND RELATED RESEARCH WORK
In our presentation, we will discuss more specifically the following issues:
 The number of points: ASTM 779-10 and ISO 9972 are multi-point test methods (Figure
1c). In 2013, Walker (Walker et al. 2013) applied a one-point test method (Figure 1a)
considering a default value for the flow exponent n=0.65. He evaluated the uncertainty
of this method results and compared it to the uncertainty of results obtained with a multipoint test technique for about 6,000 tests performed on 6 houses. He found that the onepoint test method is less sensitive to wind pressure fluctuations when wind speed is
higher than 6 m.s-1 (error due to n approximation is less significant than error due to the
wind), whereas he recommended performing a multi-point test for wind speeds lower
than 6 m.s-1. Carrié and Leprince (Carrié and Leprince 2016) proposed a numerical
evaluation of the impact of the wind from a simplified isothermal model. They tested a
one-point test method and a two-point test method (Figure 1b). They suggested choosing
a one-point test method when the wind speed is above 5 m.s-1 at the building level,
especially for an indicator at 4 Pa.
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Q(m3.s-1)

Q(m3.s-1)

One-point test

Two-point test

Q(m3.s-1)

1000

1000

1000

100

100

100

Q4
10

Q4

Q4

10

10

1

1

1
1

4 Pa

10

ΔP (Pa)

100

(a)

Multi-point test

1

4 Pa

10

100

1

4 Pa

10

(b)

100

ΔP (Pa)

ΔP (Pa)

(c)

Figure 1: 1-point test (a), 2-point test (b) and multi-point test (c) methods

4



The reference pressure measurement and the zero-flow pressure measurement: because
the wind-induced pressures are not the same on upwind façade and others façades of the
building, the position of the pressure probe has an impact on the test result. In order to
reduce these effect, Modera and Wilson (Modera and Wilson, 1990) experimented with
time averaging and spatial averaging of pressure. They obtained scatters below 11% for
wind speeds lower than 5 m.s-1.



The wind speed measurement: in the literature, the definition of wind speed is hardly
ever properly given. Indeed, we can identify 2 main different wind speeds: the
meteorological wind speed (at 10 meters from the ground) and the local wind speed: (at
the height of the building), which can be very different. Moreover, EN ISO 9972 gives
a recommendation regarding wind speed near the ground, which is a third wind speed
reference. It occurs that there are often confusions with regard to the definition of the
wind speed which can lead to significant differences in the wind speeds measured or
calculated with a common reference.



The fluctuations of the wind: Most of the studies we have analyzed consider steady wind
(numerical studies) and low wind speed (experimental studies). However, we often have
to perform airtightness measurement under unsteady and not so low wind. These
fluctuations may induce significant uncertainties on measurement results because they
induce time variations in the measured pressures and flows.
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ABSTRACT
This paper introduces an experimental study of enclosure airtightness testing of an outdoor chamber using both
the pulse technique and the blower door method. This investigation is a 2nd stage comparison study following the
previous testing of a house-sized chamber in a sheltered environment. The outdoor chamber in this study has
dimensions, approximately half that of a standard 20ft long shipping container. Multiple openings were installed
into the chamber’s envelope to provide a leakage level and characteristics similar to an average UK house. Two
sets of experimental tests were carried out independently at different times to investigate: a) How the pulse
technique and blower door method compare on measuring enclosure airtightness of an outdoor chamber at various
leakage levels; b) How the steady wind at various wind speed affects the measurement of chamber airtightness
using the pulse technique.
The comparison tests were performed in the chamber with various leakage levels achieved by sealing up different
vents. Both blower door and pulse have given comparable results (±16%) of air permeability at 4 Pa in most
testing scenarios, which is a slightly larger discrepancy than that found in the previous sheltered environment
study. In the steady wind tests, the external fabric of the chamber was subjected to wind at various wind speed
levels, by utilising a multi-gear portable trailer fan. Initial findings have shown that the impact of steady wind on
the measurement of chamber airtightness using the pulse technique is mostly insignificant when it is under 3.5
m/s. The measured air permeability at 4 Pa (P4) at high wind speed (4 m/s - 9.5 m/s) in one direction is 16%-24%
less than that measured under fan off condition in the steady wind tests.

KEYWORDS
Enclosure airtightness, Blower door, PULSE unit, outdoor environment, chamber

1. INTRODUCTION
1.1.
Context
As a well-known and widely accepted steady pressurisation method for measuring building air
leakage, the blower door method makes measurements in a range of high pressures, typically
10-60 Pa. It is implemented by creating a steady pressure difference, either negative or positive,
across the building envelope and measuring the corresponding airflow exchange rate between
the indoor and outdoor simultaneously. The air leakage result is quoted at an elevated pressure
difference, compared to the ambient i.e. 50 Pa in order to reduce the impact of wind and
buoyancy effects. The novel pulse technique, developed to measure the building air leakage at
low pressures typically in the range of 1-10 Pa, is implemented by rapidly releasing a known
volume of air from a compressed air tank into the test building, thereby creating an
instantaneous pressure rise that quickly reaches ‘quasi-steady’ conditions. The underlying
principle is that of a quasi-steady flow, which can be shown to exist via the temporal inertial
model and further detail is given by Cooper (Cooper 2007 and Cooper 2014). The pressure
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variations in the building and tank are monitored and used for establishing a correlation
between leakage and pressure. The building air leakage result is quoted at low pressure, i.e. 4
Pa which is regarded as a typical weather-induced pressure level (Sherman 2004). This paper
presents two separate investigations; firstly a comparison study, in which both methods were
used to measure the envelope airtightness of an outdoor chamber where the environmental
condition is not protected against. This forms part of a continued study of investigation
following on from the previous reporting of experimental testing, which compared the
measurements of enclosure airtightness in a sheltered environment [Zheng 2017]. This study
aims to provide insight into how the comparison between testing methods varies in the
unsheltered environment. The second investigation in this study looks into how steady wind
would affect the pulse test. These two investigations are named herein as the NC (natural
condition) test and the SW (steady wind) test, respectively.
1.2.

Equipment

The main blower door unit used in this study is a Duct Blaster B (DBB), manufactured by ‘The
Energy Conservatory’ in the United States. It consists of an adjustable door frame, flexible
canvas panel, a variable-speed fan, and a DG700 pressure and flow gauge, as shown in Figure
1. The DBB is designed to provide smaller air flow and is therefore used for testing alongside
the Pulse technique. For one NC test a larger Energy Conservatory DB-2 blower door was also
used for a single comparison. For all the NC tests a prototype PULSE-80 unit was used, which
consisted of an 80-litre lightweight composite tank and oil free double piston compressor as
shown in Figure 2. Due to equipment availability a different pulse unit was used in the SW
testing. The PULSE-60 unit, used, incorporates a 60 litre lightweight aluminium tank and oil
free compact air compressor as shown in Figure 3. The pulse data (chamber pressure and tank
pressure) is recorded and analysed by the control box and results are displayed on the LCD
screen of the control box.

Figure 1 Energy
Conservatory Duct blaster
B (DBB)

Figure 2 PULSE-80 and
associated control box (NC test)

Figure 3 PULSE-60 and associated
control box (SW test)

In the SW test, a multi-gear portable trailer fan was used to provide various wind conditions
for testing. The fan is driven by a petrol engine and various fan speeds were achieved by the
combination of three different gears and fan speed controller, as shown in Figure 4.
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Figure 4 a petrol driven multi-gear portable trailer fan

1.3.

Chamber

A chamber, improvised from a standard 20-feet (6.1m) long shipping container and located in
the vicinity of an office building, was divided to two separate spaces by a partition wall. One
of them, highlighted in by a blue rectangle in Figure 5, was used for testing. The chamber, with
dimensions of 2.84m×2.23m×2.03m, was installed with background openings in order to
provide leakage level that is present in typical domestic buildings. The outdoor chamber used
in this testing was utilised due to availability and access which enabled various wind speeds to
be introduced. It must be noted however that this chamber is smaller than that used in (Zheng
2017).

Figure 5 External chamber for comparative testing

Figure 6 Plan of openings in the test chamber

Figure 6 shows the chamber plan with various openings around the envelope. Overall, there
are 14 openings. Each opening location given in Figure 6 represents one or multiple openings
at different heights of external walls. Table 1 provides a photograph for each particular opening,
at each plan location. These are shown in the table from top to bottom according to their
relative physical height. The converted shipping container, fabricated from sheet steel is
inherently air tight compared to typical wall construction of buildings, therefore three
deliberate vents (opening R1-1) are utilised to provide a typical ‘background’ leakage to the
enclosure. It must be noted that the NC and SW tests were carried out with one year gap inbetween, during which the chamber had been used for multiple projects with changes made to
the enclosure. Hence it could not be assured that chamber leakage would be the same for both
scenarios and therefore the NC and SW are not compared.
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Lowest

Height at
individual
plan
location

Highest

Plan
Location:

R1-2:
Combustion air
opening

R1-1:
Background
vents

Rear opening 1

R2-2: Open flued
boiler

R2-1: Passive stack
ventilator

Rear opening 2

R3-3: Toilet U bend

R3-2: Sink U bend

R3-1: Kitchen
extraction vent

F1-3: Cat flap

F1-2: Manually controlled trickle
vent

F1-1: Humidity controlled trickle
vent

Table 1 Openings in the test chamber envelope
Rear opening 3
Front opening 1

F2: Static vent
(behind radiator)

Front opening 2

S-3: Static vent

S-2: Tumble drier
vent

S-1: Shower extract
vent

Side opening

2. NATURAL CONDITION (NC) TESTS
2.1 Testing arrangement
Leakage levels were achieved by sealing up various openings, to achieve 6 testing scenarios as
shown in Table 2, thus providing a wide spectrum of leakage characteristics.
Table 2 Openings sealed in various scenarios for the NC tests (Opening ID’s as listed in Table 1)

Scenario
NC test

1
All except R1-1

2
All except
R1-1 and
R1-2

3
All except
R1-1, R12, S-3, F2

Descriptor

Compliance test:
All openings
were sealed
except
background
vents

Air brick
unsealed

Radiator
vent and
static vent
unsealed

4
All except R11, R1-2, S-3,
F2, F1-1, F1-2,
R3-2, R2-2, S2, R2-1
Trickle vents,
sink traps,
boiler vent,
dryer vent and
passive stack
vent unsealed

5
All unsealed

6
All sealed
except R1-1
and R2-2

Bathroom
vent, cooker
extract and
shower vent
unsealed

All openings
were sealed
except
background
vents and
boiler vent

The DBB was installed in door 2 (See figure 6) and the PULSE-80 unit was placed in the centre
of the chamber. The setup of the DBB and PULSE-80 unit is shown in Figure 7 and Figure 8.
The chamber enclosure was prepared according to the ATTMA (the Air Tightness Testing &
Measurement Association) technical standard L1 albeit with various sealing arrangements of
openings as per table 2. In scenario 1, DBB tests were carried out in both pressurisation and
depressurisation modes and repeated three times alongside the pulse test. In the other scenarios,
only one pressurisation test, (except for scenario 6, with 3 pressurisation tests) was performed
due to time constraint.

Figure 7 Setup of blower door

2.2

Figure 8 Setup of PULSE unit

NC Test results

Table 3 shows P4 measured by the DBB and PULSE-80 unit under 6 different scenarios, with
the chamber preparation of each scenario described accordingly.
Table 3 P4 (m3/h·m2) of the chamber measured by DBB and PULSE-80 under various scenarios
Scenario
1
6
2
Test
DBB
DBB
PULSE-80
DBB
PULSE-80
DBB Pulse
Pressurise
Depressurise
Pressurise
Press’
-80
1
4.34
4.31
4.21
4.71
4.46
5.51
4.86
2
4.40
4.36
3.84
5.20
4.44
3
5.10
4.53
4.33
5.55
4.53
Mean
4.61(±10.5%) 4.40(±3.0%) 4.13(±6.9%) 5.15(±8.6%) 4.48(±1.2%)
Scenario
Test
1

3
DBB
Pressurise
6.24

4
PULSE-80
5.78

DBB (Pa)
Pressurise
8.31

PULSE-80

5
PULSE-80

7.43

9.66

DBB
Press’
8.31
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Air permeability at
4 Pa (m3/h·m2)

From scenario 1 to scenario 5, the chamber envelope leakage level increases due to a number of
openings being unsealed. In scenario 6, the chamber preparation was returned to scenario 1 but
with the boiler vent unsealed (note the order in Table 3). Figure 9 illustrates the changing trend
of chamber leakage level measured by the DBB and PULSE-80. It shows the results given by
both methods follow the same trend. However, the result given by DBB is consistently higher
than PULSE-80 by 7.9%-16.2%; whereas in the sheltered environment with regular openings
(Zheng 2017) the relative percentage difference ranged from -9.84% to 8.22%, giving an overall
smaller deviation from the mean than this NC test. This could have been caused by the
combination of extrapolation and DBB installation.
15
DBB

PULSE-80

11.8%

10
5

11.6%

13.5%

16.2%

7.9%

15.0%

0
1

2

3 Scenario 4

5

6

Figure 9 Trend of P4 in the six scenarios given by DBB in pressurisation mode and PULSE-80

To further investigate this difference between blower door and PULSE-80 further tests were
added to scenario 6. A pressurisation test using an alternative blower door was trialled; this
being the larger Blower Door-model 2 (BD-2) from Energy Conservatory. The results can be
seen in the first 3 columns of Table 4 and this showed a difference of 35.9% to PULSE-80 and
18.2% to DBB for this case study. The installation of the blower door frame could contribute to
this difference as the unsealed gap around the edge of the blower door is potentially quite large
in relation to the relatively small volume of the enclosure. To investigate the impact of this,
PULSE-80 tests were performed, whilst the separate blower doors were in-situ with fan openings
sealed, i.e. to obtain the effect of the door frame in isolation. The P4 results in the final two
columns in Table 4 given by the PULSE-80 suggest the envelope leakage increased by 10.3%
and 14.1% for the DBB and BD-2 installations respectively, when compared to the standard
PULSE 80 test (where the external doors are fully closed).
However, there is also 18.2% difference between the P4 measured in the pressurisation tests
between BD-2 and DBB. The P4 measured in the pulse test when the BD-2 was installed is larger
than that when DBB was installed by only 3.4%, which indicates the difference in the envelope
leakage made by installations of DBB and BD-2 is small. i.e. envelope and installation leakage
condition for DBB and BD-2 is very close. Hence, it is more likely the difference in P4 given by
DBB and BD-2 is mainly caused by extrapolation error and model difference.
Table 4 P4 (m3/h·m2) of the chamber measured by DBB and PULSE-80 in scenario 6

Test

PULSE-80

1
2
3
Mean

4.46
4.44
4.53
4.48(±1.2%)

DBB
Pressurise
4.71
5.20
5.55
5.15(±8.6%)

BD-2 Pressurise
6.51
5.55
6.20
6.09(±8.8%)

PULSE-80 (DBB
installed)
4.74
4.75
5.34
4.94(±8.0%)

Pulse80 (with BD-2
installed)
5.05
5.05
5.22
5.11(±2.2%)

3. STEADY WIND (SW) TESTS
3. 1. Test arrangement
In the steady wind (SW) tests, the enclosure was subject to an imposed external wind delivered
by the portable fan as shown in Figure 13. Leakage levels were achieved by sealing up various
openings, to provide 3 testing scenarios as shown in Table 5, thus providing a wide spectrum of
345 | P a g e

leakage characteristics. Scenario 3 was further split into two separate tests, by changing the
position of the portable fan, thereby changing slightly the externally imposed wind direction (see
Fig.13)
The setup of the DBB and PULSE-60 unit is shown in Figure 10 and Figure 11. Figure 11 shows
two pulse units, including a test unit and a development unit, however, the results presented in
this paper are based solely on the tests performed with the test unit. The DBB tests were
conducted by a qualified BSRIA compliance engineer and the testing procedure followed the
ATTMA TSL1. The pulse tests were conducted under the same experimental conditions as the
DBB tests.

Development unit

Figure 10 Setup of blower door (SW test)

Test unit

Figure 11 Setup of PULSE unit (SW test)

An anemometer was used to measure wind speed in the centre of the wind flow and 1 meter away
from the corner of the chamber, as shown in Figure 12. It was held approximately 1.5 meters
above the ground. The duration of measurement was between 30 and 60 seconds. Due to the
fluctuations of wind speed, each level is represented by a range of wind speed with a peak value.
For example, ‘2.5-3.5, up to 4’ means the measured wind speed typically varies between 2.5 m/s
and 3.5 m/s, and the recorded maximum wind speed is 4 m/s. Table 5 lists three different testing
scenarios achieved by sealing up various openings and using two different wind directions.

Wind speed
sampling point
Wind speed
sampling point

Wind direction 1 (used in scenario 1,2 and 3)
Wind direction 2 (Only used in scenario 3)
Figure 12 Setup of portable fan

Scenario
Weather
condition

Table 5 Testing scenarios for SW tests
1
2
3a
3b
8mph
7.5 mph meteorological wind
5 mph meteorological wind speed
meteorological
speed with sunny spells
with sunny spells.
wind speed with
sunny spells
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SW test

S-1

Vent conditions

Shower extract vent
was sealed

Wind direction
Baseline
Wind 1 (m/s)
Wind 2 (m/s)
Wind 3 (m/s)
Wind 4 (m/s)

1
Fan off
2.5-3.5, up to 4
4-5, up to 7
6.5-7.5, up to 8.7
n/a

3. 2.

S-1, S-2, S-3, R3-1
Shower extract, tumble drier
vent, cooker hood vent, and
static vent were sealed
1
Fan off
2.5-3.5, up to 4
4-5, up to 7
6.5-7.5, up to 8.7
8.5-9.5, up to 11.7

S-1, S-3, R3-1, F1-3, F2
shower extract, radiator vent, cat
flap, cooker hood vent, and static
vent were sealed
1
2
Fan off
Fan off
2.5-3.5, up to 4 2.5-3.5, up to 4
n/a
n/a
n/a
n/a
n/a
n/a

SW Test results

Table 6 provides the results for the tests performed under three different chamber scenarios with
no externally applied wind (i.e. portable fan off). Note that the DBB test was only performed for
the fan off condition as no valid blower door test results could be obtained for conditions where
the externally imposed wind is directly against the blower door fan.
Table 6. P4 (m3/h·m2) measured by DBB and PULSE-60 for fan off condition
Equipment
DBB
PULSE-60
Mean % difference between
3
2
3
2
DBB and PULSE 60
P4(m /h·m )
P4(m /h·m )
Scenario 1:
9.87
9.89
10.07
10.03
-1.69%
9.75
10.28
Mean
9.90(±1.75%)
10.07(±2.10%)
Scenario 2:

Mean
Scenario 3:

Mean

8.18
7.70
7.85
7.91 (±3.45%)

7.68
8.09
8.34
8.04 (±4.41%)

9.00
8.95
7.98
8.64 (±7.68%)

9.53
9.48
10.05
9.69(±3.79%)

-1.62%

-10.84%

In scenario 1 and 2, the P4 measured by DBB is smaller than that measured by PULSE-60 by
1.69% and 1.62%, respectively; while in scenario 3, the discrepancy increases up to 10.84%.
Hence, like previous results in the NC tests, the range of deviation in the P4 given by both testing
methods is also slightly larger than that obtained in the previous sheltered environment study.
But noticeably the DBB, unlike in the NC tests, shows lower P4 values than PULSE-60
consistently in this case study. This could be caused by differences in blower door installation,
weather condition, pulse model and extrapolation in the NC and SW tests. Further investigation
and discussion on this will be the work of a future publication.
The measurement of P4 under various wind conditions in three different scenarios is summarised
in Table 7. Baseline is the testing scenario where the fan is off. Various wind speeds were
achieved, as detailed in Table 5. In both scenario 1 and 2, a good test repeatability, within ±2.7%
and ±2.1%, respectively, was achieved at wind speed level 1. The tests at wind speed level 1
under both scenario 1 and 2 also showed good agreement with that done at ‘baseline’ condition,
differing by -1.9% and 2.14% respectively. It suggests the wind speed level 1 doesn’t have
significant impact on the pulse test in the setup given by scenario 1 and 2.
Table 7 Impact of various wind conditions on the measurement of P4 (m3/h·m2) in three different scenarios
Scenario 1
Test
Baseline
Wind 1
Wind 2
Wind 3
1
9.89
9.86
8.42
8.13
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2
3
4
Mean

10.03
10.28
9.61
9.95(±3.4%)

Test
1
2
3
4
Mean

Baseline
7.68
8.09
8.34
n/a
8.04(±4.4%)

Test
1
2
3
4
Mean

Baseline
9.59
9.36
10.10
n/a
9.69(±4.3%)

9.93
9.50
n/a
9.76(±2.7%)

9.54
7.30
7.02
8.21
n/a
n/a
8.33(±15.7%)
7.88(±7.3%)
Scenario 2
Wind 1
Wind 2
Wind 3
8.08
7.67
5.06
8.42
7.98
7.67
8.12
8.00
7.07
n/a
7.62
4.64
8.21(±2.1%)
7.82(±2.5%)
6.11(±25.6%)
Scenario 3 (Baseline and Wind 1 only)
Direction 1
Direction 2
8.94
8.54
9.82
10.08
7.39
7.27
n/a
n/a
8.72(±15.2%)
8.63(±16.8%)

Wind 4
7.00
7.92
5.82
n/a
6.91(±15.8%)

It can be observed that P4 decreased across all scenarios with increased wind speed and also
results became less repeatable, with ranges from the mean value of an individual test of ±7.3%
(scenario 1, wind 3) to ±25.6% (scenario 2, wind 3). The decrease in P4 against baseline values
is in the range of 2.7% - 24.0%.
In scenario 3, the impact of the wind direction to the test accuracy and repeatability was
investigated at wind level 1. Three repeated tests were performed in two different wind directions;
one pointing towards the chamber corner and secondly, towards the front side of the chamber.
The tests done in both wind directions were less repeatable than baseline with a variation from
the mean of ±15.2% and ±16.8%. These deviations are much higher than that seen in the first
two scenario’s, which may suggest the leakage distribution might affect the wind impact on the
pulse test. It can also be seen in scenario 3 that the mean results of wind directions 1 and 2 both
report smaller values than the baseline test; providing a relative difference of 10.0% and 10.9%
respectively. Hence it appears, with the relative closeness of the two mean results that the impact
of wind direction on the test repeatability and accuracy in the case study is seemingly
insignificant. By comparison increasing wind level in other scenarios to 2, 3 and 4 (i.e. 4.5m/s9.0m/s), shows a greater impact on the repeatability and accuracy of the tests. However, these
findings need further investigation due to lack of sufficient measurements.
4. DISCUSSION
In order to determine if the uncertain nature of environmental factors presented in the natural
condition contributes to the difficulty of measuring low pressures accurately, it is better to use a
test chamber of similar size in both sheltered and unsheltered environments. In this way any
differences due to different volumes and envelope area can be eliminated. However, due to
availability of an unsheltered test facility (and consideration of the practicality of introducing
steady wind manually in the SW tests), a chamber of half the size of a standard 20 feet shipping
container was used. This chamber is much smaller than the house-sized chamber used in the
sheltered environment (Zheng 2017), and therefore, the NC test in this small chamber should be
regarded as a pilot study for outdoor comparison and the conclusion drawn in the NC tests
shouldn’t necessarily be applied to normal houses. Further experimental investigation needs to
be performed to determine if the conclusions drawn in this study stand for real houses.
In the steady wind tests, it was observed due to the function of the fan equipment (as detailed in
section 1.2) that the measured wind speed is not fixed at a particular speed but fluctuates in a
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range due to the nature of blade movement. Hence, a stable steady wind could not be obtained
in this case study, and it is represented by a range of wind speeds. Due to the limited space
between the chamber and the adjacent objects such as parked vehicles and a building, the portable
fan could only be set up in front of the chamber. Hence, only two different wind directions were
implemented for testing. Further tests including wind flow from each side of the envelope with
different opening distributions should be performed to investigate the impact of the wind
direction and distribution of openings on the test results systematically.
5. CONCLUSION
The first investigation in this study looked at how pulse and the blower door methods compared
in six different scenarios of envelope air tightness in the natural outdoor condition (NC). It has
been found that for NC tests the P4 (m3/h·m2) given by both, the blower door and the pulse methods
followed a close similar trend, with the DBB blower door measurement being higher than the
pulse measurement by 7.9%-16.2%, which is a slightly larger discrepancy than (Zheng 2017).
In the second experiment the repeatability of pulse under various artificially imposed steady wind
(SW) speeds and direction was investigated. In scenario 1 and 2, the envelope arrangement was
made different by the sealing of different openings and with no wind applied (same wind
direction), good agreement of P4 given by both techniques was observed (<2%). However, in
scenario 3, which involved another vent sealing arrangement and a second additional wind
direction, the deviation between results increased up to 10.84%, giving a similar overall deviation
range with that obtained in the NC tests. Hence, it is considered that the impact of the outdoor
environmental condition is a likely contributor to the increase in deviation between the two
methods in measuring P4. At wind level 1 (wind speed up to 3.5 m/s) for scenarios 1 and 2, a
good repeatability (<±3%) was obtained and the P4 reported by PULSE-60 differed from that
the fan-off tests by < 2.2%. However, this close agreement did not follow in scenario 3, where
for wind direction 1 and 2, the P4 decreased from baseline by 10% and 10.9% respectively,
suggesting the opening distribution might change the way wind impacts the pulse measurement.
When the wind speed was increased to between 4.5 m/s and 9 m/s, (wind levels 2, 3 and 4) the
pulse test became less repeatable, with uncertainty from the mean value increasing by up to ±25.6%
and the P4 decreasing by 2.7%-24%. This steady wind study provides insight of how wind affects
the pulse measurement based on a small outdoor chamber. These tests represent the observations
seen on a limited number of tests for this case study and further experimental investigations are
now required in the field of actual dwellings to determine the validity of the findings in this study.
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ABSTRACT
The air infiltration of a building, which fundamentally depends on its airtightness, can be a significant
contributor to its heat loss. It can also be affected by other factors such as external terrain, leakage distribution,
sheltering factor and environmental conditions. The infiltration rate of a detached UK house was monitored for 2
months in early 2018 using constant concentration and decay tracer gas methods under various temperature and
wind conditions. Different temperature differences across the building envelope were achieved by heating up the
indoor air with the assistance of fan heaters. Various wind conditions were covered by carrying out tracer gas
tests continuously over a few days during which different wind conditions were captured. The external pressure
distribution on each side of the building envelope was also monitored using differential pressure transducers.
The impact of the wind on the external pressure distribution was investigated in order to understand how the
building pressures across the envelope of the test house is affected by different wind conditions. Hence, better
understanding on how the wind physically affects the infiltration can be gained. Initial results agree with
previous findings that both wind and stack effects are two dominant environmental factors that affect the
infiltration rate. Differential pressure measurements confirmed the relevance of wind speed and direction.

KEYWORDS
Air infiltration, Airtightness, PULSE, Wind, Buoyancy

1

INTRODUCTION

Air infiltration in buildings is a significant contributor to ventilation heat losses (Etheridge ,
2015; Sherman, 1983; Energy Saving Trust;, 2006); it accounts for up to one third of all the
heat losses. It is fundamentally determined by building airtightness, which can be quantified
in a variety of ways, but usually falls under the label of air leakage. Infiltration can also be
affected by other factors such as external terrain, leakage distribution, sheltering factor
(Walker & Wilson, 1990) and environmental conditions. Among the environmental
conditions, wind and buoyancy effects are the most predominant ones (Kraniotis, et al., 2014;
Kraniotis, 2014) that impact the building infiltration by changing the pressure profile in the
proximity of building envelope.
While a number of studies (Walker & Wilson, 1990; Kraniotis, 2014; Kraniotis, et al., 2014;
Sherman, 1983) have been undertaken to investigate the impact of terrain, shielding factor or
environmental conditions on infiltration rate, few of them have experimentally investigated
how environmental conditions affect the infiltration rate from the perspective of incurred
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pressure distribution. Hence, the monitoring of pressure difference across the building
envelope on different sides could provide a different insight to how wind and buoyancy
effects, the dominant environmental factors, impact the infiltration rate.
On the other hand, there are many studies and models correlating the airtightness level of a
building with its air infiltration rate and the environmental conditions (Sherman, 1980;
Walker & Wilson, 1990; Liddament & Allen, 1983; Orme & Leksmono, 2005; Jones, et al.,
2013; Lowe, 2000), nevertheless, they follow similar assumptions and metrics, such as the
usage of a power law (Walker, et al., 1997) and the steady pressurization method such as
blower door (The Air Tightness Testing & Measurements Association;, 2016) to measure the
airtightness level of a building to predict the infiltration rate. It provides a quicker and less
disruptive method for estimating building infiltration rate so that the energy loss caused by
building infiltration can be calculated. However, the blower door measures the building
leakage in a range of pressures that are higher than the pressure level that buildings are
subject to under natural conditions. Hence, errors, either caused by extrapolation or building
valving effect could be translated into the infiltration rate.
In order to mitigate this issue, the pulse technique, a method for measuring building
airtightness at low pressures, was developed (Cooper & Etheridge, 2007; Cooper, et al., 2014;
Cooper, et al., 2015). It is implemented by rapidly releasing a known volume of air from a
compressed air tank into the test building, thereby creating an instantaneous pressure rise that
quickly reaches ‘quasi-steady’ conditions. The pressure variations in the building and tank are
monitored and used for establishing a correlation between leakage and pressure. The building
air leakage result is quoted at low pressure, i.e. 4 Pa which is regarded as a typical weatherinduced pressure level (Sherman 2004, Cooper 2007). However, no correlation between the
pulse test result and building infiltration rate has been established to allow a quick estimation
of building infiltration when a pulse test is carried out to a building.
To provide initial insight to the correlation between the airtightness the pulse technique and
building infiltration, the pulse and tracer gas methods were used to measure the airtightness
and infiltration rate of a detached UK home over a range of days where various environment
conditions were obtained under natural conditions or with the assistance of fan heaters.
Blower door method was also used alongside to measure the airtightness of the same building
to provide an insight on how current standard test result stands in this correlation. The
pressure differences across the building envelope on four different sides were also monitored
to allow us to understand how the wind conditions fundamentally affects the building
infiltration.
2 METHODOLOGY
2.1 Equipment
The measurement of air infiltration is made using tracer gas means (Sherman , 1998; British
Standards Distribution;, 2017; American Society for Testing and Materials, 2011) in two
different ways: constant concentration method and decay method. The constant concentration
method is seen to be the most accurate one among three tracer gas methods for measuring air
infiltration (Sherman, 1989)., however its operation requires high spec equipment and the test
itself is time consuming to implement. In order to have a different and punctual air infiltration
result, the tracer gas decay method, which cheaper and quicker to use, was also employed to
compare with the constant concentration results in order to assess the feasibility of using this
method in further field trials.
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The equipment used is described in Table 1, an INNOVA 1412i gas analyser and a
LumaSense 1303 multi point gas sampler and doser were employed in the house that was
tested using both tracer gas methods. The selected gas to be traced was carbon dioxide (CO2);
six carbon dioxide sensors (TinyTag) were also allocated in the test house. The methods to
calculate the infiltration rate were obtained from (British Standards Distribution;, 2017) and
(American Society for Testing and Materials, 2011); the tracer decay test was analysed to
give the infiltration rate using the average and the regression method.
Table 1. Equipment utilised in the experimental study
Equipment
Airtightness

PULSE
Gas

Tracer Gas

Carbon Dioxide
INNOVA 1412i gas analyser
TinyTag CO2 logger

Gas measuring
Gas sampling/dosing

LumaSense 1303 multipoint gas sampler and doser

Fan heaters
Wind Speed low inertia cup and wind vane WSD1
+/-20 Pa Differential pressure transducers FCO-44
Temperature sensors PT100 RTD

Other

Four differential pressure transducers (FCO-44, ±20 Pa) were used to monitor the pressure
difference across the building envelope, all of them were connected to the same pressure
reference which was located on the ground floor, and the pressure points to measure were
placed in every façade of the building. A fifth differential pressure transducer was used to
monitor the internal pressure difference between approximate building height level and
ground level.
2.2 Test house and setup
The building under test is three bed detached house built with innovative construction
materials, which is part of the Creative Energy Homes in the University of Nottingham. The
main façade is facing south to an open green space with a number of trees 30 meters away;
the other three sides of the house have a regular suburban neighbouring area. This house
might not represent a regular house in the building stock of the UK, however it provides a
useful test dwelling for comparing airtightness and air infiltration. Figure 1 shows the test
house and some measuring devices.

a)

b)

c)

Figure 1. a) Test house; b) pressure measuring devices, five differential pressure transducer;
c) tracer gas measuring equipment

The location of the tracer gas equipment can be seen in Figure 2, the cylinder is secured in
corner on the ground floor, next to the gas analyser and multiplexer. The house, as seen, was
divided into 6 different thermal zones: the first three zones cover 3 bedrooms on the top floor;
the fourth zone is the corridor and the bathroom on the top floor; zones five and six represent
the living room and kitchen on the ground floor respectively. Zone three was noted to be
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leakier than the others due to a poor fit window rail. In every zone, a floor fan was installed to
provide to mix the carbon dioxide supplied and achieve a uniform concentration; the fans
were left on during the length of the tests.
Pressure tappings were placed on every side of the building, and connected to the same
reference, represented in Figure 2 depending on the façade, the letter in the circle stands for
the cardinal point where the device is placed. The indoor pressure reference for the
differential pressure transducer was placed in the middle of zone 5. The weather station used
to verify wind speed and direction was located few meters away from the house at the test
house’s roof ridge height. The internal temperature was measured using resistance
temperature detectors (PT100 RTD) located in each thermal zone and outside the test house.
The pulse unit was allocated between zones five and six, and was left in the same place for
the whole duration of all experimentation. There were also several fan heaters located across
the enclosure to achieve the desired temperature conditions.

Figure 2. Floor plans of the test house and location of testing devices, left: ground floor; right: first floor.

2.3 Testing arrangement
Fan heaters were used to provide various indoor temperatures to see how the infiltration is
influenced by the stack effect. Table 2 shows the different heating scenarios which were
obtained using automated fan heaters and temperature sensors. When heating was used, with
no set point temperature i.e. not a constant temperature, a set heating power input was used.
Therefore there was an increasing temperature difference between internal and external
environments throughout the heating period. A number of tracer gas tests including constant
concentration and decay were performed over a period of over two months’ time, the details
are listed in Table 2.
Test
1
2
3

Table 2. Description of the tracer gas tests and the heating conditions of the test building.
Date
Tracer gas test
Heating
conditions
18–23
Constant Concentration for 110 hours + decay method Heating from 5 pm
Jan
for 8 hours
to 12 am
23-26
Constant concentration for 61 hours + decay method 5 Heating from 5 pm
Jan
hours (7am to 12 pm)
to 12 am
26-29
Constant concentration from 3 pm to 7 am and decay Heating from 5 pm
Jan
method from 7 am to 3 pm.
to 12 am

Durat
ion
5 days
3 days
3.5
days
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29 Jan –
02 Feb
02-05
Feb
05-09
Feb
09-12
Feb
12-16
Feb

Constant concentration for 80 hours + decay method
for 8 hours
Constant concentration from 2 am to 6 pm and decay
method from 6 pm to 2 am.
Constant concentration for 86 hours + decay method 7
hours
Constant concentration from 4 pm to 6 am + decay
method from 6 am to 4 pm.
Constant concentration for 85 hours + decay method 5
hours (7am to 12 pm)

9

16-19
Feb

Constant concentration from 3 pm to 7 am and decay
method from 7 am to 3 pm.

10

19-22
Feb
23-28
Feb
28 Feb –
01 Mar

Constant concentration from 8 am to 12 am and decay
method from 12 am to 8 am.
Constant concentration for 131 hours + decay method
for 9 hour
Decay method for 24 hours

4
5
6
7
8

11
12

Heating from 5 pm
to 12 am
Heating from 6 pm
to 12.00 am
Constant
temperature 23°C
Constant
temperature 23°C
No
heating,
allowing
heat
losses
No
heating,
allowing
heat
losses
Heating from 5 pm
to 12 am
Heating from 5 pm
to 12 am
Heating from 5 pm
to 12 am

4 days
3 days
4 days
3 days
4 days

3 days

3 days
6 days
1 day

During the tracer gas test, both pulse and blower door tests were also performed in order to
provide a marking measurement of the building airtightness over the whole duration of tracer
gas test. Both tests were carried out before and after each set of tracer gas test. Pressure
difference across the building envelope was measured at a sampling rate of one second over
the whole testing duration.
3 RESULTS AND DISCUSSION
3.1 Impact of wind and buoyancy on air infiltration
Figure 3 shows how the building infiltration rate varied with the wind in a day when strong
wind (mostly above 6m/s) was present. It shows that the air infiltration rate variation follows
the trend of average wind speed, suggesting the dominant impact of wind on the air
infiltration rate.
Infiltration vs Wind speed 15-16 FEB 2018: Test 8
16

Qt

0.25

Wind speed m/s

14
12

Q (ACH)

0.2

10

0.15

8
6

0.1

4
0.05
0

Wind speed (m/s)

0.3

2
Time

0

Figure 3. Infiltration rates (ACH) against Wind speed (m/s), example of a graph witch high wind speeds, taken
from the results in test 8, from the 15th to the 16th of February 2018.

Figure 4 shows the variations of measured infiltration rate over a day when the wind speed
was mostly below 2.5 m/s. The temperature difference started increasing at 15:00 (heating
on) and started decaying at 00:00 (i.e. heating off ), with the temperature difference reaching
above 20 K. It shows that the infiltration rate followed the same trend with achieved
temperature difference across the building envelope.
Hence, the findings suggested that both wind and temperature difference can define a trend of
the infiltration. It agrees with previous studies (Lyberg, 1997; Sherman, 1980), which proved
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infiltration rate was mostly influenced by wind speed and temperature difference. However,
most authors suggest that wind is the main driving force (Kraniotis, 2014). The results in this
study showed that when temperature differences across the building envelope is high enough
(achieved temperature difference was higher than 23K) when the wind is below 2.5 m/s, the
infiltration rate is dominated by the temperature difference. These findings are consistent with
Liddament (Liddament, 1986).

0.3

Infiltration vs ΔT 19-23 JAN 2018: Test 2

30
20
10

0.2
0
0.1

-10

0

-20

ΔT (K)

Infiltration rate
(ACH)

0.4

Time
Figure 4. Infiltration rates (ACH) against temperature difference (K), example of a graph when wind speed is
low, taken from the results in test 2, from the 19th to the 23rd of January 2018.

To better understand how the temperature difference affects the infiltration rates further
studies should be carried out to measure the infiltration rate in a controlled environment when
the wind speed is a controllable.
3.2 Impact of wind on the building pressure profile
The pressure distribution across the building envelope under various wind conditions is a key
factor to understanding how the infiltration rate is affected by outdoor wind. During the tests
two main wind directions were observed: northeast wind and east wind. Considering the
pressure difference at every façade was recorded every second and the constant concentration
test was reported every 3-4 minutes, an 11-minute time window was selected to gain some
insight into the overall wind effect on the building pressure distribution and infiltration.
During this time the wind was mainly varying from 3 to 10 m/s. The pressure difference
across the east façade of the test house is illustrated in Figure 5 together with the wind speed.
Noticeably, when the wind speed peaks, the pressure difference does so, but there is a few
seconds delay between the two. It could have been caused by the fact that the weather station
is located 10 meters away in the upstream from the east façade of the test house. Furthermore,
the time delay observed in the east façade was also observed in the west façade, the main
differences were that in the west façade the pressure difference peaks were negative and it
occurred 2 seconds (approximately) after the east façade. The south and north facades also
showed a similar behaviour regarding the effect of strong winds.
Several graphs similar to figure 5 were plotted and consistent results were obtained: wind
gusts are captured as extreme pressure differences depending on the side of the building
exposed to the direction of wind gusts. There is an immediate (in the range of 1 to 5 seconds)
reaction from the pressure changes due to the impact of the wind. A wider data set was
studied to relate that pressure change to the infiltration rate and the main finding was that the
pressure change reflected in infiltration is not as immediate as expected: it might take minutes
to see the change. This is only an empirical conclusion and has to be backed with more
similar studies. A similar analysis as the previous one was carried out to analyse the buoyancy
effect. The main conclusion is that there is no immediate effect in changes in pressure
difference due to the buoyancy effect. A way of investigating the effect of buoyancy in
pressure is to control the wind variable, because it proves an immediate change in the pressure
and a change which evolves over a longer time duration is difficult to analyse.
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Another finding of this study is that the pressure distribution across every façade over the
same period of time as figure 5. Two conclusions can easily be drawn (Figure 6): the pressure
distributions seem to follow a normal distribution and; the majority of the pressure difference
occurs in the range of 0 to 5 Pa. Figure 6 shows the results only for a short period of time
(eleven minutes), when gusty wind was present.
Wind speed and EAST pressure. 24FEB 15:15 TO 15:26: Test 10

20

5

0
-20
Wind speed

Pressure difference

-40
Time
Figure 5. Pressure difference again wind speed from the EAST façade of the test house during 11 minutes when
high wind gusts were occurring, on the 24th of February.

Number of measurements

150
100
50
-23.5 TO -22.5
-20.5 TO -19.5
-17.5 TO -16.5
-14.5 TO -13.5
-11.5 TO -10.5
-8.5 TO -7.5
- 5.5 TO -4.5
- 2.5 TO -1.5
0.5 TO 1.5
3.5 TO 4.5
6.5 TO 7.5
9.5 TO 10.5
12. 5 TO 13.5
15.5 TO 16.5
18.5 TO 19.5
21.5 TO 22.5

0

21.5 TO 22.5

18.5 TO 19.5

Pressure difference ranges (Pa)

15.5 TO 16.5

12. 5 TO 13.5

6.5 TO 7.5

9.5 TO 10.5

3.5 TO 4.5

0.5 TO 1.5

- 2.5 TO -1.5

- 5.5 TO -4.5

-8.5 TO -7.5

-11.5 TO -10.5

-14.5 TO -13.5

-17.5 TO -16.5

-20.5 TO -19.5

-23.5 TO -22.5

Number of measurements

140
120
100
80
60
40
20
0

b) NORTH PRESSURE DISTRIBUTIONS

d) WEST PRESSURE DISTRIBUTIONS

-23.5 TO -22.5
-20.5 TO -19.5
-17.5 TO -16.5
-14.5 TO -13.5
-11.5 TO -10.5
-8.5 TO -7.5
- 5.5 TO -4.5
- 2.5 TO -1.5
0.5 TO 1.5
3.5 TO 4.5
6.5 TO 7.5
9.5 TO 10.5
12. 5 TO 13.5
15.5 TO 16.5
18.5 TO 19.5
21.5 TO 22.5

c) SOUTH PRESSURE DISTRIBUTIONS
200

Number of measurements

21.5 TO 22.5

Pressure difference ranges (Pa)

18.5 TO 19.5

140
120
100
80
60
40
20
0

15.5 TO 16.5

9.5 TO 10.5

12. 5 TO 13.5

6.5 TO 7.5

3.5 TO 4.5

0.5 TO 1.5

- 2.5 TO -1.5

-8.5 TO -7.5

- 5.5 TO -4.5

-11.5 TO -10.5

-14.5 TO -13.5

-17.5 TO -16.5

a) EAST PRESSURE DISTRIBUTIONS

-20.5 TO -19.5

90
80
70
60
50
40
30
20
10
0

-23.5 TO -22.5

Number of measurements

0

Pressure difference (Pa)

40

Wind speed (m/s)

10

Pressure difference ranges (Pa)
Pressure difference ranges (Pa)
Figure 6. Pressure distributions in the windward facades a) and b), and the leeward facades c) and d), of the test
building for eleven minutes on the 24th of February

A similar study was carried out for a data set of pressure differences taken every second over
five days (23rd to 28th of February). During this period different wind and temperature
conditions were measured. From this period of time, in two of the facades (East and South)
the dominating pressure difference was between 3.5 to 4.5 Pa, the North and West facades
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have dominating pressures from 1.5 to 2.5 Pa and 2.5 to 3.5 Pa respectively. An example of
one of the results for one of the facades studied is observed in Figure 7.

150000
100000

EAST PRESSURE DISTRIBUTIONS FOR THE 23RD TO THE 28TH OF
FEBRUARY 2018

Number of
measurements

50000
0

Pressure difference ranges (Pa)

Figure 7. Pressure difference repetitions for the 23rd to the 28th of February 2018 in the test house.

The results in this case study showed the building pressure difference incurred under natural
conditions mostly lied in a range from 1.5 to 4.5 Pa. This agrees with what Cooper (Cooper &
Etheridge, 2007) found, and hence measuring air leakage at lower pressures should be more
representative and infiltration rates obtained from airtightness measured directly at low
pressures should be more reliable.
3.3 Airtightness measurements against air infiltration rates
Table 3 below shows a summary of the results of the infiltration rates measured with two
different tracer gas methods: the constant concentration method and the decay method. For
the constant concentration method table 3 describes the minimum, maximum and average
value of infiltration rate obtained from each test. The equipment took 3 minutes 32 seconds to
sample and dose in every zone of the building, which means that one whole building
infiltration rate was calculated for this period of time, i.e. in 10minutes 36 seconds, three
different infiltration rates were calculated . This method was used to provide the building
infiltration rate under various environmental conditions.
The results from the decay method (h-1) were obtained from two different pieces of
equipment; the innova gas analyser and separately “tinytag” CO2 sensors. The infiltration
rates were calculated using the average and regression methods from the standard (American
Society for Testing and Materials, 2011). The airtightness of the building was measured using
the PULSE technique. The last column of Table 3 lists the average airtightness result in air
changes per hour (h-1), for every test, quoted at 4 Pa.
If the results from tracer gas decay tests are averaged, a result that can be directly compared
with the airtightness results quoted at 4 Pa is obtained. It is important to mention before
making any comparison that the decay method delivers an average value of infiltration rate
during certain period of time, however, its accuracy has been proven.
The method for obtaining an airtightness result was to perform several different PULSE tests
every day. The value quoted in table 3 is the average of three valid tests in the case study
building. The main problem found with the method was that some of the tests were invalid,
therefore those test had to be discarded. The validity of the result is confirmed by a number of
factors including the pulse pressure shape obtained and pressure range covered. The testing
has shown that good daily repeatability has been achieved with the pulse results (±10%)
providing confidence in the validity of those tests performed.
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If one compares the infiltration rate values and the airtightness results within table 3 a certain
proportional ratio within a small range becomes apparent. It is not ordinarily recommended
to use leakage-infiltration ratios, however in this study a simple correlation can be seen,
which is valid for this house only. The box and whisker plots from figure 8 show; a) that 75%
of the results of the PULSE range between 1.45 and 1.568 ACH at 4Pa; and b) the infiltration
rates are between 0.151 and 0.181, which corresponds to roughly one tenth of the airtightness.
It is too soon to conclude that a correlation exists, however it is important to continue this
type of tests for different buildings to test that hypothesis.
Table 3. Infiltration Rates obtained with two tracer gas methods in ACH, and airtightness level in ACH using the
PULSE technique quoted at 4 Pa.
Infiltration Rate (h-1)
Constant
Decay method
Concentration
Analyser
CO2 Sensors
PULSE (h-1)
Tes Sub
t
test
Range
Average
Average
Regression Average
Regression
1
0.05-0.304
0.236788
1.563012
2
0.186-0.274 0.225715 0.1794
0.178
0.1702
0.1583
1.581951
3.1
0.1527
0.1455
0.142
0.1439
3
3.2
0.122-0.26
0.213518 0.1506
0.1478
0.1562
0.1491
1.604865
4.1
0.1642
0.1775
0.1803
0.2
4
4.2
0.126-0.321 0.250261 0.1367
0.1322
0.1687
0.1665
1.564172
5.1
0.1819
0.1835
0.1735
0.1764
5
5.2
NOT VALID
0.1815
0.1829
0.1714
0.1751
5.3
0.1844
0.185
0.1768
0.1785
1.545928
6
0.18-0.298
0.256791 0.1504
0.1499
0.1562
0.1545
1.442151
7
0.188-0.262 0.246959 0.1548
0.1492
0.1503
0.1424
1.448636
8.1
0.136-0.204 0.17229
8
8.2
0.095-0.268 0.182168 0.1616
0.1551
0.1525
0.1521
1.415609
9.1
0.112-0.171 0.146068 0.1619
0.1653
0.1535
0.156
9
9.2
0.089-0.195 0.138139 0.1311
0.1269
0.1221
0.1176
9.3
0.073-0.249 0.143226 0.0978
0.099
0.0935
0.0946
1.529767
10.1
0.173-0.226 0.19947
0.189
0.1935
0.1819
0.1877
10
10.2
0.21-0.245
0.223794 0.1847
0.1913
0.1833
0.1873
10.3
0.215-0.24
0.224196 0.1985
0.2042
0.1959
0.2012
1.488186
11
0.194-0.288 0.239945 0.1745
0.1737
0.1642
0.1597
1.468089
12
N/A
0.244
0.2426
0.2348
0.2343
N/A

4 CONCLUSION
Several studies were carried out during the months of January and February 2018 in a
detached house in Nottingham, United Kingdom. The experiments included measurements of
air infiltration rates using tracer gas means; airtightness measurements using the PULSE
technique; pressure difference measurements every second in every façade of the building
and; constant monitoring of environmental conditions.
The investigation has shown that that there seems to be a close relationship between the
changing infiltration rates and the airtightness level (@4Pa) of the house, (typically
infiltration at around 1/10th of measured air leakage). It was also observed that a relative
repeatability was achieved for both parameters even when different weather conditions were
captured during the experimentation period. Further studies on this regard have to be carried
out in order to find a potential correlation between those parameters.
Air infiltration is seen to be dependent upon both, wind and temperature difference; however,
temperature difference can define, at least, a base level of infiltration rate and it can be the
most important parameter when the wind velocities are low, consistent with previous studies.
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The infiltration rate follows a similar trend to the one given by the temperature differences
reflected in the infiltration results around thirty minutes later.
Results from pressure tappings sat around the
facades of the dwelling were shown to record an
immediate change when high wind gusts were
imposed upon the envelope of the building. In
the short term this change was only observable
for wind but not for temperature difference,
however it is difficult to analyse the impact of
these on infiltration, in short time frames.
Nonetheless, the study suggest that the use of
pressure tappings is a useful method of
observing the infiltration phenomena when the
external parameters are controlled.
Finally, it could be seen that air movement
Figure 8. Box and whisker plot from a) PULSE
technique results and b) Infiltration rates
obtained using the tracer gas decay method

through the fabric due to infiltration tends to
exist when the pressure differential across the
building envelope is in the range of 1.5 to 4.5
Pa. This may suggest the appropriateness of
testing building air tightness at low pressures,
such as with the pulse technique.
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ABSTRACT
This paper presents the results of a series of 30 fan pressurization tests in reproducibility conditions performed
within a period of 10 days in October 2017. The tested unit is a newly constructed unoccupied apartment in
Brussels. These results make possible to compare different regression methods and evaluate the impact of
pressure stations chosen for these regressions. The comparison of three different methods shows that the
Weighted Line of Organic Correlation and the Iterative Weighted Least Square reduce the airflow rate standard
deviation and give a better uncertainty calculation than Ordinary Least Square. Further work should focus on the
generalization of these results in applying these methods to other sets of reproducibility tests. The comparison of
different pressure sequences shows that the European standards are coherent in the imposed requirements and the
given recommendations. In addition, when performing a regression method, one should avoid low-pressure
stations as much as possible in order to reduce the airflow rate standard deviation at low- and high-pressure.
Even if this work shows and confirms ways to improve the reliability of calculated combined standard
uncertainties, there is still an important difference between these and the observed standard deviation. The
investigation of such a difference should be a priority for further researchers focusing on airtightness
uncertainties.

KEYWORDS
Airtightness measurement, uncertainty calculation, regression methods, pressure sequence

1

INTRODUCTION

Although building professionals have used the fan pressurization method for years, the
uncertainties related to airtightness measurements is still an important research topic.
Recently, authors focus on the comparison between calculated uncertainty and standard
deviation using new regression methods (Delmotte, 2017) and on the investigation of specific
sources of uncertainties as such as wind (Carrié & Leprince, 2016). An important issue
highlighted by researchers is the irrelevant use of Ordinary Least Square (OLS) regression
method. Okuyama (Okuyama & Onishi, 2012) suggested the use of Iterative Weighted Least
Square (IWLS) regression method in 2012, while Delmotte (Delmotte, 2017) suggested the
use of the Weighted Line or Organic Correlation (WLOC) in 2017.
This paper deeply investigates the issue of regression methods by presenting the results of a
reproducibility study. In addition, it uses the results of this study to evaluate the impact of
pressure stations (i.e. the choice of pressure – airflow couples during a fan pressurization test)
on the airflow rate.
2

METHODOLOGY

This paper presents the results of a series of 30 fan pressurization tests in reproducibility
conditions performed within a period of 10 days in October 2017. Airtightness measurements
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were carried out on a newly constructed (2017) unoccupied apartment in Brussels. The
apartment is a masonry construction of 228 m³ with a floor area of 90 m² located on the
second floor of a three-story building. There were no airtightness requirements for the
apartment itself, but the whole building (i.e. all apartment pressurized simultaneously) had to
at 50 Pa.
reach an air change rate lower than 0.6
The operator recorded outside climatic data with a meteorological station placed on the roof
above the apartment. Table 1 shows the minimum (min), maximum (max), average ( ) and
standard deviation ( ) of climatic data recorded during the series of tests. Mean wind speed is
computed with 10-minutes averages.
Table 1: Minimum, maximum, average and standard deviation of main climatic data (temperatures and wind
speed) recorded during the testing period.
Outside temperature [°C]
Inside temperature [°C]
Mean wind speed [m/s]
Maximum wind speed [m/s]

min
8.8
20.5
0.0
0.3

max
24.3
22.0
3.8
8.3

14.2
21.3
1.3
3.3

2.8
0.6
0.8
1.6

The same operator performed all the tests, with the same equipment and on the same
apartment prepared according to method 1 of ISO 9972:2015 standards (ISO-9972, 2015).
Since the climatic conditions varied within the 10-days period, this series of test is in
reproducibility conditions instead of repeatability conditions (Novak, 2015). Indeed,
repeatability conditions consider successive measurements carried out under the same
conditions while reproducibility conditions refer to successive measurements performed
under changed conditions of measurements (JCGM, 2008). However, it is important to
differentiate the reproducibility conditions in this paper with the reproducibility conditions
presented in airtightness literature. Indeed, in previous researches, reproducibility conditions
refer to a change in operator performing the test while in this paper the same operator
performs the whole series of 30 tests (Delmotte & Laverge, 2011; Novak, 2015).
2.1

Uncertainties in pressure and airflow measurements

When performing a linear regression method, the uncertainties of regression parameters (i.e.
the slope and the intercept ) depend on the uncertainties of the response variable (i.e.
ln
) and of the explanatory variable (i.e. ln ∆ ).
), Delmotte developed equation to compute them
Regarding airflow uncertainty ( ln
based on the characteristics of the equipment (Delmotte, 2013). In the study presented in this
paper, the maximum permissible error for the airflow measurement is the greatest between
4 % of the airflow measured and 1.7 m³/h. In addition, the maximum permissible error for the
temperature measurement is 0.5 °C and the resolution of temperature measurement is 0.1 °C.
Since this paper uses exactly the same equations to compute airflow rate uncertainties, they
are not developed here.
Regarding envelope pressure uncertainty ( ln ∆
), the equations used in this study are
slightly different from Delmotte equations. First, this study considers the uncertainty given by
the manufacturer for pressure measurement as a 95% confidence interval and not as a
maximum permissible error. Therefore, equation 1 gives the uncertainty in pressure
measurement ( ∆
) for an equipment with a resolution of 0.1 Pa and a 95% confidence
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interval in the pressure measurement of the greatest between 1% of the reading and twice the
resolution.
∆

.

max

∗∆

.

;

√

.

.
√

(1)

Second, the uncertainty in zero-flow pressure has three terms (Equation 2). The two firsts are
for the zero-flow pressure measured before and after the test ( ∆ , and
∆ , ).
Equation 1 allows computing the values of these terms since the same manometer measures
the pressure during the test and the zero-flow pressure. The third term is the zero-flow
pressure approximation ( ∆ , ). In a real fan pressurization test, the measurement of zeroflow pressure is not possible when the fan is working. Therefore, the operator measures the
zero-flow pressure before and after the test. In calculations, the zero-flow pressure during the
test is equal to the average of zero-flow pressure measured before and after the test. However,
the real zero-flow pressure is constantly varying and the hypothesis of constant value is a
source of uncertainty.
∆

∆

∆

,

,

∆

,

(2)

The evaluation of zero-flow pressure approximation uncertainty is difficult because it is not a
type A evaluation of uncertainty. Type A evaluation method uses repeated measurement to
compute uncertainty. In this case, the real zero-flow pressure is constantly varying and it is
not possible to analyze its variation by performing a series of repeated measurements. One
has then to evaluate the uncertainty by scientific judgement based on available information.
This is the type B evaluation of uncertainty (JCGM, 2008).
The use of zero-flow pressure tests allows evaluating the uncertainty of zero-flow pressure
approximation. A zero-flow pressure test is the measurement of zero-flow pressure every
seconds during 14 minutes divided in three successive periods. The first and last periods (2
minutes each) are respectively the first and second approximation periods while the second
period (i.e. the middle period of 10 minutes) is the “fictitious period”. The analyze of zeroflow pressure test consists in comparing the zero-flow pressure approximation with the zeroflow pressure measured during the fictitious period (i.e. the period where, in a real test, the
zero-flow pressure is not measurable). The result of the zero-flow analysis for this apartment
shows an uncertainty in zero-flow pressure approximation between 0.9 and 2.5 Pa, depending
on the wind speed.
Then, uncertainties in pressure measurements and in zero-flow pressure are used to compute
uncertainties in envelope pressure (Equation 3) and in explanatory variable (Equation 4).
∆
ln ∆

∆

∆
∆
∆

(3)
(4)

Figure 2 shows, as an example, the uncertainties in explanatory and response variables as a
function of the measured pressure for the first test of the series in depressurization.

364 | P a g e

Figure 1: Combined standard uncertainty in explanatory ( ) and response ( ) variables as a function of the
measure pressure difference for the first test of the series in depressurization case.

2.2

Regression methods

The uncertainty in regression parameters (i.e. the slope and the intercept ), and therefore
in the building airtightness, depends on the uncertainties in explanatory and response
variables, but also on the regression method. In practice, operators mainly use the Ordinary
Least Square (OLS) regression method to determine the regression parameters. However, the
OLS method is appropriate only when the uncertainties on the response variable are constant
for all the points used for the regression and if the uncertainties on the explanatory variable
are negligible (Delmotte, 2013). Helsel and Hirsch explained that for cases that do not meet
these assumptions, the uncertainty on regression parameters computed with OLS were not
reliable (Helsel & Hirsch, 2002). Since in the current case both variables have the same order
of magnitude, Figure 1 shows that the uncertainty on the explanatory variable is nonnegligible and OLS method is irrelevant. This paper investigates two alternative methods
suggested in literature: the Iterative Weighted Least Square method (IWLS) and the Weighted
Line of Organic Correlation method (WLOC) (Delmotte, 2017; Okuyama & Onishi, 2012).
Iterative Weighted Least Square (IWLS)
Multiple sets of equations exist to solve the iterative approach required to perform Iterative
Weighted Least Square (IWLS) method. This section describes the unified equations
developed by York (York, Evensen, Martınez, & Delgado, 2004). IWLS method consists in
assuming a starting value for the slope and then re-compute this value based on uncertainties
in variables.
This method has three main steps that repeats: (i) computation of weights (equations 5 to 7)
(ii) computation of residuals (equations 8 to 11) and (iii) computation of the new slope
(equations 12 and 13). The iteration process stops when the difference between two
consecutive slopes (flow exponent) is lower than a chosen tolerance. In this study, the
tolerance was set to 10 . Once this the iteration stops, a fourth step (iv) gives the second
regression parameter as a function of the slope and the means obtained from last iteration
(Equation 14)
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Step (i)
(5)

(6)

(7)

Step (ii)
̅

∑

(8)

∑

̅

∑

(9)

∑

(10)

(11)

Step (iii)
(12)

Step (iv)
̅

∑

(13)

∑

(14)

Equations 12 and 13 give the uncertainties in both regression parameters. These equations are
only valid if the uncertainties in explanatory and response variables are uncorrelated. This
case meet this assumption since the uncertainty in explanatory variable is constant (Figure 1).
∑

̅

̅

(15)

∑

(16)

Weighted Line of Organic Correlation
Another method for linear regression without iterative procedure is by minimizing the sum of
the products of the horizontal and vertical distances between the observations and the fitting
line. This method is the Line of Organic Correlation (Helsel & Hirsch, 2002), also called the
geometric mean regression (GM) or the standardized major axis (MA) (Saqr & Khan, 2014).
If uncertainties in both explanatory variables are constant, the regression parameters and their
uncertainties are unbiased. However, this is not true in this case since the explanatory variable
is not constant. To get rid of the “constant uncertainties in variables” constraint, it is possible
to use a Weighted Line of Organic Correlation (WLOC) (Delmotte, 2017; Saqr & Khan,
2014). Delmotte recently developed in a conference paper the equations related to the WLOC
method in the context of airtightness measurements (Delmotte, 2017).
Methods comparison: standard deviation vs. computed uncertainties
There are two ways to compute linear regression uncertainties. The first is by performing
repeated measurements and by computing the standard deviation of the results. If the number
of repeated measurement is enough, this is the “reference uncertainty” (i.e. the uncertainty
considered as the true uncertainty). However, in practice, the operator performs only one test.
In that case, the calculation of regression parameters depends on the regression method used
(e.g. equations 15 and 16 for IWLS method) and on the uncertainties on variables (e.g.
equations 1 to 4 for explanatory variable). These are the “calculated uncertainties”. If all the
sources of uncertainties in variables are considered and if the appropriate regression method is
used, the “calculated uncertainties” should be equal to the “reference uncertainties” (i.e.
standard deviation observed for repeated measurements).
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This paper computes and compares for each regression method (1) the average and the
standard deviation of the airflow rate for the 30 tests and (2) the ability to give a reliable
calculation of uncertainties (i.e. the difference between “reference uncertainty” and
“calculated uncertainty”).
2.3

Sequence of pressure

ISO 9972:2015 standards (ISO-9972, 2015) give some requirements and recommendations
regarding the pressure sequence in the fan pressurization test. Firstly, the lowest pressure
station must be lower than the greatest between 10 Pa and five times the zero-flow pressure.
Secondly, there must be minimum five pressure stations with constant steps between them.
Thirdly, the distance between two stations must be lower or equal to 10 Pa. Fourthly, the
highest-pressure station should be minimum 50 Pa (but standard recommends a higher value).
Lastly, standard recommends taking the average between pressurization and depressurization
as a result.
This paper focuses on four different pressure sequences consistent with European standards.
Three numbers (a:b:c) define each pressure sequence: the lowest-pressure station (a), the
highest-pressure station (c) and the step between two stations (b). The four sequences tested
are Sequence 1 – 5:5:100, Sequence 2 – 10:5:100, Sequence 3 – 10:10:100 and Sequence 4 –
5:5:50. These pressure sequences allows to investigate the impact of low-pressure stations
(Sequence 2), the impact of reducing the number of pressure stations (Sequence 3) and the use
of low-pressure stations only (Sequence 4).
3

RESULTS

The airflow rate at 50
tests are:
- Mean of 229
- Mean of 277
- Mean of 253

Pa using OLS regression method on 10:10:100 sequence for the 30
/ and standard deviation of 5.2
/ and standard deviation of 4.4
/ and standard deviation of 3.1

/ (2.3%) in depressurization,
/ (1.6%) in pressurization and
/ (1.1%) in average

Table 2 shows that the variation of results in this research is similar to the variations of
previous reproducibility tests made in similar conditions.
Table 2: Results of multiple reproducibility tests previously performed in similar conditions (same operator,
same equipment, same apartment and varying climatic conditions) available in literature.

(Persily, 1982)
(Kim & Shaw, 1986)
(Delmotte & Laverge, 2011)
(Novak, 2015)
(Bracke, Laverge, Bossche, & Janssens, 2016) (1)
(Bracke et al., 2016) (2)
This paper

3.1

Number
of tests
17
7
10
92
58
53
30

Average airflow rate
at 50 Pa ( / )
3860
1104
732
1005
234
132
253

Standard
deviation (%)
1.1 %
1.6 %
1.4 %
1.8 %
1.4 %
2.3 %
1.2 %

Change in regression method

Table 3 shows that the three different regression methods give similar values for the airflow
rates at multiple pressure differences when averaging the results of the 30 tests.
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Table 3: Average airflow rate for the 30 tests at low-pressure (10 Pa), mid-pressure (50 Pa) and high-pressure
(100 Pa) differences

OLS
IWLS
WLOC

Average airflow rate
at 10 Pa ( / )
82.70
82.07
82.76

Average airflow rate
at 50 Pa ( / )
252.62
252.77
252.80

Average airflow rate
at 100 Pa ( / )
409.15
410.70
409.17

On the contrary, the standard deviation of the airflow rates for the 30 tests depend on the
regression method used. Figure 2 shows that at low- and high-pressure the airflow rates
computed with WLOC and IWLS methods have lower standard deviation than with OLS
method. At mid-pressure (i.e. around 50 Pa), none of the three methods seems to give lower
standard deviation. These results are consistent with the observations made by Delmotte
(Delmotte, 2017).

Figure 2: Standard deviation (in %) of the airflow rates computed for the 30 tests as a function of the pressure
difference for the OLS, the IWLS and the WLOC regression methods.

In addition to its impact on standard deviation, the regression method also affects the
calculated uncertainties. Figure 3 shows the average of 30 tests for both regression parameters
(black dot), their calculated uncertainty (full blue line) and their standard deviation (dashed
red line). These results firstly confirm the observation made on Figure 2: the use of IWLS and
WLOC method instead of OLS method reduces the standard deviation of the regression
parameters. Secondly, the uncertainties calculated using both IWLS and WLOC methods fit
better the standard deviation (i.e. the “real uncertainties”) than using OLS method. This
means that using the equations in section 2.1 to compute uncertainties in variables, WLOC
and IWLS methods are more reliable regarding the calculation of regression parameters
uncertainties. However, there is still a difference between calculated uncertainties and
standard deviation for WLOC and IWLS. Since this series of test meet the assumptions for
WLOC and IWLS regression methods, the difference between real and calculated
uncertainties implies that the method for computing variables uncertainty is still
underestimating real uncertainties.
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Figure 3: Average value (black dot), calculated uncertainty (full blue line) and standard deviation (dashed red
line) of regression parameters in depressurization (green zones) and pressurization (white zones).

3.2

Change in sequence of pressure

Figure 4 shows the average of airflow rate values for the 30 tests at multiple pressure
differences computed using OLS with four different pressure sequences. The three first
sequences have all the same airflow averages but the fourth sequence (5:5:50, see section 2.3)
shows a slightly higher average airflow rate at high-pressure.

Figure 4: Average airflow rate for the 30 tests as a function of the pressure difference computed with OLS in
four different pressure sequences

Figure 5 shows the impact of different pressure sequences on the standard deviation of airflow
rate. Since the difference between WLOC and IWLS standard deviations is much lower than
the difference with OLS (Figure 2), Figure 5 compares the four sequences using WLOC and
OLS only. The Sequence 4 (5:5:50) has higher standard deviation at low and high pressure
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than other. This is coherent with the recommendation of ISO 9972:2015 standard (ISO-9972,
2015) that suggests to perform the linear regression with a highest-pressure station higher
than 50 Pa. Sequence 1 (5:5:100) has higher standard deviation at low- and high-pressure
than Sequence 2 (10:5:100) and Sequence 3 (10:10:100). This indicates that the use of lowpressure station when performing the regression increases the variability of airflow rate at
low-pressure. It seems logical since the uncertainty in explanatory variable is higher at lowpressure stations (Figure 1). Performing the regression using 19 points (Sequence 2 –
10:5:100) lead to lower standard deviation than using 10 points (Sequence 3 – 10:10:100).
However, the results are close and the use of 10 points reduces the time of testing and
therefore reduces the uncertainty related to zero-flow pressure approximation. In our point of
view, the advantage of taking more points to perform the linear regression is not
straightforward.

Figure 5: Airflow rate standard deviation (in %) for the 30 tests as a function of the pressure difference for four
different pressure sequences computed using OLS (full lines) and WLOC (dashed lines).

Another interesting observation is that WLOC method reduces the airflow standard deviation,
but it also reduces the impact of pressure sequences. Indeed, the range of possible standard
deviations for different pressure sequences is lower when using WLOC than OLS. One could
expect such a result since in WLOC, the stations with higher uncertainties (and therefore
leading to an increase of standard deviation) have a lower weight in the determination of
regression parameters. This highlights another advantage of WLOC method over OLS
method.
4

CONCLUSIONS AND FURTHER WORK

This paper presents the results of a series of 30 tests in reproducibility conditions performed
within a period of 10 days during October 2017. This series shows similar relative standard
deviation than previous repeated measurements found in literature. Regarding the regression
method applied on the 30 tests, IWLS and WLOC methods show similar averages and lower
standard deviation than OLS for the airflow rate. In addition, the calculated uncertainties
using IWLS and WLOC methods are closer to the real uncertainty (i.e. the standard deviation)
than OLS. Regarding the sequence of pressure, results show that the recommendations of
European standards were consistent, principally the need for a highest-pressure station higher
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than 50 Pa. Results also showed that the lowest-pressure station should be taken as high as
possible (within the standard requirements) to reduce the airflow rate standard deviation.
The conclusions drawn from this series of tests lead to multiple possible further work. Firstly,
these conclusions relate to the apartment tested. An important further work is the comparison
of different regression methods on other series of tests in reproducibility condition to confirm
and generalized the results found here. Secondly, further researches could also investigate
other regression methods as grouping methods or instrumental variables (Gillard, 2010).
Thirdly, even if the uncertainties computed with WLOC and IWLS methods seem better than
with OLS, there are still differences between computed and real uncertainties. The
quantification of uncertainties should be a priority in researches dealing with fan
pressurization uncertainties.
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ABSTRACT
Airtightness is the most important property of building envelopes to understand the ventilation. Airtightness
refers to the flow measurement through the building envelope as a function of pressure across the building
envelope. This relationship often fits to a power law, which is the most common way of expressing data.
However, pressure homogeneity during airtightness tests can crop up, especially in large buildings. Recently, as
buildings have become larger and higher, air infiltration and leakage have increased, leading to a growing
awareness of the energy and environmental problems caused thereby. In addition, poor airtightness might lead to
large infiltration rates and corresponding energy consumption, draught problems, reduced acoustical
performance and dysfunctioning HVAC (Heating Ventilation and Air Conditioning) systems.
The present work deals with a numerical study and an experimental protocol to identify parameters likely to
influence the pressure distribution during an airtightness test in a large building. To prevent the test from being
stated improper, the French standard (NF EN ISO 9972, 2015) and its application guide (FD P50-784, 2016)
require checking the pressure distribution throughout all the building during the test. Pressure deviations inside
the building during the airtightness test should not be more than 10% of the building pressure differential. To
better identify these parameters, air leaks were modelled either as an equivalent air gap or by real air leaks. To
achieve the aim seeked, an experimental study was conducted in a single family house. Afterwards, these
parameters were tested via numerical models using the commercial code Comsol Multiphysics. Note that the
wind effects and outside temperature have been neglected and all walls have been considered watertight.
Besides, the flow is steady and laminar. The obtained results show that the homogeneity of the pressure is
influenced when the air leakage is located in an incorrectly connected location and/or the leak is located in one
place. Indeed, parts that are poorly connected to the rest of the building disturb both the pressure distribution and
uniformity. In such cases, additional fans must be installed in these parts to properly ensure the ventilation
connection.

KEYWORDS
Air leakage; Blower Door; Large buildings; Heterogeneity of pressures; CFD.

1 INTRODUCTION
In recent years, interest on airtightness in buildings has significantly grown. The European
Directives (van Dijk and Hogeling, 2008) set the need to enhance the energy performance of
buildings, which is affected by uncontrolled air leakage through the building envelope (PozaCasado and al., 2018). Buildings represent a large share of global energy consumption and
associated CO2 emissions (Amasyali and El-Gohary, 2018). Indeed, the building sector
represents 40% of energy consumption and 36% of CO2-emissions in Europe (Ahmad et al.,
2014). Lack of airtightness can also cause problems of over-ventilation, thermal comfort,
noise, uncontrolled air flows, poor indoor air quality (IAQ) and, thereby affect the health of
its occupants. The authors (Poza-Casado and al., 2018) studied the ventilation rates due to air
leakage and their energy impact to design guidelines with real data, which is obtained from
tests. The scale of these problems in large buildings would be expected to increase relative to
the potential size of potential leakage areas (Sharples and al., 2005). An experimental study
(Meiss and Feijó-Muñoz, 2015) was carried out in various buildings in northern of Spain to
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study the effect of air infiltration index on the energy efficiency of buildings. The airtightness
test results showed that the incidence of air infiltration influences the energy balance of
buildings by 10 to 27%.
For this reason, energy efficiency in buildings has now become a priority objective of energy
policy at regional, national and international levels (Pérez-Lombard and al., 2008) and (Meiss
and Feijó-Muñoz, 2015). Air leakage through the building envelope inside buildings has a
considerable impact on energy loads and, thereby, on energy demand (Graham and al., 2013).
Several authors (Laverge and Janssens, 2013) have confirmed that when it comes to
controlling parasitic air leaks, especially low-energy buildings, the airtightness is better,
which increases the efficiency of the ventilation system. Airtightness is a key parameter for an
energy-efficient building since it influences the heating load and disrupts the performance of
the ventilation systems, and influences the flow of extracted air (Boulanger, Xavier and al.,
2012).
In France, from 1 January 2013, a new thermal regulation (TR 2012) for new constructions or
new building parts is in effect. Its goal is to reduce the energy consumption of new buildings
by limiting in particular the heating needs of buildings. Unfortunately, at a time when all
building actors are involved in the challenge of reducing energy consumption, designers
cannot lean on effective tools to help them in their decision making process about airtightness
(Prignon and Van Moeseke, 2017). The energy performance regulation requires an
airtightness treatment for each new residential building (Bailly and al., 2012). Airtightness
measurements shall be carried out by a certified operator and according to the EN
13829:2001, 2001 replaced by standard EN ISO 9972:2015, 2015. The building’s airtightness
is conventionally assessed using a steady state fan pressurization technique (Sharples and al.,
2005). In the case of large-scale buildings (collective residential buildings and tertiary
buildings), measurement by this method raises many technical queries. On one hand,
methodological issues arising out of concern to obtain a representative measure of the real
permeability of the building envelope. On the other hand, as far regulations are concerned, the
standards in effect under TR 2012 (case of EN ISO 9972:2015, 2015) and its application
guide (FD P50-784, 2016)) require certain conditions to be fulfilled during the permeability
measurement. The measurement of airtightness for small buildings can be readily conducted
through existing fan pressurization methods. However, it can be difficult to achieve accurate
measurement results for large buildings as their height and volume can significantly affect
them. In France, a building is considered large when its thermal surface according to the
thermal regulation (SRT) is strictly greater than 3.103 m².
The year of construction, windows type, insulation type, and building orientation are key
parameters to determine the leakage level of the building. Recent studies indicate that, in
southern European countries, the incidence of infiltration on the energy balance of buildings
can vary from 10 to 27% (Šadauskienė and al., 2014). There is currently little information on
the air permeability of large-scale tertiary-type buildings. The reasons for this lack of on-site
measurement results and analyzes are technical and financial. Indeed, the tests are not
practiced because their cost is very high and very few teams have the appropriate measuring
equipment. The European standard EN ISO 9972:2015, 2015 does not require the use of
specific equipment for air permeability measurements in large buildings. However, it requires
checking the pressure homogeneity. Indeed, the pressure is uniform and does not change if
there is a pressure difference of less than 2 Pa or 10% of each measured pressure difference,
taking into account the greater of these two values. At this stage, it seems impossible to
determine the real airtightness of a building and the measurement error cannot be estimated
only by a numeric protocol (Bailly and al., 2012). Therefore, control of sealing defects and
unintentional air leakage becomes impossible. Thereby, Prignon and Van Moeseke (2017)
proposed two predictive models for airtightness to enable building designers to identify the
airtightness level in the design phase of buildings.
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This study presents results of a measurement campaign on a single-family house (small
building) located on the CEREMA site (Center for Studies and Expertise on Risks,
Environment, and Mobility). The determination of the airtightness performance of the
buildings must also make it possible to assess such buildings in terms of air permeability in
relation to the levels required by the RT 2012. In this context, envelope airtightness treatment
becomes crucial, especially for low-energy dwelling. Since airtightness measurements in large
buildings are not always easy and very expensive, a numerical modeling method was used to
perform several models by modifying some parameters influencing the airtightness
measurements. The purpose of this study is to identify factors that influence uniformity and
homogeneity of the pressure field inside the tested building. Several studies have been
conducted to explain factors affecting accuracy and analyze the results of leakage
measurements for large buildings. To go even further, it is necessary to characterize various
factors influencing the measurement in large buildings and to find out an experimental
protocol allowing to carry out measurements of air permeability so as to avoid the problem of
non-homogeneity of pressure. To better understand the factors influencing the pressure field
distribution and its homogeneity in the building under test, and to better control these factors
during the test of air permeability, a numerical study using Comsol Multiphysics has been
achieved to improve the reliability of air permeability measurements in high-volume
buildings knowing that, in-situ, it is difficult to test all the parameters likely to alter the
pressure homogeneity. Finally, the complexity of measuring permeability in large buildings
has led to studies towards airframe modeling.
2 METHODOLOGY OF EXPERIMENTAL STUDY
Leakage assessment is performed in accordance with the EN ISO 9972: 2015 (2015) and its
application guide FD P50-784 (2016), used for the determination of the air permeability of
buildings by the fan pressurization approach, commonly referred to as the blower door test
(Figs. 1-2).
2.1 Testing method
There are other measurement techniques such as the tracer gas method, which is more precise.
However, it requires mastery of the techniques while having a prohibitive cost (Salehi and al.,
2017). For this, the blower test is considered the most appropriate technique because of its
simplicity and relatively low cost. The generation of a high-pressure differential (50 Pa) is
conceited to mitigate the wind and temperature actions on the envelope. In addition, it is
properly accurate and reproducible (Sherman and Chan, 2004). Initially, we performed the air
permeability test in a single-family house (Figure 1-Figure 2). The aim of performing an air
permeability test on this low-volume house (Vint=173.4 m3) is to reach all factors influencing
air permeability, viz., factors disrupting the pressure homogeneity criterion imposed by the
ISO 9972. The air permeability test was carried out by a simple blower door with a maximum
flow fan of 7,200 m3/h.

Figure 1: The single family house considered

Figure 2: Air permeability test

Note that the air permeability is part of the medium requirements in the regulatory framework
of TR 2012. In residential buildings (Table 1), the measurement of this coefficient is
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fundamental. Table 1 shows that TR 2012 does not impose any limit values for the
measurement of air permeability in the tertiary sector where a default value of 1.70 m3/(h.m²)
can be taken into account during thermal calculation.
Table 1: The thresholds required by the TR 2012
Type of measure
Types of habitat
Q4Pa-Surf [m3/ (h.m2)]
Single-family houses
0.60
Mandatory measurement
Collective habitats
1.00
Offices, Hotels, Education
1.70
Non-mandatory measurement
Other uses
3.00
From a measurement standpoint, air tightness means measuring the flow through the building envelope as a
function of the pressure across the building envelope. This relationship can be translated by a power law of the
following form (Eq. 1):
n
(1)
q50  CL  50 P 
where CL [m3/s.Pan] is air leakage coefficient: CL  Cenv  T0 Te 

1n

, n being the pressure exponent that is of the

order of 0.65 lying between its limit values of 0.5 and 1. Te and T0 are the outside air temperatures and under
standard conditions, respectively.
There are two ways to express the leakage rate of a building, for a single-family dwelling. The

airtightness requirement is Q4Pa-Surf = 0.6 m3/(h.m2) (Eqs. (2) and (3)) that is around n50= 2.3 h(Eq. (4)).

1

Q4 Pa  Surf  q4 ATbat

(2)

q4  CL *(4 Pa ) Aenv

(3)

n50  CL * (50 Pa ) V

(4)

n

n

-1

-2

where Q4Pa-Surf is the air permeability at 4 Pa [m³h m ], Aenv is the envelope area excluding the lowest floors
[m²], n50 is the air change rate, and V is the building’s heated volume [m3].

2.2

Experimental results

To determine the boundary conditions for the numerical model, the test of air permeability
was performed in a low-volume single-family house (V= 173.39 m3) located in the site of
CEREMA in Autun. The house layout and different rooms characteristics are shown in Figure
2 and Table 2. The blower door was set up on the front door (Fig. 2). The blowing flow is
7,200 m3/h, and the meteorological conditions are presented in Table 3. To achieve the most
uniform pressure distribution in a test zone, all interior doors are kept open.
Table 2: Dimensions of individual house and
general building data
Parameter
SRT
H
V
ATbat

Unit
m²
m
m³
m²

Value
61.93
2.80
173.39
152.63

Table 3: Weather assessment
Variant
Indoor temperature
Outside temperature
Altitude
Pressure at zero
flow
Wind speed
(according to the
Beaufort scale)

Unit
°C
°C
m

Value
5.00
1.10
325.00

Pa

-0.35

-

Force 1 (Light breeze)
(EN ISO 9972:2015,
2015)

The building was pressurized in decreasing steps. The initial measurements establish the
relationship between the airflow through the fan, q50, and the differential pressure, ΔP50Pa,
observed across the building envelope (Eq. (2)). The results of the test allow to draw a bi-log
graph for the calculation of the air leakage rate (Figure 3) which is based on the power law.
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Air leakage rate [m3/h]

Table 4: Results of the air
permeability test

Trend curve of air leakage rate [m3/h]
10000

995.7
205.72

1000

y = 87.581x0.6122
R² = 0.9985

100
10
1
1

4
16
Pressure difference [Pa]

64

Air leakage rate [m3/h]

Figure 3: Air leakage rate

Property
n
Cenv
CL
R²
q50
n50
q4
Q4Pa-Surf

Unit
m³.h-1.Pa-n
m³.h-1.Pa-n
m³. h-1
h-1
m³. h-1
m³. h-1.m-²

Value
0.61
85.65
87.58
0.99
995.70
5.74
205.72
1.35

Table 4 presents the results of the CEREMA house air permeability test. The Q4Pa-Surf
coefficient that defines the sealing level has been determined, as well as the air change rate n50
(Eq. (4)). Figure 3 shows the air leakage rate evolution vs. ΔP50Pa. The coefficients CL and n
(Eq. (1)) were obtained using a regression law to obtain CL = 87.58, n = 0.6122 and a
correlation coefficient R2 of 0.9985 (Table 4). The air permeability was measured in
Q4Pa-Surf =1.35 m3.h-1.m-2. It can be seen that the water-tightness of the building is not good,
since the regulatory threshold is 0.6 m3/(h.m2) in new individual houses (Table 1). This is a
prerequisite for measurement in a large building, which allows for a reproducible model
method on other buildings. Among these parameters that influence the flow and distribution
of the internal pressure of the house include air leakages (equivalent holes or actual leaks),
shape and geometry of air leakages, leakages position, leakages distribution and their
numbers, and impact of internal partitions and aeraulic connection.
The variation of all these parameters is to find the right modeling of the air leaks with a
simple geometry and an optimal computation time, and to validate the computation
assumptions allowing to model properly the construction of big volumes.
3 PHYSICAL MODEL OF NUMERICAL STUDY
The air permeability test performed on the single-family home revealed the main leakage
defects and the air intake speed required to bring the house to -50 Pa depressurization. We
tested several parameters influencing the pressure distribution inside the house. The physical
model studied is presented in Figure 4. First, we modeled the air leak in 2D, then in 3D to test
the influence of the leak shape. A leak has been located in different positions with different
shapes. The leak was based on the equivalent hole principle by calculating the pressurization
air flow rate. The international standard NF EN ISO 9972 shows how to calculate the
effective leakage area, ELApr, at Δpr (Eq. (5)).
ELApr  1 3600  CL    0 2    pr 
0.5

n 0.5

(5)

where ELApr is the effective leakage area at reference pressure difference [m²] and ρ0 is the air
density [kg.m-3].
Table 5: Effective leakage area
Property
Δpr
CL
φ
T
Pbar
n
ρ0
ELApr

Unit
Pa
m3.h-1.Pa-n
%
°C
Pa
Kg.m-3
m2

Value
50
85.65
92
5
1 013.25*10²
0.6122
1.2652
0.0297

Figure 4: Adopted physical model and equivalent hole
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The main parasitic leaks have been identified visually in all windows and in the different
walls openings. Since it is impossible to assess the water-tightness of a building by a simple
visual inspection, the air permeability test is essential to quantify the different leaks in the
building envelope. To determine the sealing defects surface, we applied a calculation
convention (Eq. (5)). The equivalent leakage zone is considered as a single orifice through
which air can enter or exit under a reference pressure (50 Pa) and under actual conditions of
the air permeability test.
3.1 Mathematical model
The Navier-Stokes equations were simplified according to the calculation assumptions that
were adopted. The viscous dissipation and the work of the forces of pressure are neglected
since the wind speed is very low. The flow is laminar, Newtonian and incompressible. The air
inlet velocity was calculated as a function of the cross section and the air flow rate at 50 Pa.
All leakage inter-zones are eliminated and all walls are waterproof. The flow is considered
steady. Thereby, the governing equations can be written as follows:

(6)
.V  0
 

(7)
(V .)V  p  .( V )
3.2 Boundary conditions (BCs)
The system of Eqs. (6)-(7) is supplemented by appropriate BCs. The walls are impermeable
(u=v=0) and without any applied stress. The airflow generated by the blower door fan is equal
to the airflow of the air leaks. The blowing speed at 50 Pa was calculated according to the Eq.
(8). Table 6 gathers the BCs of the numerical model.

VInlet  qFan AFan  qAir leakage AAir leakage

(8)

Table 6: Boundary conditions (BCs)
Property
q50
VInlet
n50

Air inlet
Unit
m3.h-1
m.s-1
h-1

Value
995.7
6.5
5.74

Property
Equivalent hole f0
pbar

Air outlet
Unit
N.m-2
Pa

Value
0
1.01325*102

4 RESULTS AND DISCUSSION
To carry out the numerical study, we chose a multi-zone model. However, the results of Mora
(2011) showed that a better model depends on the association of a zonal model with a CFD
model having a coarse mesh to optimize memory space and computation time. Initially, the
air leaks were modeled in 2D by changing the position each time. The pressure field was
exhibited in terms of isovalues. The homogeneity of the pressure has been checked according
to the requirements of EN ISO 9972: 2015, 2015.
4.1 Influence of the position of air leaks in the family house in 2D
To identify the leak location influence on homogeneity of the pressure, we considered two
cases by changing the position of the same equivalent leakage. First, a single air leak
(equivalent hole) was taken into account by eliminating all internal walls and connections.
Figure 5a shows that the pressure distribution is homogeneous throughout the individual
house. The variation of the pressure does not exceed 2 Pa according to EN ISO 9972:2015,
2015 and Eq. (9). Figure 5b shows that the results are the same even if the two air leak
locations are different. In addition, we noticed that there is a slight difference in the minimum
value of the pressure which is negligible. At the level of the air leak, the pressure variation is
greater than 90 Pa, which is due to the air surface decrease of the equivalent hole (outlet). The
leakage is considered as an open boundary, and the pressure is canceled at the level of the
leakage exit. The same air leakage is also considered in Fig. 5b, but the position of the leak
has been changed. To examine the position influence of the air leaks on the homogenized
pressure and its distribution, we have removed all internal walls and connections. So, the
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results do not allow to state that the leak position has no influence on the pressure
homogeneity. Thereby, we have studied other cases whose internal partitions and cones have
been integrated.
 P  Max 2 Pa ;10%  PMeasured 

(9)

Air leakage 0.17

a) Air leakage in the top wall

b) Air leakage in the right wall
Figure 5: Isovalues of pressure (Pa) with an air leak

4.2 Influence of internal walls and connections
Note that we located one air leakage (width 0.17 m) in the room 1. Figure 6a shows that the
pressure variation inside the house exceeds 8 Pa. According to the application guide EN ISO
9972:2015, 2015 and FD P50-784, 2016, the pressure is considered non-homogeneous. So,
the air permeability test is “non-compliant”. Figure 6b shows that the air particles passed
through the room 1 door and they came out via leakage. From the results obtained, we
determined a factor influencing the pressure homogeneity. So, during an air permeability test,
the operator should check air leakages or the remote fan. If this is the case, another fan must
be provided to ensure a good aeraulic connection in order to create the same pressure. Indeed,
the pressure inhomogeneity may be due to the leak location in one place. In addition, it can be
caused by a poor internal connection. We have, therefore, made other simulations to fix the
source that can cause a pressure inhomogeneity.

Room 1

a)

Isobar

b) Velocity vector
Figure 6: single air leakage located in one place (room 1) with one internal connection

4.3 Effect of internal partitions
Here, we have integrated all partitions and internal connections to determine their effects on
pressure distribution and homogeneity. We hand out the leakages based on the actual leakages
distribution observed when performing the air permeability test. Figure 7 shows the results
with all internal connections (communication doors) were closed, the pressure being not
uniform inside the room. The variation of the latter has exceeded 14 Pa. According to EN ISO
9972: 2015, the air permeability test is non-compliant. In fact, the doors must be open during
the air permeability test to ensure a better pressure distribution. The numerical results show
that the pressure distribution field is influenced by this parameter. When performing the air
permeability test, the operator must open all communication doors. This requirement is very
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important when testing air permeability in complex or high volume buildings. Air leaks
cannot be modeled in their real shapes in the 2D study. This makes it difficult to obtain a
pressure difference of 50 Pa inside the room. As a result, a 3D model is needed to represent
the leaks actual shape.

a)

All communication doors are closed

b) Only one internal connection 0.70 m (kitchen
door)

c)

Two internal connections 0.70 m (kitchen and
room 3 doors)

d) Three internal connections 0.70 m (kitchen, room
3 and the room 2 doors)

e)

Six internal connections 0.70 m (kitchen, room 3,
room 2 and the bathroom doorst)

f)

All internal connections (doors) 0.70 m are open

Figure 7: Effect of the internal connection on the homogeneity of the pressure

4.4 3D Modeling of the individual house
In the 2D model, air leaks can be modeled using segments. Leakage modeling in the ceiling
and in the floor was not adequate with a 2D model. As a result, the use of 3D modeling is
necessary. On the basis of the equivalent hole principle, air leakage has been modeled in three
forms, namely square, rectangular and circular. The purpose of changing the shape of the
equivalent hole is to test the influence of the geometric shape of the equivalent leakage on the
internal pressure distribution. We modeled equivalent 3D air leaks to find the most suitable
geometry for our model and test the influence of the geometric shape of the equivalent leaks
on the distribution of the internal pressure and its homogeneity. We chose two forms of
equivalent air leakages (square and circular). The effective leakage area at reference pressure,
pr, are calculated from the Eq. (5)) (square leakage: a  ELApr and circular leakage:
r  ELApr  ).
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a)

Square leakage with internal walls
b) Circular leakage with internal walls
Figure 8: Isovalues of the pressure field with different forms of air leakage

We located a single air leakage in room-1 with a square and circular shapes with the same
surface. All internal walls and communication doors are integrated. The results Figure 8-a)-b)
shows that the shape of the air leakage does not influence the homogeneity of the pressure in
the case of a single leak located in one place with a very good aeraulic connection.
4.5 Modeling of real air leakages
The modeling of air leaks according to the equivalent hole principle in the building envelope
does not reflect actual leakage. Figure 9 shows that there is a homogeneous pressure
throughout the house and that the mean value of the pressure difference is of order of 50 Pa.
Now, we can conclude on the method of modeling real air leaks. If the air leakages are
calculated using the equivalent hole Eq. (5), we can consider spreading the equivalent area
over the entire building to have the same location as in reality (locations being identified
during air permeability test). The shape of the modeled leaks does not influence the results.
For each part of the building, the number and position of the leak have little influence on the
result, so that we can model, in each room, a single leak in the current part of a vertical wall.

Figure 9: Isovalues of pressure in the case of the repair of the equivalent surface on the
envelope of the house

5 CONCLUSIONS
The air permeability measurement in large volume buildings is not always obvious since we
have to meet certain requirements of the EN ISO 9972:2015, 2015 and its application guide
(FD P50-784, 2016). The difficulties encountered during an air permeability test, especially in
buildings of large volume are:
 Respect for the measured maximum pressure difference,
 Check the pressure difference at zero flow rate,
 Check that the temperature gradient is not too high compared to the outside temperature,
 Check the homogeneity of pressure.
On the basis of the numerical results obtained, the following conclusions can be drawn:
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Target critical areas, which are generally the rooms furthest away from the fan, located on
the top floor of the building, or in an area that could be poorly connected to the rest of the
building, due to architectural specificities or reduced communications.
Target parts where the leaks are located and try to connect them with the rest of the
building.
Use enough fans and try to spread them over the entire building to pressurize/depressurize
the rooms.
Avoid installing the fan door in isolated locations from the rest of the building,
Identify major leaks before installing the blower door to avoid locating leaks in insulated
rooms.
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Ventilation requirements for different rooms as a result on
the inquiries in 20 countries
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SUMMARY
As a result of new inquiries in 20 countries the ventilation requirements will be presented for different rooms in
dwellings, offices and schools. These rooms are differentiated between wet rooms such as toilets, bathroom and
kitchen and typical rooms for these buildings for instance classrooms and office rooms. The results show big
differences between countries. Climate and building style can have an effect on ventilation requirements. Some
countries have to only requirements for specific rooms but also for whole house and whole building ventilation.
The reasons behind these differences will be discussed and analysed in the final presentation of this session. The
results are also compared with recent CEN and ISO standards. Ventilation requirements do not only consist of a
required flow rates but also the way to assess this requirement in design and real practice. The assessment method
itself may lead quite different results in practical design. For example in case of natural supply the pressure
difference in the Netherlands (1 Pa), Belgium (2 Pa) and France (20 Pa) at which one should fulfil the requirements
leads to quite different approaches of ventilation systems.
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ABSTRACT
In March 2016 a new regulation came into force in Belgium regarding the wellbeing at work, with specific
requirements on the indoor air quality (IAQ). The requirement is expressed as a maximum absolute CO2
concentration of 800 ppm in all working spaces. Compared to the previous requirement, i.e. 30 m³/h per worker,
this new requirement corresponds to at least a doubling of the required ventilation flowrate.
Although the advantage of this new requirement is its performance based approach (final result, in terms of CO2),
this raises the question of the responsibility of the different involved persons, such as the designer, contractor and
owner of the building, the employer but also the employee as end user of the building. Moreover, the stricter
requirement remains an economical and technical challenge, especially for existing building without a complete
ventilation system.
Our work aimed to identify alternative approaches for the expression of IAQ requirements for working
environments in order to maximise the final IAQ improvement for the workers while assuring an effective
implementation in practice thanks to a robust compliance framework.
Beside an absolute CO2 requirement, different alternatives exist to consider also the impact of material emissions
on the IAQ in working environments. The new standard FprEN16798-1:2016 has been used as a basis to identify
alternative approaches.
The advantages of the CO2 requirement are to be performance based and easily measurable on site. However, the
CO2 requirement focuses only on the persons as source of pollutants and do not consider the possibility to control
the other sources of pollutants, such as emissions from materials, by limiting them at the source (for example
choosing low emitting materials).
One of the alternative approaches is to consider the ventilation needed for the persons and that needed for material
emissions separately in accordance with method 2 described in the standard. An alternative approach could be
different CO2 requirements depending on the level of emission of the materials.
The proposed requirements could encourage the choice of (very) low emission materials, leading to effective IAQ
improvement in practice. The challenge for the future remains the characterisation of the emission levels for the
building materials, but also for all other materials, products and activities in the workspace, as well as using those
datapoints effectively in a robust compliance framework.

KEYWORDS
IAQ requirement, working environment, material emission, CO2 concentration.

1

INTRODUCTION

In March 2016 a new regulation came into force in Belgium [1] regarding the wellbeing at
work, with specific requirements on the indoor air quality (IAQ). The requirement is
performance based and expressed as a maximum absolute CO2 concentration of 800 ppm in all
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working spaces. Compared to the previous requirement, i.e. 30 m³/h (8,3 l/s) per worker, this
new requirement corresponds to at least a doubling of the required ventilation flowrate.
Although the advantage of this new requirement is its performance based approach (final result,
in terms of CO2), this raises the question of the responsibility of the different involved persons,
such as the designer, contractor and owner of the building, the employer but also the employee
as end user of the building. Moreover, the stricter requirement remains an economical and
technical challenge, especially for existing building without a complete ventilation system.
Finally, this higher flow rate is maybe not necessary in all cases, especially if the sources of
pollutants from the material have been limited and the persons are the main pollutant source.
For example, the results of the Healthvent project [3] [4] recommends a minimum flow rate,
for health, of 4 l/s.pers if the non-human pollutants are limited; and FprEN16798-1:2016 [2]
recommends flow rates from 10 l/s.pers to 4 l/s.pers depending on the perceived IAQ foreseen.
Our work aimed to identify alternative approaches for the expression of IAQ requirements for
working environments in order to maximise the final IAQ improvement for the workers while
assuring an effective implementation in practice thanks to a robust compliance framework.
These different approaches have been applied to three typical building types to compare the
required flow rates in different situations. Then, pros and cons of the different approaches have
been identified.
2

ALTERNATIVE APPROACHES

Beside an absolute CO2 requirement, different alternatives exist to consider also the impact of
material emissions on the IAQ in working environments. The draft standard FprEN167981:2016 has been used as a basis to identify alternative approaches.
The advantages of the CO2 requirement are to be performance based and easily measurable on
site. However, the CO2 requirement focuses only on the persons as source of pollutants and do
not consider the possibility to control the other sources of pollutants, such as emissions from
materials, by limiting them at the source (for example choosing low emitting materials).
The alternative approaches could then consider the emissions from the material to determine
the flow rate required in the working spaces.
A second (alternative) approach could be two different CO2 requirements (of flow rate
requirements) depending on the level of emission of the materials. In case no attention has been
paid to limit the non-human pollutant sources (such as emissions from materials), the higher
flow rate is required, e.g. minimum 14 l/s.pers or maximum 400 ppm of CO2 concentration
above outdoor (= 800 ppm if outdoor concentration is 400 ppm). On the other hand, if it can be
proved that the emissions from the materials are limited by choosing (very) low emitting
materials, a less strict requirement applies, e.g. minimum 7 l/s.pers or maximum 800 ppm of
CO2 concentration above outside (= 1200 ppm absolute if outdoor concentration is 400 ppm).
A third (alternative) approach is to consider the ventilation needed for the persons and that
needed for material emissions separately in accordance with method 2 described in the standard
FprEN16798-1:2016. A first flow rate is calculated for the persons, e.g. 7 l/s.pers (according to
class II for the perceived IAQ in the standard). A second flow rate is calculated for the pollutant
emissions from the materials, based on different flow rates per m² depending on the level of
emission of the building, e.g. 0.35 l/s.m² for very low emissions, 0.7 l/s.m² for low emissions
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and 1.4 l/s.m² for non-low emissions. Both of these flow rates are calculated for each space and
the highest of the them is the flow rate to consider as requirement.
Note that for this approach, it is possible to convert the requirement per space expressed in flow
rate toward a requirement expressed as a maximum CO2 concentration (possibly different for
different spaces) in order to facilitate the conformity check of the requirement.
For these two alternative approaches, a framework is necessary to classify the type of emissions
in a building between very low emissions, low emissions and non-low emissions. For example,
this framework could be based on existing framework to classify the emissions from the
building materials used for the floor covering, paintings and materials for the ceiling and walls,
etc. Such a framework exists for example in France [5], with an emission label (with several
classes from A+ to C); and in Belgium [6], for floor materials only, with a pass/fail approach.
3
3.1

APPLICATION OF THE APPROACHES TO TYPICAL BUILDINGS
Methodology

The three approaches described above have been applied to three types of building spaces with
different occupation rates: an office with 15 m²/pers, a meeting room with 3.5 m²/pers, and an
intermediate space with 10 m²/pers. For each type of space, three different levels of material
emissions have been considered: very low emitting, low emitting, non-low emitting.
In these 9 configurations, the flow have been calculated according the 3 approaches described
above and the results are presented in the form of : flow rate per surface area (l/s.m²), flow rate
per person (l/s.pers) and absolute CO2 concentrations (for outdoor concentration of 400 ppm).
These values are equilibrium values for nominal occupation of the spaces, i.e. design occupation
and design flow rate. These results are presented in Table 1.
3.2

Results and discussion

For the first approach with an absolute CO2 requirement of 800 ppm, the flow rate per person
are the same for all types of spaces and all emission levels. However, because the occupation
is different, the flow rate per surface area is lower for the office and higher for the meeting
room.
For the second approach with 2 levels of CO2 requirements of 1200 ppm for (very) low emitting
buildings and 800 ppm for non-low polluting buildings, the design flow rate per person depends
on the emission level of the building.
For the third approach with a flow rate for the persons and a flow rate for material emissions,
the final design flow rate of the space depends on the design number of persons in the space
and on the surface area of the space and level of emission of the building.
With the third approach, based on the standard FprEN16798-1:2016, the design flow rate of a
space is determined based on the most limiting pollutant source of this specific room. If the
occupation rate of the space is low and the emission level of the building is high, then the
limiting factor is the emission and the design flow rate depends on the surface area of the space
and on the flow rate per m² for non-low emitting buildings. In contrast, if the occupation rate
of the space is high and the emission level of the building is low, then the limiting factor is the
presence of the persons (bio effluents) and the design flow rate depends only on the number of
persons in the room. The design flow rate is thus adapted, case to case, according to the most
limiting factor for IAQ.
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In contrast to this third approach, the first one (with absolute CO2 requirement of 800 ppm),
can lead to different levels of IAQ for the pollutants from material emissions. In the office, the
lower flow rate per surface area could sometimes be too low to control the pollutants from
emissions, with possibly too low IAQ. In our example, the design flow rates in an office are
lower with this approach compared to the third one. In contrast, in the meeting room, the flow
rate per person are higher than the third approach. Especially when low emission materials are
used, these higher flow rates are probably unnecessary, causing also unnecessary energy
consumption.
For the second approach (with 2 levels of CO2 requirements), the design flow rate of the spaces
depends partly on the emission level of the building. In case low emitting material have been
used, the flow rate per person can be lower while assuring equivalent IAQ and decreasing
energy consumption. This is the main advantage of the second approach compared to the first
one. However, in case of non-low emitting buildings, the same problems occur for the meeting
room: higher design flow rate compared to the third approach based on the standard
FprEN16798-1:2016.
Table 1: Application of the 3 approaches on 3 typical building spaces and for 3 levels of emissions from
materials. The results are expressed as flow rate per surfac area, flow rate per person and CO2 concentration.
Type of space / building
Area per
person
(m²/pers)
Space
Office
15

15

15

Intermediate

10

10

10

Meeting room /

3,5

3,5

3,5

4

Debiet or [CO2]
Building
emission level
Very low
l/s.m²
l/s.pers
ppm
Low
l/s.m²
l/s.pers
ppm
High/unknow l/s.m²
l/s.pers
ppm
Very low
l/s.m²
l/s.pers
ppm
Low
l/s.m²
l/s.pers
ppm
High/unknow l/s.m²
l/s.pers
ppm
Very low
l/s.m²
l/s.pers
ppm
Low
l/s.m²
l/s.pers
ppm
High/unknow l/s.m²
l/s.pers
ppm

Approach 1 Approach 2 Approach 3
0,9
0,5
0,5
14
7
7
800
1200
1200
0,9
‐
0,7
14
‐
10,5
800
‐
933
0,9
0,9
1,4
14
14
21
800
800
667
1,4
0,7
0,7
14
7
7
800
1200
1200
1,4
‐
0,7
14
‐
7
800
‐
1200
1,4
1,4
1,4
14
14
14
800
800
800
4,0
2,0
2,0
14
7
7
800
1200
1200
4,0
‐
2,0
14
‐
7
800
‐
1200
4,0
4,0
2,0
14
14
7
800
800
1200

DISCUSSION OF PROS AND CONS OF THE APPROACHES
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Some pros and cons of the different approaches have been identified and listed in Table 2.
First, the approaches can be compared about the expected impact on the real IAQ in the working
environment and their incentives for a better ventilation system on one hand and a better source
control on the other hand.
Because the first approach focuses only on a CO2 requirement and not at all on the source
control of material emissions, this approach has absolutely no incentives, for the employers and
building designers and contractors, to limit the sources of pollutants by choosing (very) low
emission materials. The high level of requirement in this first approach (800 ppm absolute CO2
concentration) could in theory lead to high IAQ for bio-effluents as well as “indirectly” for
other pollutant sources. However, because this higher flow rate has a huge economic impact for
the employers as well as for the building owners, the true applicability of this first approach in
practice is expected to be very poor.
On the other hand, the two alternative approaches allow an effective incentive to control the
pollutant emissions at the source, by choosing (very) low emitting materials, and at the same
time to adapt the required flow rate for ventilation accordingly to the emission sources. The
ambition level of IAQ can then be similar to the first approach but adding 2 main advantages
compared to the first approach: (1) a better incentive for source control, and (2) a better expected
applicability of the requirement in practice because the flow rate can be lower in case of low
emission.
Compared to the second approach, the third one presents an additional advantage: the design
flow rate of a space can be fine-tuned in function of the design number of persons in the room
and the amount (surface area) and the type of emitting materials in the room. In such way, the
third approach is probably more appropriate for some specific cases such as meeting room
where the occupation rate is high and consequently the flow rate for the person can be the
limiting factor even if the emission level of the material is high or unknown. This is an important
point for this type of space (meeting room, etc.) where the impact of higher flow rate can have
high economic consequences.
The different approaches can also be compared according to the ease of control of the
requirement conformity and to the ease of building design.
One of the main advantage of the first approach is the ease of conformity control related to the
performance-based requirement expressed as a maximum CO2 concentration. Nowadays CO2
sensors are easily and economically available and can be easily used by the different involved
to check the conformity on site. The same advantage can be attributed to the second approach
where the requirement is also expressed as a CO2 level (but using 2 different levels).
In contrast, the third approach is based on flow rate calculations to be carried out separately for
each space rather than general CO2 levels. This requires a bit more calculation at the design
stage as well as for conformity check. Moreover, the measurement of a flow rate on site can be
more difficult and expensive than a measurement of the CO2 concentration in the room.
However, one can imagine that the required flow rate per space can be converted to a required
CO2 concentration per space for easier measurement base on CO2 on site.
Finally, because the 2 alternative approaches include also a part on the pollutant emission from
material, they require also a framework in order to classify the emission level of a building (or
a space) at the design stage as well as for the conformity check. Such an effective framework
remains a challenge. On possible approach would be to use existing regulation and framework
for material emission, such as the current Belgian regulation on pollutant emission for floor
covering materials. Moreover, this framework for pollutant emission could also be evolving in
time according to the development of regulations and frameworks in this field, for example first
floor covering material, and later paintings and furniture for example.
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The economic impact (for new building) of the different approaches and their applicability to
existing building are also important parameters.
The first approach has the main disadvantage to lead to huge economic and very difficult
applicability in existing buildings because the higher flow rate requirements implies much
larger ventilation ductworks and technical rooms. Moreover, such higher flow rates have also
consequences on the energy consumption of buildings and on the operational costs of buildings.
In contrast, the 2 alternative approaches allow to make a more appropriate choice, case to case,
between an effort on low emission material or an effort on higher ventilation flow rates. This
can be particularly useful for existing building where the level of emissions can be proved to
be low, for example in spaces using floor covering materials such as metal, stone or floor tiles,
considered as low emitting materials, are used. This is probably the case for most of the existing
schools where this new IAQ regulation remains a big challenge.
Compared to the second approach, the third one has an additional advantage to allow fine-tuned
design flow rate in function of the design number of persons in the room and the amount
(surface area) and the type of emitting materials in the room. This can be particularly useful for
existing buildings and spaces where the occupation rate is high, such as meeting room. In such
spaces with high occupation rate, the required flow rate for the persons in the third approach
could be sufficient in some cases also to control the pollutant from emission even if the level
of emission in this space is high or unknown.
Table 2: Comparison of the 3 approaches in terms of pros and cons.
Comparison Criteria

Approach 2

Approach 3

In theory high but difficult
applicability in practice
Incentives for better source control
No
Incentives for better ventilation system Yes but high flow rate

Approach 1

High and better applicability
expected
Yes, roughly
Yes, flow rate depends on
emissions, but sometimes
high flow rate (meeting room)

High and better applicability
expected
Yes, case to case
Yes, flow rate depends on
emissions

Ease of conformity control

Easy: CO2 meting

Easy for CO2 meting + need
framework for emissions

Flow meting more difficult but
CO2 also meting possible +
need framework for emissions

Ease of design and installation

Easy to calculate

Easy to calculate flow rates + Easy to calculate flow rates +
need framework for emissions need framework for emissions

Economic impact (for new building)

Very high (higher flow rates)

Applicability for existing buildings

Difficult (higher flow rates)

Choice between effort on
materials or flow rates
Ok if low emission, but
sometimes high flow rate
(high emission + meeting
room)

Expected impact on real IAQ

5

Choice between effort on
materials or flow rates
Ok, flow rate depends on
emissions

CONCLUSION

The new regulation for IAQ in working environment in Belgium is based on maximum CO2
concentration of 800 ppm in absolute value, leading to design flow rate for ventilation two times
higher. This has huge economic impact for new building as well as for existing ones.
Consequently, the real application of this new regulation in practice could be very difficult and
poor.
The proposed alternative approaches could encourage the choice of (very) low emission
materials, leading to effective IAQ improvement in practice and better applicability of the
whole regulation. The challenge for the future remains the characterisation of the emission
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levels for the building materials, but also for all other materials, products and activities in the
workspace, as well as using those datapoints effectively in a robust compliance framework.
6
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ABSTRACT
A systematic and efficient strategy is needed to assess and manage the potential risks to human health that arise
from the manufacture and use of thousands of chemicals. For both volatile organic compounds (VOCs) and
semi-volatile organic compounds (SVOCs), exposure is strongly influenced by the types of materials and
products in which the VOC or SVOC occur, the concentration of the VOC or SVOC in the material or product,
the way in which the material or product is used or applied indoors, and the ventilation rate within the room or
building. For VOCs, the rate of emissions from various materials and products are generally characterized in
small chambers. The results are scaled up to represent what happens in a larger room, and then used to estimate
the expected gas-phase concentration and associated health effects. For SVOCs, however, the characteristics of
the room play a much larger role in controlling the process of emissions, transport, and exposure. For example,
partitioning of SVOCs to interior surfaces including walls, windows, furniture, clothing, dust and airborne
particles, all substantially affect the emissions and transport processes, as well as the resulting exposure. Given
the inherent complexity of the situation, what is needed is a screening-level approach which is based on rapid
estimates of exposure to a specific SVOC that is present within a specific material or product. These rapid
estimates of exposure are then combined with estimates of toxicity to create a screening-level estimate of the risk
associated with the specific SVOC/product combination. The SVOC/product combinations with relatively high
risks can then be evaluated, focusing on more accurate measurements of the key parameters that govern
emissions, transport, and the resulting exposure to SVOCs in the indoor environment. Among available tools for
evaluating these key parameters, there are significant gaps associated with the SVOCs. To close these gaps, we
have developed simple methods to measure some of the key parameters. These parameters include the gas-phase
concentration in equilibrium with the product surface, the partition coefficient between air and indoor surfaces,
the vapor pressure of liquid SVOCs, and the partition coefficient between air and airborne particles. Phthalates
in polyvinyl chloride flooring were selected to test these measurement methods, with results that agree well with
those measured in previous, more sophisticated tests. As increasing numbers of these measurements are
completed, the overall approach should substantially improve our ability to estimate the potential exposure to
SVOCs in indoor environments and can help with the risk-based prioritization of a wide range of chemicals and
products.

KEYWORDS
Semi-volatile organic compounds (SVOCs), Screening-level estimates, Exposure, Risk

1

INTRODUCTION

Modern indoor environments contain a vast array of products, many of which emit semivolatile organic compounds (SVOCs) such as plasticizers, flame retardants, and biocides
(Weschler and Nazaroff, 2008). As a result, SVOCs are ubiquitous indoors, redistributing
from their original sources to indoor air and all indoor surfaces including skin, airborne
particles, and dust. Many SVOCs are associated with adverse health effects, and several are
considered potential endocrine disrupters (Rudel and Perovich, 2009). Products such as
building materials, furnishings, household goods and those used for personal-care contain a
vast array of SVOCs. In some cases, SVOCs are sprayed as a liquid or applied as a powder.
Such applications are the common means by which pesticides, termiticides, herbicides, and
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sealants are introduced to indoor environments. In other cases, SVOCs are present as
additives or solvents in materials used indoors. These include plasticizers, flame retardants,
anti-oxidants, preservatives, and coalescing agents. In addition to these two primary classes,
SVOCs can be generated by incomplete combustion, by high-temperature heating processes
and by chemical processes.
To prioritize testing and to manage risks of industrial chemicals including SVOCs, methods
are being developed and applied to rapidly evaluate compounds for their potential hazard.
The ToxCastTM program applies recent advances in high-throughput screening, computational
chemistry, and toxicogenomic techniques to profile bioactivity and prioritize toxicity testing
for hundreds of chemicals (Judson et al., 2010). When combined with high-throughput
estimates of toxicity, the development of efficient exposure tools should enable a more
complete risk-based prioritization of chemicals in commerce. Of the roughly 100,000
chemicals catalogued in the Aggregated Computational Toxicology Resource (ACToR), for
which there is at least limited toxicity information, some form of exposure information is
available for less than 20%. Readily accessible data on concentrations in exposure-related
media (air, dust, food) are available for a much smaller proportion (Egeghy et al., 2012).
Consequently, exposure-based prioritization currently requires the use of simple models to
estimate exposure potential.

Figure 1: Schematic showing mechanisms governing emissions of SVOCs present in products as additives.

With this in mind, Little et al. (2012) proposed a method to obtain screening-level estimates
of potential indoor exposure to SVOCs from a single source through a range of potential
exposure pathways (including inhalation, ingestion and dermal sorption) based on a
mechanistic understanding of the emissions, transport, and human uptake processes. SVOCs
that are either present as additives in products used indoors or as ingredients in products
directly applied to interior surfaces were considered in this method because these two classes
are the major contributors to the broad spectrum of manufactured SVOCs found indoors
(Little et al., 2012). Figure 1 shows the mechanisms governing emissions of SVOCs from a
solid material in a room. The mechanisms affecting transport of SVOCs include emissions of
SVOCs from the surface of the source to the air in immediate contact with the source, masstransfer through the boundary layer into the bulk room air, and sorption to airborne particles
and interior surfaces. The room air is assumed to be well-mixed. In Figure 1, Q is the
ventilation rate, V is the room volume, TSP is the total airborne particle concentration, C0 is
the concentration of an SVOC in the source, y0 is the equilibrium concentration in the air
immediately adjacent to the source, y is the gas-phase concentration in the room air, qs is the
sorbed surface concentration on the interior surface, ys is the gas-phase concentration in
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equilibrium with qs, qp is the sorbed particle-phase concentration, Ks is the surface/air
partition coefficient (Ks = qs/ys), Kp the particle/air partition coefficient (Kp = qp/(y·TSP)), and
h and hs are gas-phase mass transfer coefficients. The system is further simplified by
assuming that C0 is effectively constant (so much SVOC is present in the source that the
concentration does not deplete significantly) (Xu and Little, 2006), and by assuming that gasphase SVOCs can instantaneously reach equilibrium partitioning with airborne particles and
interior surfaces.
With reference to Figure 1, the accumulation of SVOC in the air obeys a mass balance, or:

dq p
dy (t )
V 
 V  h   y0  y   A  hs   y0  ys   As  Q  y  Q  q p
dt
dt

(1)

where A is the source surface area, and As is the exposed interior surface area of the room.
A similar model can be applied for SVOCs that are sprayed or applied (Little et al., 2012).
The models can be used to predict y, the gas-phase concentrations of SVOCs, as well as their
concentrations in airborne particles and house dust, and to then estimate SVOC exposures
through inhalation, ingestion and dermal sorption. Equation (1) indicates that y is largely
determined by y0, Ks, Kp, and other parameters that are relatively easy to quantify (A, As, h, hs,
Q, and TSP). However, because the values of several parameters (y0, Ks, and Kp) is in general
unknown, simple and accurate methods for measuring these parameters are needed.
2
2.1

NOVEL METHODS TO MEASURE KEY PARAMETERS
Diffusion sampler method to measure y0

For consumer products containing a high SVOC weight percentage, y0 may in some cases be
approximated by the vapor pressure of the pure SVOC (Clausen et al., 2012). Unfortunately,
y0 cannot be approximated by vapor pressure in all cases (Liang and Xu, 2014). Experimental
methods are therefore necessary to determine y0. The methods developed by Liang and Xu
(2014) and Cao et al. (2017) are currently the best time-saving methods for y0 measurements
via small-scale environmental chambers. For emission of di-(2-ethylhexyl) phthalate (DEHP)
from polyvinyl chloride (PVC) flooring, the experimental time can be as short as 1 – 5 days.
However, the complexity of the chamber tests limits the practicality of these two approaches.
The material has to be flat and relatively soft in order to be properly installed in the chamber.
Therefore, a simple method for directly measuring y0 without a chamber may be used (Wu et
al., 2016b). In this method, a standard stainless steel thermal desorption tube is vertically
placed on the surface of an SVOC source material, SVOCs will emit from the source into the
tube air, transfer through the air in the tube, be adsorbed on the tube interior surface and
finally be adsorbed on the sorbent at the far end of the tube, as shown in Figure 2.
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Figure 2: Photo and schematic representation of the model of the experimental system for measuring y0.

Based on these mechanisms, we developed a model to predict the uptake rate of SVOCs
emitted from the product surface. The model accounts for gas-phase diffusion of SVOC
through the air gap in the tube, as well as adsorption of SVOC onto the interior surface and
the sorbent of the tube. Values of y0 and an additional unknown parameter, K, the tube
surface/air partition coefficient, are obtained by fitting a diffusion model to the sampling data.
As increasing numbers of such experiments are completed, the ability to reliably predict K for
specific SVOCs according to their vapor pressure should improve substantially, leaving y0 as
the only unknown. Phthalates in two types of PVC flooring were selected to test the method.
There is very good agreement between the experimental results and fitted curves based on the
model for all measurements (Figure 3). In addition, the values of y0 and K agree well with
those measured in independent chamber tests, and the experimental time is comparable to
existing methods (several days, as shown in Figure 3). This method is shown to be applicable
to chemicals with a wide range of vapor pressures and the shape of the source material is not
limited by this method, both facilitating the measurement of y0 for as many SVOC/product
combinations as possible.

Figure 3: Measured DiBP and DnBP in the tube as a function of time and best-fit model curves.

2.2

Simple method to measure Ks on impervious surface

To date, few methods are available to measure the partition coefficient between air and indoor
surfaces, Ks. The most common approach is to pass an air stream with a constant
concentration of target compounds through a ventilated chamber initially containing clean test
materials. The values of Ks are determined after adsorption equilibrium is established
between the material and air. For example, Morrison et al. (2015) measured the Ks values for
diethyl phthalate (DEP) and di-n-butyl phthalate (DnBP) on cotton fabrics in small chamber
experiments. Since equilibrium partitioning is a prerequisite for these measurements, a
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noticeable constraint is the long experimental duration, which is usually more than 10 days.
Furthermore, the time required to reach equilibrium could be impractically long (>85 days)
for SVOC/surface pairs with large Ks (Cao et al., 2016). To alleviate this problem, Cao et al.
(2016) recently developed a sealed-chamber approach without the requirement of reaching
equilibrium to measure Ks values of DEHP, di-iso-butyl phthalate (DiBP), and DnBP
partitioning onto cotton clothing. However, the sink of SVOCs on the chamber wall is
neglected, which could compromise its accuracy. In addition, the required time to make
reliable measurements can still be long for compounds with large Ks values such as DEHP
(more than 72 days at 25 °C).
To solve this problem, we recently developed a simple method based on a passive sampling
technique to measure the Ks values for SVOCs (Wu et al., 2017). The cylindrical diffusion
chamber consists of an aluminum shim, an SVOC source material, and a test material disk, as
shown in (Figure 4). The circular shim is placed between the SVOC source and the test
material disk. In this way, one side of the test material is exposed to the SVOCs emitted from
the source material. The thickness of the shim defines the diffusion distance between the
emission source and the surface of the test material. A weight is placed on top of the material
disk to hold the shim and the disk firmly against the flat source material surface (Figure 4).
The driving force for mass flux across the air gap is the concentration gradient between the
emission source and the air adjacent to the test material surface.

Figure 4: Elements of the diffusion chamber sampler for measuring Ks.

Figure 5: Measured DEHP mass accumulated on the impervious surface as a function of time and best-fit model
curves for steel, stainless steel #1, stainless steel #2, and aluminum.

A mass transfer model, which is very similar to that for the measurement of y0 (Wu et al.,
2016b), was developed to predict the sorption amount of SVOC on the test material surface as
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a function of time. The model implies that the experimental time will increase as the shim
thickness increases. Therefore, the shim thickness was selected as 2 mm in order to shorten
the experimental time as much as possible. Ks can be obtained by fitting the model to the
SVOC mass collected on the test material surface over a series of sampling times. The
Levenberg − Marquardt algorithm was used to find the best-fit Ks through an iterative fitting
procedure. Sorption of DEHP on typical impervious surfaces including aluminum, steel,
glass, and acrylic was selected to test the method. The relative standard deviation (RSD) of
most replicates ranged from 1% to 26%. The coefficients of determination R2, which
provides a measure of how well the sampling data are fitted by the model, were all larger than
0.84, indicating good agreement between the experimental results and fitted curves (Figure 5).
The requisite time to make reliable measurements for DEHP was about 15 days, which is
shorter than existing methods (e.g., 30 days (Cao et al., 2016)).
2.3

Tube chamber method to measure Kp

In existing studies, Kp is usually predicted by empirical equations that include the saturation
vapor pressure of pure sub-cooled SVOC liquid or the octanol-air partition coefficient of
SVOCs (Koa). However, the accuracy of the predicted Kp is doubtful (mainly due to the
uncertainties in saturation vapor pressure of pure sub-cooled SVOC liquid or Koa and the
various assumptions made for the equations (Wei et al., 2016). Therefore, accurate
measurement of Kp is vital for successfully characterizing the interaction between gas-phase
SVOCs and particles.
Currently, few studies focusing on measuring Kp are available for typical indoor SVOCs. The
study of Benning et al. (2013) was the first to quantify Kp of SVOCs under well-controlled
chamber conditions, but its accuracy was in part reduced by the complexity of the air velocity
field within the chamber, especially when equilibrium between SVOCs and particles cannot
be attained at the chamber outlet. Therefore, we proposed a novel method for measuring Kp
using a tube chamber (inner diameter: 1.72 cm, length: 3.60 m) coated with a thin layer of
pure SVOC liquid on the inner surface (Wu et al., 2018). Figure 6 shows the schematic of the
experimental system. Particle-laden air at a controlled flow rate, which ensures the air flow in
the chamber to be laminar, was introduced into the chamber. Two sorbent tubes were
connected in parallel to the chamber outlet, one with a filter measuring the effluent gas-phase
SVOC concentration (Cg), the other without a filter measuring the sum of gas- and particlephase SVOC concentration (Ctot), and the effluent particle-phase SVOC concentration (Csp)
can be obtained by (Ctot – Cg). As fresh air (free of SVOCs) is introduced into the chamber,
the air flow will carry the SVOCs toward the chamber outlet and dilute the SVOCs. Due to
the dilution, more SVOCs will emit from the liquid surface coating and subsequently diffuse
toward the centerline of the tube. When particles are present in the air, uptake of SVOCs by
particles will occur as they move toward the chamber outlet and diffuse toward the tube
centerline. Given that the tube is sufficiently long, equilibrium between gas-phase SVOC and
particles was attained at the chamber outlet, and Kp was determined by Csp/(Cg·TSP).
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Figure 6: Schematic of the experiment setup for measuring Kp.

Uptake of DEHP by one inorganic (ammonium sulfate) and two organic (oleic acid and
squalane) particles was selected to test the method. The values of Kp for the ammonium
sulfate, oleic acid, and squalane particles were determined to be 0.011 ± 0.004 m3/μg, 0.2321
± 0.13 m3/μg, and 0.11 ± 0.10 m3/μg, respectively (Wu et al., 2018). The precision of this
method is acceptable considering that the accurate determination of SVOC concentrations and
the separation of gas-phase and particle-phase SVOCs are experimentally very challenging.
2.4

Measurement of vapor pressure of liquid SVOCs

Even though we have developed a simple method to measure y0, it is still impossible to obtain
for every SVOC/product combination (e.g., for materials with irregular shape including toys).
For such cases, an estimate of y0 based on existing product characteristics, typically the
material-phase concentration C0 of the SVOC in the product, would be very useful. Recently,
Eichler et al. (2018) investigated the relationship between y0 and C0 for different
SVOC/product combinations through theoretical analysis and experimental measurements.
The results showed that the material/gas equilibrium relationship follows Henry’s Law. In
addition, the Henry’s Law Constant for all target SVOCs consisted of the respective pure
liquid vapor pressure (Vp) and an activity coefficient, which accounts for the non-ideal nature
of the solution. Thus, if insufficient y0 data is available for a specific SVOC, other similar
SVOCs with available data could be used to establish the relationship between y0, C0, and Vp
(i.e., obtain the corresponding activity coefficient), and then y0 can be estimated based on the
resulting activity coefficient and Vp for the specific compound. However, even though some
Vp data for certain well-researched SVOCs are available in the literature, there are significant
differences in Vp for SVOCs (especially for SVOCs with very low volatility) between
different measurements and estimation results (Liang and Xu, 2014). More reliable vapor
pressure measurements are clearly needed.

Figure 7: Laminar forced convection mass transfer of SVOC in the tube for measuring Vp.

We developed a new approach to determine Vp of SVOCs by using a tube chamber coated
with a thin layer of pure SVOC liquid on the inner surface (similar to the apparatus used for
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measuring Kp, as introduced above) (Wu et al., 2016a). After emission from the surface of the
cylindrical tube wall, the forced convection mass transfer of SVOCs within the tube flow can
be modeled using a laminar flow mass transfer model (Figure 7). Vp of the analytes can be
calculated by fitting the model to the SVOC concentration measured at the tube outlet. Using
n-hexadecane as reference compound, the measured Vp at temperature of 298 K is determined
as 0.16 Pa, which is in good agreement with the literature value (0.19 Pa), giving confidence
in the accuracy of our method. We have also measured Vp values for ten different phthalates
and alternate plasticizers. Duplicate measurements of Vp were made for each compound, and
the relative standard deviation (RSD) of the replicate samples ranged from 0.1% to 20%,
implying that the method is stable.
3

ESTIMATING EXPOSURE TO SVOCS PRESENT IN A SINGLE PRODUCT

For prioritization purposes, a general estimate of total exposure potential is sufficient.
However, our approach provides further insight into significant exposure pathways based on
product characteristics (Little et al., 2012). In addition to inhaling SVOCs in indoor air,
exposure via inhalation of airborne particles, ingestion of dust, and dermal absorption may
play significant roles, contributing to total human intake rates. For SVOCs present as
additives, the following equation (2) can be used to estimate the gas-phase concentration at
steady state (derived from equation (1)), with emissions considered to persist for the entire
time during which the source is present in the indoor environment.
y

h  y0  A
, with Q*  1  K p  TSP   Q
h A Q*

(2)

For SVOCs that are sprayed or applied, equation (3) can be used to estimate y at steady state,
with concentrations that persist for the duration given by equation (4).
y

~

h  y0  A
h  A  hs  As  Q *

 h  A  hs  As  Q *  M 0
M0

yQ*
h  y0  A  Q *

(3)
(4)

where M0 is the initial SVOC mass applied, and  is the duration.
We next illustrate the approach for exposure analysis using three “additives” (DEHP, DnBP,
and BDE-47) and one “sprayed or applied” SVOC (chlorpyrifos) as examples. A recent study
suggests that direct transport of SVOCs from bulk air through skin to dermal capillaries can
sometimes be important and, if so, can be modeled considering three mass-transport
resistances in series: the resistance from bulk air to the skin-surface lipids, the resistance
through the stratum corneum, and the resistance through the viable epidermis. Therefore,
dermal exposure from the gas phase is estimated using an “overall permeability”, kp_g, based
on permeabilities through the boundary layer adjacent to skin and through the stratum
corneum/viable epidermis composite to dermal capillaries (Weschler and Nazaroff, 2012).
Exposure via inhalation, oral ingestion of dust, and dermal absorption from the gas phase for
a 3-year old child are calculated. Table 1 summarizes the calculated results, with detailed
parameters used for calculation and their determination methods provided in Little et al.
(2012).
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Table 3: Estimated exposure ((µg/kg)/d) to DEHP, DnBP, BDE-47, and chlorpyrifos via indoor air and intake of
particles/dust for a 3-year old child.
Exposure pathway
Inhalation (air)
Inhalation (particles)
Ingestion (dust)
Dermal absorption (from air)
Total

DEHP
0.013
0.82
75
0.12
76

DnBP
0.34
0.02
1.6
2.7
4.6

BDE-47
1.4×10-4
3.5×10-5
3.2×10-3
1.0×10-5
3.5×10-3

Chlorpyrifos
0.32
0.01
0.59
0.23
1.15

Equation
y × InhR × ED
y × Kp × TSP × InhR × ED
y × Kdust × IngR
(y ×kp_g× SA × fSA ×ED)/BW

The primary difference between exposure to DEHP and exposure to DnBP (76 and 4.6
(µg/kg)/d, respectively; Table 1) is the volatility of the compounds, with DnBP having a
vapor pressure that is two orders of magnitude higher than DEHP. The result is that for
DEHP, 99% of the exposure occurs through ingestion of dust (due to its low volatility DEHP
partitions strongly onto dust and airborne particles), while for DnBP, 55% of the exposure
occurs via dermal absorption with 35% via ingestion of dust. In the case of BDE-47, the
surface area of the source is somewhat lower (15 m2, compared to 20 m2 of DEHP and
DnBP), but y0 (0.0005 µg/m3, compared to 1 µg/m3 of DEHP and DnBP) is considerably
lower than for either DEHP or DnBP. The lower y0 explains the substantially lower exposure
(0.0035 (µg/kg)/d), but the fact that the volatility of BDE-47 is relatively low (falling between
DEHP and DnBP) explains why 90% of the exposure also occurs through ingestion of dust.
For chlorpyrifos, the high y0 (350 µg/m3) means it is a much stronger source than the others,
but the source area is far smaller (0.75 m2). The two effects tend to compensate, with an
overall exposure of 1.15 (µg/kg)/d, which is distributed almost equally among inhalation
(23%), ingestion of dust (44%), and dermal absorption (31%).

4

CONCLUSIONS

There is an urgent need to estimate exposure to SVOCs, but the vast number of
SVOC/product combinations poses a serious challenge. To solve this problem, we propose a
simple and rapid method to estimate exposure, in which we characterize a specific indoor
product and then estimate exposure, which can be used to rapidly characterize specific
SVOC/product combinations, and estimate their contributions to exposure. We have also
identified several parameters that strongly affect the exposure estimates, including the gasphase concentration in equilibrium with the product surface (y0), the partition coefficient
between air and indoor surfaces (Ks), the partition coefficient between air and airborne
particles (Kp), and the vapor pressure of liquid SVOCs (Vp) that strongly influences y0 values.
However, to date, reliable values of these key parameters are scarce and existing methods for
measuring them are time-consuming and inaccurate. To close this gap, we have developed
several simple and accurate methods to measure them, which have been tested by our
laboratory measurements (mainly using phthalates as the example). These methods should be
helpful for accurately assessing potential exposure to indoor SVOCs, as well as for exposurebased prioritization of indoor SVOCs.
However, more measurements for more
SVOC/product combinations are required in the future. When combined with the rapid
estimates of toxicity being developed in ToxCastTM, our rapid estimates of exposure will
allow risk-based prioritization of a wide range of SVOCs. This information can then be used
to either remove specific products from the market, or make substitutions, introducing
alternate low toxicity SVOCs that impart similarly desirable product performance at
equivalent cost.
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ABSTRACT
Particulate matter with a diameter of ≤2.5µm (PM2.5) has been shown to be present in many buildings at
concentrations that are harmful to human health. Accordingly, they should be used as metrics of indoor air
quality (IAQ) and included in standards or norms. This paper uses measurements of PM2.5 concentrations made
in three different environments using three different devices to show that there are barriers that must be before
they can be considered viable diagnostics. Optical particle counters (OPCs) are a common device used to
measure temporal changes in PM2.5 concentration. The PM2.5 concentration is inferred from the light scattering
properties of the particles sampled, properties which vary by source and composition Accordingly, OPC
measurements must be scaled by a calibration factor, a simple multiplier derived from concurrent gravimetric
sampling. A gravimetric sampler uses an impactor to remove large particles and measures the total mass of the
collected on a filter during a sampling period allowing the calculation of an average PM2.5 concentration. OPCs
are often most sensitive to PM2.5 with a particular size, and so OPCs capable of disaggregating PM2.5
concentrations by their diameter can be used to select an appropriate OPC for a particular source. Knowledge of
these factors is important if a measurement of PM2.5 concentration is to be used to describe the quality of indoor
air using a metric. In order to be useful, a standard or norm should provide clear guidance on device selection,
device calibration, and calibration factors (for optical particle counters). For in-situ measurements, it must
specify an appropriate measurement location, a sampling frequency, and time-averaging period. After
measurements have been made, appropriate statistics and an error analyses should be prescribed to quantitatively
describe the variance in the data.
Ambient PM2.5 concentrations have been measured in many countries for decades and so there is a mature library
of guidance and standards. The indoor community should consider how it might adopt the methods it uses for
regulatory monitoring by gravimetric sampling, and how it demonstrates the equivalence of real time OPCs to
the gravimetric method so that they too can be used for regulatory purposes.

KEYWORDS
Measurement, gravimetric, optical particle counter, calibration factor, emission rate

1

INTRODUCTION

As policy makers strive to reduce the energy demand of buildings by sealing them or limiting
ventilation rates, an unintended consequence could be a reduction in the quality of indoor air
with corresponding negative health effects for individuals and increased burdens on public
health care systems. Current standards specify a minimum ventilation rate that is
fundamentally set for odour control and that is also assumed to minimize contaminant
exposures and, therefore, protect occupant health. Accordingly, there is a need for
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performance-based health-centred indoor air quality (IAQ) metrics supported by our best
knowledge of health effects. They must be measurable, achievable, and have a positive impact
on the physical health of occupants of buildings.
The AIVC estimates (Borsboom et al., 2016) that the most dangerous pollutant is particulate
matter with a diameter of ≤2.5µm (PM2.5). They are small enough to bypass biological
defences and are linked to chronic respiratory and cardiovascular diseases, and cancer. There
are many indoor sources, such as combustion, cooking, vacuum cleaning, and the resuspension from the pumping of doors and the action of sitting on soft furniture.
These are compelling arguments for using an indoor PM2.5 concentration as an IAQ metric,
but there are also significant barriers. These include a lack of agreement on appropriate norms
or standards; for example, the WHO recommends that mean PM2.5 concentrations in air
breathed by a person is less than 25µg/m3 per day and 10µg/m3 per year but the U.S. National
Ambient Air Quality Standards require 35μg/m3 and 12μg/m3, respectively. The WELL
Buildings Standard sets a threshold of 15μg/m3 (IWBI, 2016) measured at least once per hour
at a resolution of 10μg/m3 or finer.
There are technical disagreements on appropriate diagnostic approaches; for example, a
gravimetric sampler gives a mean concentration over a period of time, but in areas of low
concentrations the sampling period is long and the standards for processing filters is onerous
and expensive. Light scattering devices instantaneously show temporal variations in
concentrations but require an appropriate calibration factor to correct for the disparity in the
light scattering properties of particles from different sources. There is also a lack of consensus
in many other areas, such as tester competence or test methods, appropriate regulation of
mitigation measures, and the assumption that one standard or norm is appropriate for every
building in every country.
Measuring PM2.5 is clearly problematic and so this paper considers measurements of PM2.5
concentrations made by the authors in three environments for four different purposes to
highlight diagnostic barriers that must be overcome before PM2.5 can be included in IAQ
standards and norms. Section 2 summarizes four types of health based IAQ norms that require
PM2.5 measurements and Section 3 describes the measurement methods. Section 4 presents
the results and discusses diagnostic confounding factors that can affect the use of
measurements of PM2.5 concentrations as an IAQ metric.
2

HEALTH BASED IAQ STANDARDS AND NORMS

An air quality standard or norm should identify when the quality of indoor air is unacceptable
and be based on its effects on human health and comfort, acknowledging that they may not be
immediate. Section 1 identified that PM2.5 is an important metric of IAQ. Accordingly, four
norms are introduced that might contain a PM2.5 metric, following the review of Jones (2017),
and are considered to identify appropriate diagnostic methods.
2.1

Ratings Systems

Rating systems (RS) identify properties of a building that are known to affect IAQ directly,
for example using a tick-box approach. Each feature might be weighted according to their
hazard and aggregated to produce a single metric. This method could be used to develop a
third-party rating system, similar to any existing energy rating scheme, and could help those
particularly sensitive to specific contaminants. An example system is the WELL Building
Standard (IWBI, 2016), which awards Silver, Gold, and Platinum status to non-domestic
buildings depending on the extent of their compliance with its requirements. An RS requires
spot measurements of PM2.5 concentration or the identification of known emitters and
mitigation methods, which can be determined by measuring their PM2.5 emission rates.
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2.2

Sub-Indices

To obtain a comprehensive picture of the IAQ in a building it is necessary to measure PM2.5
and other contaminants whose individual concentrations may be incomparable; for example,
radon (Bq.m-3) and PM2.5 (μg.m-3) concentrations. These individual contaminant
concentrations can be converted into sub-indices (SI), which may be a function of their health
risks, before they are aggregated into a single index. An SI requires temporal measurements
of PM2.5 concentration made in-situ.
2.3

Exposure Limit Values

Exposure limit values (ELV) are used in occupational environments to prevent or reduce risks
to health from hazards, such as vibrations, by setting a maximum quantity experienced per
person per day. This principle could be applied when measuring the concentrations of PM2.5
and other contaminants in a building. Here, the ratios of their maximum concentrations to
their respective ELV concentrations give a quick indication of risk, where a ratio ≪1 might be
acceptable but one approaching or exceeding unity may be problematic. Here, an indication of
the relationship between exposure and health consequences is required. An ELV requires
temporal measurements of PM2.5 concentration made in-situ.
2.4

Health Adjusted Life Years

Health adjusted life years (HALY) are measures of health over time and give weighted years a
person of cohort lives with a disease or disability. Disability is weighted by its effect on
person’s life in general, and so can account for mental illness. There are two key HALY
metrics. The first is the disability adjusted life year (DALY), which is a measure the disease
burden in a population, expressed as the sum of the number of years lost due to morbidity and
mortality, where a value of 0 represents no loss. In the case of IAQ, the disease burden is a
measurement of the difference between the current health status of a population of building
occupants and an ideal situation where they all live into old age, free of disease and disability
(WHO, 2009). The second is the quality-adjusted life year (QALY), which reflects the quality
of life of a person or cohort but is the approximate inverse of a DALY because it considers
the health gained from an intervention where a value of 1 represents a year lived in perfect
health and 0 is death. Both the QALY and DALY can be used to assess the financial values of
exposures to poor IAQ and interventions designed to minimize it.
Measured and modelled PM2.5 concentrations can be used to estimate chronic health impacts
in HALYs lost or gained. Here, temporal measurements made in-situ and source emission
rates are required.
3

METHODS OF MEASUREMENT

The diagnostic techniques used to quantify PM2.5 must be understood and clearly stated in a
norm. PM2.5 concentrations have been measured by the authors in three unique environments
using three different devices for a range of purposes. Each of the locations and devices has
benefits and confounding factors that affect measurements in different ways.
3.1

Locations

Location 1 is an enclosed indoor chamber with controlled ventilation and volume 26m3
located at TNO offices, in Delft, The Netherlands. Air is supplied by an HVAC unit equipped
with an AFPRO F7 filter via a single ceiling diffuser. Air is extracted from a single location in
the middle of the chamber 94cm below the ceiling at 21l/s. To minimize uncontrolled
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infiltration and exfiltration between other zones, the supply air flowrate is adjusted so that the
pressure difference between the test chamber and its surroundings was less than 0.5Pa.
Location 2 is an outdoor chamber (all sides exposed) with volume 21.5m3 located in
Nottingham, UK; see O’Leary & Jones (2017) for full details. A door and window are located
in the smallest facades and directly opposite one another. The floor is lined with plastic
sheeting and the chamber is sparsely furnished to avoid particle re-suspension and excessive
deposition. Custom boards are installed into the open window and door to control the
ventilation conditions. A low level 0.1×0.1m opening is located in the doorway, and an
extractor fan fitted into the only window, designed to provide an exhaust flow rate of 85m3/h
(AER=3.96h-1). A desk fan was available to aid mixing and an electric oil-filled radiator was
used to change the relative humidity. The chamber is manufactured to Passivhaus standards
and so infiltration is considered negligible.
Location 3 is an open plan domestic kitchen and living room exposed on two facades, with
volume 77m3, located in Nottingham, UK. It is connected to a hallway via a door. Purpose
provided ventilation is via a window, backdoor, and an extractor fan with damaged flue. Food
is cooked on four gas hobs and in a standard electric oven. The house is considered to be
leaky and so infiltration is a prominent source of ambient air when the purpose provided
openings are closed and off.
3.2

Devices

A TSI SidePak™ AM510 measures PM2.5 concentrations at intervals of 1 second, which may
be time-averaged when used over long periods of time. To filter particles >2.5μm, it uses an
impactor that draws a sample of air through a convoluted path so that the inertial and
aerodynamic drag forces cause the larger particles to collide with, and stick to, a greased
plate. The remaining particles are detected using the light scattering method, which detects
the amount of laser light scattered by them at 90ᵒ. However, the degree of scattering varies
according to particle density, size distribution, shape, and refractive index, and so particles of
equal diameter and different origins have divergent degrees of scattering. Optimal
performance occurs when both the airflow rate through the device and the scattering are
calibrated. The SidePak is calibrated by the manufacturer using A1 (Arizona) test dust defined
by ISO 12103-1 (BSI, 2016). Accordingly, non-A1 particle types require a calibration factor
(CF), a multiplier that scales a reading; see Section 3.3.3. For example, if the SidePak reads
10μg/m3 but the particles are from a known source with CF=0.5, then the true reading is
0.5×10=5μg/m3.
A GRIMM Model 11-R Mini Laser Aerosol Spectrometer measures particles with diameters
between 0.25-32µm and classifies them into 31 size bins using the light scattering method of
detection. It detects concentrations between 0.1µg/m3 and 100mg/m3, and has a sampling
frequency of 6 seconds. It is calibrated using solid, spherical, and non-absorptive polystyrene
latex particles with a defined distribution of diameters. The GRIMM also requires a CF when
the source of the measured particles differs from those used to calibrate it.
An Airmetrics MiniVol Tactical Air Sampler is used for gravimetric sampling. A pump draws
air though a PM2.5 impactor and a 47mm Millipore fluoropore™ PTFE membrane filter at
5l/min for a defined period of time. Filters are weighed before and after sampling under
controlled conditions described by EN 12341 (BSI, 2014). The average particle concentration
over the sampling period is determined from the sampling time, the increase in filter mass,
and the airflow rate.
Each device has its own advantages. The SidePak can be battery operated and can be worn to
measure personal exposure and has the shortest sampling frequency. The GRIMM cannot be
worn, but can identify particle size distributions at 6 second intervals, which the SidePak
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cannot. The MiniVol gives the most accurate mean mass concentration of the three, but
cannot identify changes over the short time periods.
3.3
3.3.1

Measurements
Gravimetric Sampling

The MiniVol was used in the outdoor chamber to calculate a CF for the toasting of bread,
which was then used to calculate emission rates for the toasting process; see Section 3.3.4.
The MiniVol and two SidePaks were located side by side in the centre of the chamber. Three
measurements were made where the chamber was sealed, door and window closed, extractor
fan off, and mixing fan switched on. Three tests were used and the chamber was purged
before each test. Test 1 toasted two slices of bread at the same time for 225 seconds. The
decay (γ) period was 1 hour 37 minutes. Tests 2 and 3 generated higher PM2.5 concentrations
by toasting ten slices of bread, two at a time, for an average of 215 seconds and 219 seconds,
respectively. There was a gap of 10 minutes between each cooking event and the decay period
was 1 hour. The MiniVol and SidePaks took samples during each decay period and, after each
period, the filter was removed for weighing using a Sartorius Analytical 5 decimal place
balance. The CF for each SidePak is determined from the linear regression through the origin
of the mean concentrations measured by the MiniVol and SidePak.
3.3.2

Temporal Changes

The measurements of changes in PM2.5 concentration over time were made in all three
locations; see Section 3.1. The GRIMM was used in the indoor chamber to measure changes
when cooking a meal comprising chicken breast fried in olive oil, pre-cooked sliced potatoes
fried in olive oil, and boiled French beans. The cooking process was repeated 6 times to test
repeatability.
The SidePak was used in the outdoor chamber and domestic kitchen. In the outdoor chamber
it was used to measure the decay of particles emitted by a specific source so that the emission
rate can be calculated; see Section 3.3.4. The sampling frequency was 1 second. It was also
placed in a domestic kitchen for 7 days to record the changes in concentration occur as food is
cooked by the occupants. Cooking times, methods, and ingredients were recorded by the
occupants in a diary. The SidePak was located 2m away from the cooker at height 1.5m with
a sampling frequency of 1 second but stored time-averaged over 1 minute intervals.
All measurements made by a SidePak or GRIMM require a CF to accurately report temporal
changes. The CF for the GRIMM was obtained by a 3rd party and is not discussed here. The
method of obtaining a CF for the SidePak is described in Section 3.3.1.
3.3.3

Size Distributions

The GRIMM was used in the indoor chamber to measure size fractions when a meal was
cooked; see Section 3.3.2.
3.3.4

Source Emission Rates

The outdoor chamber was used to measure the emission rates from (i) the toasting of 2 slices
of bread (medium sliced white or wholemeal Hovis 800g loaf) in a supermarket branded
toaster on the highest setting; and (ii) Dove Extra Fresh aerosol deodorant. The method used
to determine emission rates is based on the widely used mass balance model following Ott et
al. (2006) and O’Leary & Jones (2017). Three phases during emissions: an α or emission
period when air is not well-mixed, a subsequent β-period when emissions cease and mixing is
incomplete, and a γ-period of well mixed decay. For a rectangular source function, the peak
concentration should occur at the end of the α-period, but it is frequently observed afterward
indicating that complete-mixing is not instantaneous. The theoretical peak estimation method
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is used where the decay rate, , is determined from the log-linear regression of the PM2.5
concentration during the γ-period and extrapolated back to the start of the β-period. This
theoretical peak, , is then used to estimate the emission rate over an emission time period T,
where
0
(1)
1
Here, is the emission rate, V the mixing volume,
the background concentration, and
0 the initial concentration.
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Figure 1: SidePak Calibration Factors. blue, SidePak 1
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Figure 2: Indoor chamber. Temporal changes during
cooking repeatability test.

Figure 3: Left, decay of toast; Right, decay of aerosol deodorant. Orange indicates α and β periods.

Figure 4: Temporal changes over 1 week in a domestic
kitchen during the heating season. Orange indicates
humidity >70%.

Figure 5: Mean particle size distribution for cooking
in the indoor chamber.
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The SidePak was located in the centre of the chamber and the mixing fan was switched on for
the toast and off for the deodorant. A CF Calibration factor required to obtain an accurate ,
although it is not required to obtain . Good mixing was demonstrated by using a second
SidePak to obtaining similar mean measurements of concentration over a sampling period as
the first at different locations in the chamber.
4

RESULTS AND DISCUSSION

The measurements described in Section 3 are used to results show how outcomes that affect
the application of PM2.5 measurement in IAQ standards. It is our intention to discuss the
process of taking measurements rather than specific outcomes, such as emission rates, and to
show how these might affect the use of measurements in health based standards or norms.
4.1

Gravimetric Sampling and Calibration Factors

The gravimetric sampling described in Section 3.3.1 is used to derive relationships between
the mean measurements made by the MiniVol and two SidePaks; see Figure 1. It shows that
the CF is different for each SidePak and that a less accurate combined CF can also be
obtained. More samples, and more SidePaks would reduce uncertainty in the CFs. PM2.5 from
ambient sources were present in the chamber air but because there is no ventilation–supported
by a very small decay in PM2.5 over the sampling period (not shown here)–and so they are not
expected to have a significant effect on the CFs in this instance. An unbiased CF requires all
ambient air to be filtered and a negligible background concentration.
4.2

Temporal Changes

Measurements of temporal changes are described in Section 3.3.2 and are used to show trends
and a range of behaviours. Figure 2 gives PM2.5 concentrations as a meal is repeatedly cooked
and shows repeatable temporal trends in times concentrations and gradients that occur as
ingredients are added to the pan and as they undergo Maillard browning. There is variance in
the magnitude of the concentrations between tests attributed to differences in pan temperature,
ingredient constitution, chamber mixing, and less-quantifiable errors.
Figure 3 shows the decay of PM2.5 emitted by toast (left) and an aerosol deodorant (right). All
toast measurements have been scaled using an appropriate CF (see Section 4.1) whereas those
for the deodorant have not because a suitable value is unavailable. Accordingly, these
measurements should only be used to indicate trends and behaviours. The data are plotted
using a logarithmic y-axis and so the exponential element of the γ-period decay is shown
linearly. The residuals show that the toast decay is largely exponential but that the
deodorant’s decay is not initially exponential but becomes so after around 2 minutes of decay.
This is explored further in Section 4.4.
Figure 4 shows the changes in concentrations measured in a domestic kitchen over 7 days.
The peaks are attributable to cooking and correlate with the activities recorded by the
occupants in their diary. The peaks are substantial and are two orders of magnitude higher
than the ELVs given by the WHO; see Section 1. These measurements have not been scaled
using a CF because of the range of cooking methods and ingredients used. CFs for food are
generally <1 (O’Leary & Jones, 2017) but Figure 1 still shows that the peak concentrations
are substantial and interventions are required to minimize exposure risk. Here, it is possible
for a low cost OPC to switch on a targeted ventilation device, such as a range hood, and this
can be done when the local concentration is clearly above the ambient concentration. The
absence of a CF should not affect the device’s ability to act as a switch, and in well ventilated
spaces, it should be possible for it to self-calibrate. An OPC can determine from smooth
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decays that follow a peaks that are significantly above the ambient concentration (see Figure
4) with the caveats that
is known and is not exclusively a ventilation rate.
Most OPCs are confounded by high humidity. The SidePak has an operational range of 095% relative humidity (RH) (TSI, 2012), but there is concern about concentrations measured
for RH>70% (Dacunto et al., 2013). Figure 4 colours all measurements orange when
RH>70%, and shows that they generally coincide with peaks and, therefore, with emissions.
The data presented in Figures 2-3 was obtained with a high sampling frequency of at least 6
seconds and each sensor was set to sample as fast as it would allow obtaining maximum
information. This gives clarity but can also show high levels of noise; see Figure 3-left. Time
averaging is generally undesirable because it obscures behaviour but may be appropriate if
storage space is limited (for the long-term measurements made in the domestic kitchen) or if
the intention is to show compliance against a mean concentration, such as the WHO
thresholds. Noise can be reduced by effective mixing, but this can also increase deposition
and make measuring the decay from sources with a low emission rate difficult.
4.3

Size Distributions

Figure 5 gives the mean particle size distributions at the time of the peak concentrations
shown in Figure 2. The distribution is right skewed and so most of the particles are very small
and <<2.5μm. However, most of the mass will be in the larger size bins (not shown here).
These factors should be considered when choosing a low-cost device to detect emissions from
this meal.
4.4

Source Emission Rates

Section 4.2 identified an initial period of non-exponential decay in Figure 3 (right), which
shows that the changes in concentration that are not captured by the first-order removal of
particles represented by
and that there are likely to be changes in the mass and size
distribution of particles caused by agglomeration, evaporation, and other processes.
Accordingly, it may be appropriate to estimate using the exponential element of the decay
by assuming that it is the remaining particles that harm health.
When measured by a SidePak, the errors in the concentration are a constant rather than a
proportion, which make the error analysis straight forward. However, when the error is closer
to a percentage, a more robust approach, such as a Chi-squared goodness of fit analysis
(Hughes & Hase, 2015), allows each data point to be individually weighted and a goodnessof-fit estimate is obtained. A further consideration is that a standard least-squares regression is
biased by outliers of noisy data (see Figure 3
left) and so a robust regression method, such as
least-absolute-deviations,
may
be
more
appropriate. It is important to take multiple
measurements of emission rate for a single
source to indicate uncertainty in them. They can
be shared as a distribution and used in
stochastic modelling.
4.5

Figure 6: CDF of concentrations measure over a
week in a domestic kitchen during the heating
season.

Statistical Reporting

Figure 4 shows that concentrations measured in
indoor environments can be varied and when all
data points are represented as a distribution they
are often found to be approximately log-normal
(Salthammer, 2011). Figure 5 is a cumulative
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distribution function (CDF) of the measurements made in the domestic kitchen. It shows that
they are significantly right-skewed and mostly lie between 10-100μg/m3, that the peak
concentrations shown in Figure 4 are rare events, and that the likelihood of receiving a dose in
excess of the WHO thresholds is high. When reporting indoor concentrations, it is important
that descriptive statistics (or graphic representations) are used that quantitatively describe the
variance in the data. The skewed nature of indoor pollutant distributions suggests that a mean
average is an unsuitable descriptive statistic and centiles are more useful. The shape of the
distribution is important when comparing two samples, such as those taken before and after
some intervention. Here, tests that determine the effect size, the size of the difference between
two samples, must account for non-normality and for different sample sizes; for example, if
data points measured when the RH is unacceptably high (see Section 4.2) are removed.
4.6

Diagnostic Techniques

The measurement of a PM2.5 concentration is challenging because the metric does not
describe a physical or chemical component of the air but is defined by the measurement
method itself (AQEG, 2012). These difficulties are reflected in a measurement uncertainty
±25% for PM2.5 required by the UK’s Air Quality Directive. It is ±15% for most other
pollutants (AQEG, 2012). The most accurate measurements of PM2.5 concentrations are
achieved using gravimetric sampling because they directly measure the acquired mass of
particles on a filter over a known period of time.
PM2.5 concentrations in ambient air have been systematically monitored in the UK since 1987.
For a gravimetric measurement to be used to demonstrate compliance against an air quality
standard or norm, the measurement procedure must follow the Reference Method described in
EN 12341 (BSI, 2014). It controls the design of the gravimetric sampler (pipe work, filter
holder, flow control system, leak tightness), the sampling period, the storage conditions of the
filters, and the weighing facilities (balances and room) and procedures. In the US, these same
methods are enforced by a Federal Regulation (EPA, 2006). Gravimetric measurements do
have the granularity required to be a good diagnose tool (see Section 4.2) or to derive
emission rates from known sources (see Section 4.4). The same is true in ambient air where
real time devices must demonstrate equivalence with the Reference Method, defined in BS
EN 16450 (BSI, 2017).
Without descriptions of the diagnostic procedures it is possible to manipulate both the
conditions and the data to meet a benchmark. For example, WELL requires a threshold of
15μg/m3 measured at least once per hour at a resolution of 10μg/m3 or finer. Therefore, an
imprecise device must measure <20μg/m3 to comply. Furthermore, an hourly spot
measurement could lead to an elevated reading, perhaps attributable to poor mixing or the
measurer’s proximity to a source. Here, time averaging away from known sources and in
areas of a room where the ventilation effectiveness is low, such as corners, are all
advantageous and possible because no measurement location is specified.
To ensure that measurements are accurate, precise, and repeatable, it is necessary for a
standard or norm to clearly define the device type, its calibration method, resolution, sampling
frequency, a desired time averaging period, the measurement location, and adherence to the
Reference method and the demonstration of equivalence.
Finally, Sections 3.3.2-3 show that the SidePak and Grimm were calibrated using different
particle types. Although they cannot share calibration factors, it is desirable for the IAQ
research community to agree on a calibration particle type so that CFs for a particular device
and a range of sources can be reported in the literature and used widely.
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5

CONCLUSIONS

This paper considers measurements of PM2.5 concentrations made in three different
environments using three different devices to show that there are barriers that must be
overcome before they can be viable diagnostics. In order to be useful, standards and norms
should provide clear guidance on device selection, device calibration methods, and calibration
factors (for optical particle counters). For in-situ measurements, it must specify an appropriate
measurement location, a sampling frequency, and time-averaging period. After measurements
have been made, appropriate statistics and an error analyses should be prescribed to
quantitatively describe the variance in the data.
Ambient PM2.5 concentrations have been measured in many countries for several decades and
so there is also a mature library of guidance and standards. The indoor community should
consider how it might adopt the Reference Method for regulatory monitoring by gravimetric
sampling, and demonstration the equivalence of real time devices to the gravimetric method
so that they too can be used for regulatory purposes.
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Rationale behind ventilation standards and regulations
given by 20 countries
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SUMMARY
International there are many different requirements and regulations for ventilation. Sometimes the variation is
more than a factor of five. There are strong drivers to reduce energy consumption for HVAC, and therefore the
spread in requirements and regulation is worthwhile to study. To reduce ventilation flows there is a necessity to
understand the reasons behind. Demand control to reduce this flows is in many countries growing but the control
parameters are quite different, for instance humidity versus CO2 control. If you don’t know the reasons for
ventilation, you cannot decide when and to what level you can reduce the ventilation flows. A questionnaire was
sent to 20 countries. The result show large differences between countries even in the same climate and building
styles. The answers on the reasons behind ventilation requirements are in most cases not clear formulated. Some
reasons are given but in most cases is it more a philosophy behind the ventilation requirements. In some cases they
have real chemical contaminant levels defined as a requirement. Based on these insights it is difficult to find a
universal approach for demand controlled ventilation. Latest studies show other contaminants in relation to health
effects which might determine future parameters for demand control. For example many countries based their
requirements for kitchen ventilation on moisture and odours but new insights shows that particulate matter
produced by cooking is a parameter to be considered in relation to health.
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Noise Radiated by Circular Ventilation Ducts
François Bessac
CETIAT
25 avenue des Arts
69100 Villeurbanne, France
francois.bessac@cetiat.fr

ABSTRACT
Noise remains a major concern for building occupants, both in their home and workplace. Ventilation system is
one of the noise sources in buildings. Usually, the main issue is the resulting noise level in the room. It is
generated by the fan and the ductwork components, travels inside ducts, and is then radiated into the room by air
diffusers, air inlets, and air outlets. But ducts also go through other indoor spaces. Airborne noise will pass through
the duct wall and radiate in the surrounding space. This can be an issue for occupants.
There is today no data available from manufacturers on noise radiated by ducts, no standard to determine the noise
passing through duct wall and a lack of experience from acoustic consultants, despite results published in the 80's
on breakout characterisation of rigid ducts.
CETIAT performed a wide experimental campaign to characterize ventilation ducts, most of them with a 160 mm
diameter, with varying parameters such as material (metal, plastic, PU), shape (round, oval, rectangular,
corrugated), stiffness (rigid, flexible), and presence of an acoustical or thermal insulation layer. The experimental
approach consists in producing sound inside the duct, and measuring both injected sound power level and sound
power level radiated by the portion of duct under test.
Test results show a wide variety of acoustical behaviour, from high insulation to high transmission, with in some
cases ducts as transparent as if there were no duct.
Beyond these results, several issues should be considered: how to make the measurement more reliable, how to
define a metric to express the sound insulation ("breakout" is well suited for high insulation duct, but not for low
insulation ones), how to deal with duct performance in between high and low insulation?

KEYWORDS
Noise, ductwork, duct, sound insulation

1

INTRODUCTION

Ventilation ductworks convey air but also noise energy. When the ducts are situated in a living
quiet space, the ducts are the only shield to the noise avoiding it to escape in the surrounding.
According to the sound insulation level of the ducts wall, the noise will radiate more or less
loudly in the quiet space.
This characteristic of sound insulation, also called "breakout", is often not known. It has been
studied in literature for high insulation ducts.
The present study deals with ventilation ducts available on the market, of different natures –
from rigid to soft ducts – and geometries – from circular to rectangular or specific shapes. All
these ducts have been submitted to experiments.
A section is dedicated to describe their sound insulation, and the way to measure it. The choice
of the best descriptor according to their insulation capacity is analysed.
Then the experimental results for insulation are presented and analysed.
2

DUCTS UNDER TEST

The list of tested ducts can be sorted according to several categories
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Rigid ducts:
1. Galvanized steel round spiral Ø 160 mm
2. Galvanized steel double wall round spiral Ø 160 mm with 25 mm mineral wall
3. Expanded Polyethylene EPE Ø 160 mm
4. Polystyrene, internal circular Ø 100 mm, external square 140 mm

1

2

3

4

Figure 1: rigid ducts under test

Soft ducts:
1. PVC film round spiral Ø 160 mm and 125 mm
2. PVC film rectangular spiral, equivalent 125 mm
3. Aluminium film round spiral Ø 160 mm internal, thermally insulated with rockwool or
glass wool
4. PVC film round spiral Ø 160 mm internal, for acoustic, with rockwool or glass wool

1

2

3

4

Figure 2: soft ducts under test

Flexible duct:
1. Plastic, externally corrugated

Figure 3: flexible duct

3
3.1

SOUND INSULATION METRIC AND MEASUREMENT METHOD
Breakout measurement

The breakout or TL of a duct is related to the sound power level travelling inside the duct, the
sound power level radiated by the duct, and the areas: it can be written as the ratio of sound
intensities:
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10

⁄

(1)

⁄

where Wi is the incoming sound power and Ai the section in the upstream duct, Wr is the
radiated sound power and Ar the radiating area of the duct under test (perimeter multiplied by
length).
This breakout is an intrinsic data of sound insulation, associated to the duct construction.
Equation 1 can be arranged to give:
10
(2)
is the sound power level in the upstream duct and
where
radiated by the duct.

the sound power level

Only one standard is related to this topic, ISO 15665 (2003) "Acoustic insulation for pipes,
valves and flanges" but its scope is far away from ventilation ducts as "It is valid for pipes up to
1 m in diameter and a minimum wall thickness of 4.2 mm for diameters below 300 mm, and
6.3 mm for diameters from 300 mm and above. It is not applicable to the acoustic insulation of
rectangular ducting and vessels or machinery". Another test set-up than the one described in
this standard must be imagined.
A perfect test set-up would require a reverberant room placed between two other adjacent
rooms and face to face apertures between the reverberant room and each of the two adjacent
rooms to install the duct through the reverberant room. As this does not exist at CETIAT, the
test set-up shown in Figure 4 was used, in which the duct under test (pink) is installed in the
reverberant room (blue). A loudspeaker is positioned upstream of the duct with 3 microphones
to measure the incoming sound power level, based on ISO 5136 approach. The downstream end
of the tested duct goes into an insulated plenum to minimize the noise escaping from its end to
the measurement room. A 300 mm plug of absorbing material (yellow) at the end of the duct
inside this plenum reduces this noise and plays the role of a simplified anechoic termination. As
the duct under test can be shorter than the reverberant room length, the upstream part of the test
set-up is a double layer insulated duct, in order to reduce the unwanted noise radiations.

microphones
Anechoic plug
Loudpseaker

Plenum

3 microphones
for incoming Lw

Duct under test

Double layer
insulated duct

Figure 4: test set-up to characterize the sound insulation of a duct

The sound power levels are measured in the upstream duct Lwi (incoming sound) and in the
reverberant room Lwr (radiated sound). Knowing the section of the incoming duct and the
radiating area, the sound insulation or breakout can be calculated according to (2), provided
certain assumptions are fulfilled, as described in §3.2.
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Several difficulties can be met using this set-up:
1. The measurement of injected sound power level is complex when the section of the duct
is small. The ISO 5136 is applied but for sections lower than Ø 160 mm, it is difficult to
insert 3 microphones in such a small diameter duct. Moreover, standing waves are
harder to eliminate for small diameter ducts especially when using an absorbing plug as
a simplified anechoic termination.
2. A longer sample of the duct under test would be better to increase the radiated noise
level, but it is common that ducts longer than 3 m are obtained by assembling several
elements. The quality of assembly can affect the result.
3. Upstream incoming sound power level must be measured in a circular duct, according
to ISO 5136 method. For rectangular ducts, adaptation pieces have to be inserted after
the measurement section, pieces which are usually not of the same construction as the
ducts, and may modify the measured radiated sound level. In general, the results are
very sensitive to connections and adaptations elements.
3.2

Limits of the sound insulation concept

If the incoming sound power is constant throughout the length of the considered duct (which
means that the sound energy losses along the duct should be small on that length), it is possible
to calculate the radiated power of another length duct Lwr, knowing the incoming sound power
level Lwi, and areas Ai and Ar:
10
(3)
Note: this assumption of constant sound power level in the duct is also required when the
breakout of a duct is experimentally determined according to equation (2).
If the duct has a low sound insulation, the equation (3) cannot be used, as the sound level inside
the segment of duct under test is no longer constant. This means that the sound escapes from
the duct under test just downstream of the junction with the upcoming duct, with a low
influence of the length of the sample (ducts of 2 or 4 meters can even produce the same result).
To illustrate this issue, a couple of simple calculations are presented below as examples for a
4 m duct with two values of breakout (high and low sound insulation), subdivided for the
calculation in 8 segments of 50 cm. Equation (3) allows to calculate the sound radiated by each
segment. With the conservation of energy law (neglecting the losses due to the wave traveling
in the air), the available sound power level at the end of each segment can be calculated,
considering the sound radiated through duct walls and the incoming sound level (e.g.
Lw incoming = 90 dB, Lw radiated = 89 dB, Lw leaving = 83 dB as logarithmic sum leads to
83+89 = 90). The sum of the noise radiated by the 8 segments is then calculated.
Example 1: Incoming noise 90 dB, high duct breakout (35 dB), 8 segments of 0.5 m.
Table 1: example of a 4 m duct with breakout of 35 dB and incoming noise of 90 dB
Segment #
1
Distance from duct entrance (m) 0.5
Incoming Lw of the segment (dB) 90.0
Lw radiated by the segment (dB) 66.0
Proportion of overall radiated noise 13%

2
1.0
90.0
66.0

3
1.5
90.0
65.9

4
2.0
89.9
65.9

5
2.5
89.9
65.9

6
3.0
89.9
65.9

7
3.5
89.9
65.9

8
4.0
89.9
65.8

13%

13%

13%

12%

12%

12%

12%

overall
74.9

Table 1 shows that that the incoming Lwi of each segment remains almost constant throughout
the length. Then, each segment radiates more or less the same sound power level around 66 dB.
The overall noise radiated by the 8 segments Lwr is 74.9 dB. The calculation of the
characteristic sound insulation of this duct according to the areas (Ø 160 mm and length 4 m)
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using (3) leads to a sound insulation of 35.1 dB which is consistent with the breakout of 35 dB
taken as a characteristic of the duct.
Example 2: same data than example 1 except low duct breakout (15 dB)
Table 2: example of a 4 m duct with breakout of 15 dB and incoming noise of 90 dB
Segment #
1
Distance from duct entrance (m) 0.5
Incoming Lw of the segment (dB) 90.0
Lw radiated by the segment (dB) 86.0
Proportion of overall radiated noise 40%

2
1.0
87.8
83.8

3
1.5
85.6
81.6

4
2.0
83.4
79.4

5
2.5
81.3
77.2

6
3.0
79.1
75.0

7
3.5
76.9
72.9

8
4.0
74.7
70.7

24%

15%

9%

5%

3%

2%

1%

overall
89.9

In this case, a significant part of energy is lost in each segment, which leads to the decreasing
of the incoming Lwi along the duct: more than 2 dB are lost after the first segment (90  87.8)
and more than 15 dB for the whole duct (90  74.7). Consequently, the noise radiated by the
different segments decreases along the duct. The overall noise radiated by the 8 segments Lwr is
89.9 dB. After calculation using the areas, this means that the apparent sound insulation of this
duct would be 20.6 dB, instead of 15 dB taken as characteristic of the duct. The calculation is
then wrong. This shows that for low sound insulation ducts, equation (3) cannot be used.
The last line of Table 1 and 2 shows the contribution of each segment to the overall radiated
noise. In example 1, the first segment contributes for 13 % (as the 7 others) to the overall sound
level whereas in example 2 the first segment weights for 40 % (and less and less for the next
segments). This case of low sound insulation ducts shows that the sound mainly escapes from
the duct in the first decimetres. Taking into account the total length of the duct becomes
meaningless as the sound radiated by the whole duct is driven by the upstream part of the duct
under test.
Finally, for low sound insulation ducts, as the duct length is no longer a parameter, a
meaningful result could be the raw sound insulation:
(4)
The use of RSI means that for a constant incoming Lwi value, a smaller radiated Lwr leads to
higher RSI. In the case of low insulation duct, results of 2 m or 4 m length duct should give the
same results.
4
4.1

RESULTS
Introduction

The goal of this section is not to give an exhaustive view of products characteristics, nor to rank
them, but to understand that ducts can have highly various acoustic behaviours.
4.2

Ducts with high sound insulation

For ducts with high sound insulation, the intrinsic characteristic breakout (TL) is naturally the
right characteristic to observe.
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Results are given for the common
galvanised steel spiral duct, single
and double wall (Figure 5). The
breakout is high, with the same
values at low frequency. The
double wall configuration brings an
improvement of sound insulation in
the medium and high frequency
range, where the uncoupling
between the inside and outside
ducts is the most efficient.

dB

80
70
60
50
40
30

TL double layer duct (galvanised spiral)

20
TL duct (galvanised spiral)
10

8 000

4 000

2 000

1 000

500

250

125

0

Frequency (Hz)

Figure 5: breakout of rigid round spiral duct, single and double layer

4.3

Ducts with low sound insulation

Section 3.2 showed why the breakout is not the right quantity to
describe low sound insulation ducts. Values of RSI for PVC film
round spiral ducts are presented in Fig. 6 for
3 lengths. From 125 to 1000 Hz, the 3 curves are merged, with
around 15 dB of raw sound insulation at 250 Hz. This means
that for Lwi = 90 dB, the radiated noise is Lwr = 75 dB in the
room. No influence can be observed due to the length.
dB

25
Flexible air duct Ø160 1 m
20

Flexible air duct Ø160 2 m
Flexible air duct Ø160 3 m

15

10

5

8 000

4 000

2 000

1 000

500

250

0

125

For high frequencies, a light
difference occurs between results
for the 3 lengths, with a higher
insulation for 1 m length. The
length of radiating duct being
smaller, the radiated noise is then
smaller.
The very low value of RSI around
1000 and 2000 Hz has to be
noticed: only 5 dB. The major part
of noise conveyed by the duct is
then radiated in the surrounding,
even for a 1 m length duct.
For the low frequency range, the
higher sound insulation is due to
end reflection of the duct and not
to the duct material itself.

Frequency (Hz)

Figure 6: breakout of rigid round spiral duct, single and double layer

Generally, this phenomenon of end reflection occurs at the open end of a duct, where the
sudden change between the inside part of the duct and the surrounding open space leads to an
acoustic impedance change, then, reflection inside the duct. Less sound energy is transmitted to
the surrounding. The end reflection loss (ERL) for free termination in free space is described,
according to ISO 5135, by:
10

1

(5)
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with c the sound celerity (m/s), f the frequency (Hz) and S the open duct area (m²). The smaller
is the diameter, the bigger is the reflection loss.
In the present case, even if the duct is continuous (incoming duct + duct under test), the low
sound insulation of the duct acts as if the incoming duct was open, and the end reflection loss
occurs at the junction between incoming duct and duct under test.
Fig. 7 shows the experimental and calculated end reflexion loss for a duct Ø 160 mm,
terminating in free space. It is obvious that the negative slope at low frequency is consistent
between calculation and measurement but there is presently no explanation for the 3 dB off-set
between experimental and calculated results for Ø 160 mm.
dB

Flexible PVC film spiral Ø160 1 m
Free duct end Ø160 (meas.)

18

Free duct end Ø 160 mm (calc.)

16
14
12
10
8
6
4
2

8 000

4 000

2 000

1 000

500

250

0

125

The experimental curve goes up at
high frequency, which is still
unexplained; as the impedance
change would theoretically tend to
zero when the frequency increases.
The dotted curve reminds the
result of Fig. 8 for flexible PVC
film duct. The shape of the curve
is consistent with the experimental
duct end reflexion loss.
These first results can be
interpreted according two points of
view.

20

Frequency (Hz)

Figure 7: experimental and calculated duct end reflexion

The first one will only consider the raw sound insulation of the duct: using the incoming sound
power level, it gives the radiated sound power level by the duct, without consideration of its
length (minimum of 1 m). Another approach would be to calculate an insertion gain, i.e. the
difference between the RSI of the duct under test and the one of the open free duct (considered
as the reference). This insertion gain will give the sound level attenuation of the considered
duct compared to the case where there would be no duct.
Fig. 9 shows the RSI of 6 ducts (Ø 125 and 160 mm),
with low insulation performances, expressed as
insertion gain. There are mainly PVC film spiral
ducts, in Ø 125 and 160 mm. The rectangular duct is
built in the same way, and its section is equivalent to a
circular Ø 125 mm (Figure 8).
For two products (circular 125 and rectangular), the
external PVC film is tested in standard thickness and
reinforced thickness.

Figure 8: rectangular PVC film spiral duct
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PEE duct Ø 160 mm - 2 m
PVC film round spiral Ø160 standard - 2 m
PVC film round spiral Ø125 standard - 2 m
PVC film round spiral Ø125 thicker - 2 m
PVC film spiral rectangular equiv Ø125 standard - 2 m
PVC film spiral rectangular equiv Ø125 thicker - 2 m
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Figure 9: experimental "insertion gain" for the 6 products
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Thermal PVC film round spiral Ø160
Thermal ALU film round spiral Ø160
Acoustic PVC film round spiral Ø160
Acoustic ALU film round spiral Ø160

5

250

The ducts with thermal or
acoustical insulation are made with
two soft layers (PVC or
aluminium) and an insulating
material such as glass-wool in
between. For the acoustic duct, the
inner layer is perforated, whereas it
is not for the thermal insulated
duct. Fig. 10 shows the insertion
gain results for 2 ducts from
2 manufacturers, for each kind of
duct. It can be seen that the thermal
insulated duct has surprisingly the
best sound insulation, for the whole
frequency range and especially at
low and medium frequency.
Without inner perforation, the
sound remains inside the duct.

dB

14

125

PVC film round spiral ducts (160
and 125 mm) have the same poor
performance, around + 2 to +4 dB
better than the open duct. The
rectangular standard version is in
the same range of performance, and
less than 0 dB at 125 Hz. The
reinforced thickness circular version
brings
much
improvement
especially for low frequencies while
the rectangular version is even less
efficient.
Finally, the rigid and light EPE duct
is some how efficient in high
frequency, but of the same range of
soft ducts otherwise. At 1000 Hz, its
insertion gain is around 1 dB, which
means that it is almost as
transparent as if there were no duct.

Frequency (Hz)

Figure 10: experimental "insertion gain" for 2 thermally insulated
ducts and 2 acoustic insulated ducts

The longitudinal insertion loss of such ducts (i.e. the reduction of the sound level along the
duct) has been measured and is, as expected, better for acoustic duct than for thermal duct.
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Plastic circular semi-rigid corrigated ducts Ø75 2 m
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Figure 11: experimental "insertion gain" for corrugated ducts
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Finally, rigid EPS ducts, external
140x140 mm, Ø 100 mm internal
are tested, and compared to open
free duct of Ø 100 mm for
insertion gain result (Figure 12).
The acoustic behaviour is totally
different from previous ducts with
high
performance
at
low
frequencies, probably driven by the
radial stiffness of the duct, and low
attenuation at high frequency,
because the EPS is very light.
Of course, measurement of shortest
duct 1 m gives better results than
for for 2 m and 3 m, for which the
junctions can explain the identical
results.

dB

40

125

The plastic corrugated ducts are
commonly used in ventilation.
They have been tested for 3 lengths
and Ø 75 mm. Their insertion gain
in Fig. 11.
These ducts bring rather high
insulation, due to the rigid external
wall provided by the corrugation.
For the low frequency range, the
length of the tested duct is not
significant, at the contrary of the
high frequency range, where
longer duct leads to lower
insulation due to the bigger
radiative area.

Frequency (Hz)

Figure 12: experimental "insertion gain" for expanded polystyrene

This last case finally raises the sensitive question about the description of ducts with insulation
performances in between "low insulation" and "high insulation" ducts, or with both "low" and
"high", even though the limit between "low" and "high" insulation can not be clearly defined.
5

CONCLUSIONS

Ventilation ducts conduct the air from high pressure to low pressure areas. In the same way, the
noise always goes from high sound pressure to low sound pressure areas, this means from
louder to quieter. But acoustics is not aerodynamics. The airtight ducts can be very transparent
for acoustics, from inside to outside.
The metric for sound insulation of galvanized steel ducts is breakout, but most ventilation ducts
are soft with thin walls so that their sound insulation is small and not suitable for using
breakout as a metric. In this case the sound escapes from inside to outside on the upstream parts
of the tested duct, quickly reaching an asymptote along its length. The new issue is to define a
metric applicable to low insulation ducts. Two options are considered:
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-

-

The "raw sound insertion" is the difference between inside incoming and radiated sound
power levels, regardless the duct length. For very thin soft ducts, the raw insertion loss
can only be a little higher than for the same duct with an open end. The low frequency
range appears to be driven by the end reflexion loss, as if the duct was open.
The "insertion gain" is calculated by comparing the raw sound insertion of the duct to
the one of the open duct, considered as the reference. This gives a quick view of the
effect of the duct insertion compared to the same free open duct

All soft ducts based on PVC film spiral ducts present low raw sound insulation values. The
sound escapes from the duct in its upstream section. It can really be an issue for the
surrounding where most of the sound level is radiated, even though it could be an advantage as
the remaining sound energy at the other tip of the duct is greatly reduced.
Other ducts such as polystyrene or flexible corrugated ducts have variable results, with
isolation levels that can be high at certain frequency ranges and low at others. Describing their
behaviour is an issue as both breakout and raw sound insulation could be used.
This study highlights the wide variety of acoustic insulation results of ducts used in ventilation.
An effort should be made to ensure that these characteristics are provided by duct
manufacturers. But this requires the definition of a metric to describe sound insulation in all
cases, regardless of the isolation value. Finally, the drafting of a test code should also be
considered by standardization bodies.
6
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ABSTRACT
The real performances of ventilation systems on site remains a challenge in practice. One of the most common
reasons for complaints by the building occupants is the acoustic discomfort. Mechanical ventilation often produces
too high levels of noise, mainly coming from the fans.
Although several good practice recommendations are theoretically known to limit the noise generation by
mechanical ventilation systems, the acoustical performance of real ventilation systems on site seems uncontrolled
and unexpected.
This paper presents a case study for the optimisation of a mechanical ventilation system in a dwelling. The aim
was to identify points of attention for the improvement of both the acoustical and electrical performance of the
system in practice.
The noise levels in the dwelling as well as the power input and the flowrates have been measured before and after
several steps of optimisation of the ventilation system. The fan and the ductworks remained mainly unchanged.
The noise levels measured in the dwelling before the optimisation largely exceeded the requirements of the Belgian
standard NBN S 01-400-1, for example 42 dB in the living room against 30 dB required.
After all the optimisation steps, the noise levels as well as the power input of the system significantly decreased.
The main sources of improvement have been identified as the removal of acoustical dampers in the duct behind
the air terminal devices, the replacement of externally mounted air transfer devices and air terminal devices with
lower pressure drops, and better adjustment of the air terminal devices. Adding primary sound attenuator to the
part of the ductwork which was not yet equipped allowed to further improve the acoustic performances in the
rooms.
This case study demonstrated that large improvements of the acoustical and electrical performances of the
mechanical ventilation system were possible with only limited modifications and keeping the fan and the ductwork
mainly unchanged.

KEYWORDS
Noise level, sound attenuator, pressure drop, airflow adjustment

1

INTRODUCTION

The real performances of ventilation systems on site remains a challenge in practice. One of the
most common reasons for complaints by the building occupants is the acoustic discomfort. In
some extreme cases, the noise levels are so high that the occupants switch off the ventilation
system, possibly leading to insufficient ventilation and poor indoor air quality (IAQ).
Mechanical ventilation often produces too high levels of noise, mainly coming from the fans,
but also noise generated by the airflow in ducts and components.
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In Belgium, the standard NBN S 01-400-1 [1] sets maximum noise levels for the technical
installations such as mechanical ventilation (Table 1). Some on-site measurement campaigns
showed usually (extremely) too high noise levels in dwelling due to the ventilation system [2]
[3]. Although several good practice recommendations are theoretically known to limit the noise
generation by mechanical ventilation systems, the acoustical performance of real ventilation
systems on site seems uncontrolled and unexpected.
This paper presents a case study for the optimisation of a mechanical ventilation system in a
dwelling. The aim was to identify points of attention for the improvement of both the acoustical
and electrical performance of the system in practice.
The noise levels in the dwelling as well as the power input and the flowrates have been
measured before and after 4 steps of optimisation of the ventilation system. The fan and the
ductworks remained mainly unchanged.
Table 1: Requirements for the standardized service equipement sound pressure level LAinstal,nT in the Belgian
standard NBN S 01-400-1 for mechanical ventilation systems in dwellings
Type of room

Living room
Bedroom
Bathroom

2
2.1

Maximum
LAinstal,nT for
normal acoustic
comfort (dB)
30
27
35

Maximum
LAinstal,nT for
enhanced acoustic
comfort (dB)
27
25
30

MATERIAL AND METHODS
Presentation of the dwelling

The studied dwelling is a semi-detached house built in 2016 and composed of a living room, an
open kitchen, 3 bedrooms, a bathroom, 2 toilets and a garage.
The ventilation system is a balanced mechanical ventilation system with heat recovery. The
system can be manually controlled using 3 fixed flowrates of around 300 m³/h (nominal flow
rate), 190 m³/h and 100 m³/h.
The ventilation unit is installed in the garage, which can be considered as a separated technical
room. The ductwork is branched and composed of rigid metal ducts. The ducts are sized to limit
the air speed below the recommended values of 2 m/s, 4 m/s and 6 m/s in the terminal ducts,
the secondary ducts and the main ducts respectively. Primary sound attenuators were present
only on some main duct sections, but not all (see below). Additional in-duct foam sound
attenuators were situated just behind the 2 air terminal devices (ATD) of the living room.
2.2

4 steps of optimisation

In the initial situation, the ventilation system satisfied some good practice recommendations for
the design and installation of ventilation systems [4], such as:
 The ventilation unit was installed in a separated and closed technical room;
 The sizing of the ducts was carried out to limit the air speed below the recommended
values;
 Primary sound attenuators were present on some main duct sections (but not all).
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On the other hand, some possible improvements have been identified, with possible impact on
the acoustical performances of the system. These improvements have been carried out in 4 steps
as described hereafter.
Step 1: Removal of the in-duct foam sound attenuators behind the air terminal devices
The foam sound attenuators (Figure 1) behind the ATD’s of the living room were probably used
to reduce the noise level coming from the fan and the ductwork and probably also to limit the
noise transfer between different rooms connected to the same duct part. However, such foam
sound attenuators can cause higher pressure drop in the ductwork. In the first step, these foam
sound attenuators have been removed.
Moreover, some ATD’s seemed to have been adjusted to a particularly closed setting. In
addition, none of the supply ATD’s seemed in a fully open setting. A new adjustment of the
ATD’s has been carried out [4] [5] in order to reduce as much as possible the pressure drop
generated by the air terminal devices. To illustrate the potential of this new adjustment: the
most open supply ATD was set to an opening position of 20 mm after this new adjustment
compared to 8 mm in the initial situation.

Figure 1: Foam sound attenuator initially used behind
the ATD of the living room.

Figure 2: Comparison of the externally mounted air
transfer devices before (right) and after (left)
optimisation in step 2.

Step 2: Replacement of the externally mounted air transfer devices
The second improvement was the replacement of the externally mounted air transfer devices
used for the intake of outdoor air and the exhaust of air outside the building. The components
initially mounted in the façade have been replaced by components with a larger area (Figure 2).
The calculated pressure drop through these components for the nominal flow rate (300 m³/h)
was 21 Pa for the new component compared to 117 Pa for the component initially used, i.e. 5
times lower.
Step 3: Replacement of some air terminal devices
For step 3, some of the ATD’s have been replaced by other components generating less pressure
drop, especially in the sections of the ductwork with the highest pressure drop. For example,
based on the data from the manufacturer of the air terminal devices, the replacement of the ATD
in the living room should reduce the pressure drop of the ATD to 10 Pa compared to 80 Pa for
the initial situation (at a flow rate of 70 m³/h).
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After this replacement of ATD’s, a new adjustment of the flow rates at the ATD’s has been
carried out.
Step 4: Adding some primary sound attenuators
As mentioned above, some part of the ductwork was initially not equipped with primary sound
attenuators. A new primary sound attenuator has been added on the main duct section connected
to the living room and 2 of the bedrooms. A second sound attenuators has also been added on
the duct connected to the main bedroom in order to achieve higher acoustical comfort in this
room. Both sound attenuators have a length of 0.9 m and a thickness of sound attenuation
material (mineral wool) of 5 cm.
Because the ductwork has been slightly modified, a new adjustment of the ATD’s has been
carried out.
2.3

Measurements before and after each step

Before and after these steps, measurements have been done, for the fan setting 3 (nominal flow
rate) and fan setting 2, as follows:
 Flow rates in the rooms;
 Electrical power absorbed by the ventilation unit;
 Noise levels in the rooms (except after step 2).
The flow rates have been measured at the ATD’s using a zero pressure compensation
measurement device (Flow Finder, ACIN, NL).
The electrical power absorbed by the ventilation unit has been measured using a power meter
to place directly into the electrical plug (Christ Elektronic, DE).
The standardized service equipment sound pressure levels LAinstal,nT in the rooms have been
measured according to the standard ISO 10052 [6]. The equivalent sound pressure levels were
measured over a time interval of 30 s in three positions (two in the reverberant field and one in
a corner) using a handheld sound level meter (Bruel & Kjaer, type 2270). The levels were
standardized with the average reverberation time in the octave bands of 500 Hz, 1000 Hz and
2000 Hz.Results
2.4

Flow rates

The flow rates have been measured in the initial situation and after each optimisation step. In
the initial situation, the flow rates in all the rooms were conform the requirements of the EPB
regulation in Belgium, except in the main bedroom with 66 m³/h compared to 68 m³/h (97%)
and in the living room with 114 m³/h compared to 142 m³/h (80%). During the first optimisation
step, the flow rates have been corrected to be conform the requirement.
After the different optimisation steps, the total flow rates slightly varied but remained of the
same order, indicating equivalent performances of the system in terms of indoor air quality
(Figure 3).
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Figure 3: Evolution of the total flow rate from the initial situation and after the 4 optimisation steps, for supply
(green) and extraction (red), for fan setting 3 (nominal setting, full lines) and fan setting 2 (dotted lines).

2.5

Noise levels

The standardized service equipment sound pressure levels have been measured for the initial
situation and after optimisation step 1, 3 and 4 (step 2 was not measured) and compared to the
requirements of the Belgian standard NBN S 01-400-1 (Figure 4). The specific service
equipment noise levels have also been calculated by correcting the measured service equipment
sound pressure levels for background noise according to clause 8 of ISO 16032 [7]. The
background noise was measured when the ventilation system was switched off.
For the initial situation and nominal fan setting, the noise levels largely exceeded the
requirement of the Belgian standard for normal acoustic comfort in all the rooms, except in the
bathroom that was conform. For example, the noise level in the living room was 42 dB
compared to the maximum allowed 30 dB; in the bedrooms the noise levels were between 39
and 40 dB compare to the maximum allowed of 27 dB.
After each optimisation step, the noise levels were decreased in the different rooms. For
example after step 1, the noise levels were lowered by 7 dB in the living room and by 5 to 8 dB
in the different bedrooms. After step 4, the noise levels in the different rooms were all conform
the requirement of the Belgian standard for normal acoustic comfort and even for enhanced
acoustic comfort in the living room, bedroom 1 and the bathroom.
For fan setting 2, the noise levels were lower compared to fan setting 3 and were conform the
requirement for normal acoustic comfort in all the rooms for the initial situation as well as after
optimisation. Due to the lower ventilation noise levels for fan setting 2 (especially after
optimisation), the measurements were generally influenced by background noise. For these low
noise levels, the specific installation noise levels better represent the noise coming from the
ventilation system and give an upper limit of the service equipment sound pressure levels. For
fan setting 3, background noise was only an issue after optimisation step 4.
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Fan setting 3

Absolute installation noise
Specific installation noise

Figure 4: Standardized service equipment sound pressure levels without (left) and with (right) background noise correction for the initial situation and after optimisation step 1, 3
and 4 (step 2 was not measured) for fan setting 3 (nominal setting, above) and for fan setting 2 (below). The requirements of the standard NBN S 01-400-1 are indicated in
orange (normal acoustic comfort) and in green (enhanced acoustic comfort).

Fan setting 2

2.6

Electrical power

The electrical power absorbed by the ventilation unit has been measured for the initial situation
and after each optimisation step. The Specific Fan Power has been calculated for the whole unit
as follows:
SFP (W/(m³/h)) = P (W) / qmin (m³/h)
(1)
Where:
P is the total electrical power absorbed by the ventilation unit;
qmin is the lowest value of the total measured flow rate for supply and total measured flow rate
for extraction.
The electrical power as well as the calculated SFP decreased significantly from the initial
situation and after each optimisation step, except after step 4 where a slight increase was
observed (Figure 5). These reductions were higher for the nominal fan setting (3) than for fan
setting 2. From the initial situation to step 4, the reduction of the electrical power was 39% for
fan setting 3 and 13% for fan setting 2; and the reduction of the SFP was 37% for fan setting 3
and 25% for fan setting 2.

Figure 5: Electrical power absorbed by the ventilation unit (above) and Specific Fan Power (below) for the initial
situation (red) and after the 4 optimisation steps (blue).
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3

DISCUSSION

Some good practice recommendations had been followed in the dwelling of this case study,
such as placing the ventilation unit in a separated closed technical room, sizing of the ducts to
limit the air speed, and the use of primary sound attenuators (but not for all rooms in this case).
However, the noise levels in the rooms were very high and largely exceeded the requirements
of the Belgian standard NBN S 01-400-1, leading to dramatic acoustic discomfort for the
occupants of this dwelling.
This indicates that, beside these good practice recommendations, other aspects of the ventilation
system can have a negative impact on its acoustic performances. The results of the optimisations
from step 1 to step 3 allow to identify some of these aspects as detailed hereafter.
3.1

Pressure drop

The use of the foam sound attenuators situated behind the ATD of the living room could
theoretically attenuate some noises coming from the ducts of these ATD. However, the removal
of these foam sound attenuators in step 1 (together with a new adjustment of the air flow rates
at the ATD) allowed to reduce drastically the noise level in the living room, but also in other
bedrooms connected to the same fan but not equipped of such foam sound attenuators. This can
be explained by the high pressure drop generated by these foam sound attenuators. The removal
of these components leads to a lower pressure drop in the ductwork, as evidenced by the
decrease of the electrical power absorbed by the ventilation unit at the same time. The reduction
of the pressure drop by the removal of these components can have two positive impacts on the
acoustical performances. First, these components themselves probably generated noise because
of the airflow through them. Second, the lower total pressure drop in the ductwork allowed
decreasing the fan speed (to obtain the same flow rate) and thus decreasing the noise generated
by the fan itself. This can be confirmed by the reduction of noise also in the 3 bedrooms which
were not equipped with such foam sound attenuators.
The replacement of the externally mounted air transfer devices in the façade in step 2 showed
also an improvement of the acoustic performances in all the rooms. This replacement was also
associated with a decrease of the pressure drop generated by these components, as also
demonstrated by the decrease of the electrical power absorbed by the ventilation unit at the
same time. The pressure drop 5 times lower for the new component compared to the initial one
(calculated based on the manufacturer data) can be explained by the larger free section for the
airflow in the new one compared to the initial one, as evidenced in Figure 2. In this case, the
decrease of the pressure drop applies centrally for the fans (and not locally), allowing also
decreasing the fan speed.
Finally, a better adjustment of the ATD’s (step 1 and 3) and the choice of low pressure ATD’s
(step 3) allowed also to reduce slightly the noise levels in the rooms. Again, this can be
explained by a decrease of the pressure drop in the system allowing the fan to run at a lower
speed and then generating less noise. These steps were also associated with a reduction of the
electrical power. The choice of low pressure ATD is particularly important for the duct parts
where the pressure drops are the most unfavourable. The adjustment of the airflow rates at the
ATD is a very important step of the commissioning of a ventilation system. The Belgian
Building Research Institute developed recently a methodology and a tool [5] to facilitate this
adjustment for ventilation systems in dwelling, assuring to achieve a good result within a
limited work time. In this adjustment procedure, it is very important to keep in mind that at
least one ATD should remain in a fully open setting position in order to decrease as much as
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possible the pressure drop of the whole system. The ATD remaining in fully open setting
position is those corresponding to the duct part with the most unfavourable pressure drops.
3.2

Primary sound attenuators

After step 3 and the above-discussed optimisations, the noise levels had been improved
compared to the initial situation but remained too high in some rooms, especially the living
room, bedrooms 1 and 2. The specific installation noise level in bedroom 3 was significantly
lower (27 dB) compared to those in the other rooms (30 to 32 dB). Bedroom 3 was the only
room connected to a duct part equipped with a primary sound attenuator.
In step 4, a primary sound attenuator has been added to the duct part delivering the living room,
bedroom 1 and bedroom 2. Moreover, an additional sound attenuator has been installed to
further protect the main bedroom 1. Between step 3 and step 4, the noise levels decreased by 5
dB in the living room and 4 dB in bedroom 2, demonstrating the significant positive impact of
a primary sound attenuator. The noise reduction was even higher, by 9 dB, in bedroom 1,
because of the additional sound attenuator in this room.
Note that the electrical power absorbed by the ventilation unit slightly increased after step 4
compared to step 3 because a part of the ductwork was modified in order to add the sound
attenuators and was slightly longer compared to the initial situation (this could have been
avoided if the sound attenuators had been integrated initially).
4

CONCLUSIONS

The acoustic performances of mechanical ventilation systems in dwelling remain a challenge
in practice. The present case study confirms the relative difficulty to achieve high acoustic
performances in dwelling because some small design errors can have dramatic impact.
The results confirm the importance of the following measures to achieve high acoustic
performances of ventilation systems in dwellings:
 Placement of the ventilation unit in a separated closed room (technical room);
 Sizing of the ducts to limit the air speed below the recommended values;
 Use of primary sound attenuators close to the ventilation unit for all the duct parts and
with sufficient attenuation performances (length, thickness of attenuation material).
Beside these acoustic recommendations, the global quality of the ventilation system is also very
important to ensure the final acoustic performances. Limiting the pressure drops in the system
is particularly important in order to avoid flow noise generation due to a high pressure drop in
some component, but also to allow the fan to run at a lower speed for which the generated noise
is lower.
Some small sound attenuators to be placed behind the air terminal devices, such as foam
components, have to be used carefully because the additional generated pressure drop can have
a more negative impact on the acoustic performances than the theoretical attenuation of the
component.
Following these recommendation, it is possible to fulfil the acoustic requirements, such as 27
dB in the bedrooms (normal acoustic comfort in the Belgian standard). Higher acoustic
performance can be achieved by using additional sound attenuators, for example for sensitive
rooms such as bedrooms.
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ABSTRACT
An accurate temperature gradient calculation is essential for displacement ventilation (DV) system design, since
it directly relates to the calculation of supply air flow rate. Several simplified nodal models were developed and
implemented in the various building simulation programmes in order to estimate the temperature stratification in
rooms with displacement ventilation. However, the most commonly used models do not count the types and
locations of the typical heat loads in rooms with displacement ventilation. As a result, the calculated air
temperature in the occupied zone can defer from the real one, which causes poor thermal comfort and inadequate
sizing of the ventilation system.
In the present study, five simplified nodal models are analysed and validated with the experimental results in two
measurement setups. In addition, the effect of the room heights and locations of the indoor heat sources were
studied for the typical office environment. The experiments demonstrate that displacement ventilation provides
even temperature gradient throughout the simulated office room spaces. The influence of the room height on the
vertical temperature gradient is significant in the cases with high-level heat loads. The novel nodal model
demonstrates an accurate calculation of the temperature gradient for the typical heat loads office layouts.

KEYWORDS
Displacement ventilation, thermal plume, mixing height, nodal model, temperature gradient

1

INTRODUCTION

Displacement ventilation (DV) was first implemented in industrial buildings in order to take
its benefit of creating acceptable condition in occupied zone of industrial premises. Recently
this air-distribution strategy has gained extensive use in commercial buildings. Depending on
the space requirements two types of design methods are being used. Temperature based
design method is used when indoor heat sources are the main source of contaminants and
cooling requirements are important. In industrial applications air quality based design is
typically applied, where the design criteria is air quality and contaminant is let to stratify over
the occupied zone (Kosonen et al, 2017). In this paper, the focus on commercial buildings and
thermal comfort is the main concern.
Nodal models are the analytical energy balance models with lumped parameters that treat the
building room air as an idealized network of nodes connected with flow paths. They are
widely applied in building design because of their simplicity, flexibility and applicability
(Griffith, 2002). They differ in the number of nodes, flow and heat load configuration and
mixing height consideration. The models with two air nodes (Mundt, 1996; Li, 1992; Arens,
2000) predict the linear slope between the air nodes near the floor and exhaust one.
The multi-nodal models introduce the temperature profile composed by variable slopes
between the nodes. These models can use precalculated air flow rates (Rees, 2001) or
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empirical coefficients (Mateus et al, 2015; Chen, 1999) to predict the air-temperature
distribution and the division of the heat loads. The stratification or mixing height calculation
is essential for all the multi-nodal models. It can be found from the plume theory (Hunt, 2011)
as a height where the air flow rate of the plume is equal to the room air flow rate. The mixing
height calculation is applied in the simplified three-nodal model proposed by Mateus and da
Graca (Mateus et. al., 2015) and novel nodal model (Lastovets et al., 2018). Several nodal
models are currently available in thermal energy simulation tools. The Mundt and the Mateus
and da Graça models are implemented in EnergyPlus and the Mundt model is also available in
IDA ICE.
The most of the experimental studies of DV in commercial buildings were conducted for
limited amount of internal heat loads in laboratories with room height up to 3 m (Arens et al.,
2000). Whereas, the typical application of DV systems are high-ceiling room with various
heat load sources. Moreover, current simplified models for DV design, including 50%-rule for
the vertical temperature distribution, were developed and validated with the use of these
limited experimental results. The results for low-ceiling rooms were applied in dimensionless
form. However, measurements depict that modelled non-dimensional temperature profile with
low ceiling height is not valid with high ceiling applications (Kosonen et al., 2015).
Therefore, there is a need to check the effect of different ceiling height on the temperature
gradient in rooms with different heights.
In addition, all the current nodal models have been validated only for the simple heat load
configurations and room layout. Therefore, considering the limitation of simplified models to
predict temperatures in space, the model needs to be validated with temperature
measurements in different part of the room with DV.
2

METHODS

The study utilises experimental and analytical methods. The simplified nodal models are
analysed and validated with the experimental results in two measurement setups in order to
evaluate the effect of different types and locations of heat loads, room height and office layout
on the temperature gradient calculation in rooms with displacement ventilation.
2.1

Simplified nodal models

Five nodal models with different approaches were chosen to be analysed and compared with
the proposed one: the Mundt, the Nielsen, the Rees, the Mateus and Novel nodal model (Fig.
1).
Mundt

Mateus

Nielsen

Rees

Novel nodal model
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Low-level heat loads

High-level heat loads

Figure 1. Simplified nodal models to calculate a temperature gradient in rooms with DV

Mundt (Mundt, 1996) proposed the 2-nodal model where temperature gradient is calculated to
be linear over the room height. In this model the radiative energy flux from the floor is
balanced by convective heat transfer from the floor surface to the air.
In the Nielsen model (Nielsen 2003) the linear vertical temperature gradient between floor
and the height of mixing layer is predicted with Archimedes number and the type of heat load.
The mixing height is calculated for a point source in stratified environment.
The alternative approach to consider the flow patterns between nodes was developed by Rees
and Haves (Rees at al., 2001). The model includes 11 interrelated nodes: 4 room air nodes out
of the thermal plume, 4 nodes of the air flow within the plume and 3 surface nodes
representing floor, ceiling and wall temperatures. In addition, this model uses 14 flow paths
between the nodes with flow rate parameters that are predetermined by experimental and
numerical studies.
A simplified three-nodal model was proposed by Mateus and da Graca (Mateus et. al., 2015)
with the use of load separation and low zone mixing factor. In addition, this model calculates
the temperatures of wall surfaces: floor, ceiling, high and low levels of the walls.
Novel nodal model (Lastovets et al., 2018) predicts room air temperature at three heights: at
the height of 0.1 m, at the height of the mixed layer (hmx) and the height of the exhaust air
temperature that is equal to the room height. Heat load distribution determines the convection
heat transfer connection between the wall and air nodes. Low heat loads are considered to be
the ones that occur in the occupied zone of the room. The mixing height calculation in this
model depends on the type of the main flow element. The model consists of the set of 3
convection and 3 radiation heat balance equations assuming 50% split between the convective
and radiative heat loads.
Thus, five analytical methods that use different semi-empirical correlation to estimate the
temperature gradient for the displacement ventilation design are chosen to be validated with
the experimental results introduced below.
2.2 Experimental setup
The test setup to check the novel model calculation in rooms with different flow elements
consists of displacement diffusers with perforated front face and ceiling exhaust in wellinsulated room with 20.8 m2 floor area and room heights of 5.12 m and 3.33 m. The case with
lower height was organized so that whole ceiling was moved down together with the exhaust
diffuser, heated foils and light units (Fig. 2).
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– person simulators
– computer simulators

– heated foils on the wall, floor and ceiling
– fluorescent lighting units

Measurement points: P1, P2, P3 – room air temperatures; θf1, θf2 – floor surface temperatures; θs
– supply air temperature; θe – exhaust air temperature

Figure 2. Measurement setup to study the effect of different room heights and heat loads
The internal heat loads (Table 1) consist of heated cylinders representing persons, heated
cube-shaped boxes representing computers, heated foils in one wall and ceiling representing
solar load on window at different levels and fluorescent lighting units.
Table 1. Measured cases with different heat load combinations
Heat loads, W

Case

Supply
Supply
temperature,
Total
air
Foils Foils
room height
Foils
flow
Heated Heated on
on
Lighting heat
5.12/3.3 m
on the
rate
Cylinders Boxes the the
units loadsW
ceiling
m3/s
wall floor
°C
15.9
750
–
520 260
–
232
1762
0.1
18.1

10 people, window*
h) and floor heat loads,
lighting
10 people, ceiling heat
j)
750
–
–
–
loads, lighting
* Window height 3.6 m at initial level of 0.8 m over the floor

466

232

1448

16.7
17.7

0.1

The temperature profiles are measured from four locations (P1-P4 in Fig.2) at ten heights with
calibrated PT100 sensors (accuracy ± 0.2 °C). Surface temperatures were measured with
Testo 830-TI-infrared thermometer (accuracy ± 0.1 °C). Supply and exhaust air flows were
measured with air flow rate measurement device MSD 100, that was calibrated with an orifice
plate to reach the accuracy ±3%.
In addition, the model was validated with the experimental results published by Arens (Arens,
2000) for open-plan and cubicle-style office arrangements.
The test room layout is shown in the Figure 3. The open-plan office case was measured with
the partitions dividing the workplace, whereas the cubicle-style office includes them. The
supply air is delivered from two opposing air distributors, whereas the exhaust grille is
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located overhead to the right at height of 5 m. The internal heat loads were modelled by
rectangular person and computer simulators and 3 rows of lighting units. The room height is
6.5 m, whereas the fluorescent lighting fixtures were located 3.8 m above the floor. Air
temperature measurements were conducted with 0.6 mm diameter copper-constantan
thermocouples with a ± 0.2 °C accuracy at each of the ten positions indicated during each test.
Heat loads:
– person simulators
– computer simulators
– fluorescent lighting
units
- partitions
Measurement points:
S1-5, N1-5 – room air
temperatures
θs – supply air temperature
θe – exhaust air
temperature

Figure 3. Measurement setup to study the effect of different room heights and heat loads
Table 2. Measured buoyant flow elements and heat load combinations

Case

Open-plane office, Cubicle-style
office
4 people, 4 computers, lighting
units

Heat loads, W
Total Averaged Supply
air flow
supply
heat
Heated
Heated
loads temperature rate
rectang
square- Lightin
ularshaped g units
shaped
boxes
m3/s
°C
W
boxes
360

300

732

1392

15.5

0.18

Thus, the validation of the model was conducted for rooms with different layout and typical
heat loads in commercial building.
3

RESULTS

The measured data of the temperature gradient for the typical indoor heat loads (Table 1, 2)
were compared with the calculation results of the selected simplified nodal models: the
Mundt, the Nielsen, the Mateus, the Rees and Novel nodal model. The results of the
corresponding measurements and calculations are presented at the Figure 4.
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a)

c)

10 people, window and floor heat loads, lighting
H = 5.12 m
b)
H = 3.33 m

10 people, ceiling heat loads, lighting
H = 5.12 m
d)

H = 3.33 m

Figure 4. Measured and modelled temperature gradients for the rooms with different heights
and heat loads
In the cases with low level heat sources the major part the gradient exists in the occupied zone
regardless of the room height (Fig.4 a,b). The influence of the room height on the vertical
temperature gradient is essential in the cases with high-level heat loads, when the temperature
tends to stratify over the mixing level due to the increased air mixing in this level (Fig.4 c,d).
An arrangement of office layout affects the thermal stratification in rooms with DV only in
low zones of the room. Despite the fact that the vertical temperature gradients tend to be
similar throughout the room, the office furniture that prevents even air distribution
slightlyincreases unevenness of temperature stratification (Fig.5). However, these temperature
differences are negligible for the DV design calculations. Therefore, the average temperature
gradients are relevant for all the treated cases.
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Open-planned office

Cubicle-style office

Figure 5. Measured and modelled temperature gradients in different place of the room
The two-nodal Mundt model is not able to calculate the temperature gradient for all the cases.
The occupied zone temperature at the height 1.2 m calculates by the Mundt model was
roughly 3°C lower than the measured one. The Nielsen model is able to predict the
temperature near the floor; however it overestimates the mixing height level.
The Rees model in some cases (a, c) demonstrates the ability to follow the curve of the
gradient. However, the recommended (Rees et al, 2001) air capasities do not suit in all the
combinations of internal heat loads. Thus, it requires precalculation of air capasities in every
complicated case.
The Mateus and the novel nodal models demonstrate accurate temperature gradient prediction
in the cases with low level heat loads (Fig. 4 a,b). However, in the cases with high level heat
gains, such as heated ceiling, high window and computers, the Mateus model overestimates
the temperature in the occupied zone of the room, since it does not assume the gradient upper
the mixing height (Fig. 4 c, Fig, 5).
Heat load distribution in Novel nodal model conduces to a better temperature prediction in the
cases of high-level heat loads (Fig. 4 c, Fig, 5) loads.
4

CONCLUSIONS

The simplified nodal models are analysed and validated with the experimental results in two
measurement setups in order to evaluate the effect of different types and locations of heat
loads, room height and office layout on the temperature gradient calculation in rooms with
displacement ventilation. In all the treated cases displacement ventilation provides even
temperature gradient throughout the simulated office room spaces. Heat load distribution and
accurate mixing height calculation are the most essential factors to predict the temperature
stratification for the DV design conditions. Two-nodal model is not able to count these
factors. Among the multi-nodal models Mateus and Novel nodal model demonstrate the
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closest temperature gradient prediction. Novel nodal model is able to accurately calculate the
all temperatures for all the typical room heights and indoor loads.
5
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ABSTRACT
In a sealed building with tight facades, conditions for a good indoor air quality and comfortable conditions must
be guaranteed all the time especially for employees. This paper deals with the case of a specific retrofitted
building without any openings that immediately shows many difficulties to maintain good indoor air quality in
some parts of the occupied volume. An assessment of ductwork and HVAC system performance was first
realized, conducted by the SNIA (National Airport Engineering Service). This analysis enabled to explain both
the poor performance of the ventilation system observed by facility managers at the building scale, and the local
Indoor Air Quality (IAQ) discomfort mentioned by occupants.
This paper presents the method and results based on an experimental approach with measurements (pressure and
airflow rate in the ductwork, airtightness testing of the ductwork), calculation of pressure drops, and
observations (duct and internal envelope leakages search, airflow pattern) in order to identify the causes of the
current ventilation dysfunction.
The diagnosis showed that the major problem was due to the poor performance of two supply ventilation ducts
(leakages and pressure drops) called A & B, with impact on the fan blowing pressure and on pressure along
ducts. Reconditioning measures were proposed by SNIA, including the near-full replacement of ventilation
ductwork A and its Air Handling Unit (AHU - 2200 m3/h), the use of a duct sealing solution for ventilation
ductwork B and the installation of a fan speed controller on its AHU (1900 m3/h).
This paper also illustrates the results based on commissioning period after the 2017 upgrading to check all the
installation with duct pressure test, airtightness testing, airflow measurements, electric power input for fans and
sound pressure level.

KEYWORDS
airtightness, ventilation system, ductwork design, duct sealing, commissioning

1

INTRODUCTION

Ventilation is essential for securing acceptable air quality in each building by diluting and
extracting indoor pollutants and by supplying new air. At the same time, it accounts for 30%
or more of space conditioning energy demand (Liddament, 1996). Ventilation standards and
regulations about working condition set the requirements for the minimum ventilation rates
(French labour code (1984)). The ventilation needs in a sealed building are achieved by
mechanical means in order to respect proper airflow in each room, pollutants transfer between
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room (Richieri, 2016), overpressure of the whole volume, compliance with fire regulations
such as for high-rise buildings (CCH 2011), air-inlet treatment with filtering, heating/cooling
and dehumidification process.
Ventilation system must be able to ensure a minimum supplied airflow rates greater than a
limit depending on number of occupants in each room. At the same time, constant supplied
airflow rates are recommended for specific activities in order to induce globally a constant
over-pressure of the building.
The studied building is located in France and has no openings due to its specific activities.
Thus, indoor air quality conditions, as lightening or thermal ones, are crucial as the task of
working without any access to natural light or openings requires a high level of attention and
vigilance. As a result, comfortable conditions must be guaranteed all the time. In this paper,
we present a building that had many difficulties to maintain good indoor air quality conditions
after a complete retrofit of the ductworks in 2012. An assessment of ductwork and Air
Handling Unites (AHU) performance was realized by the SNIA which is the main contractor
for the project.
2

METHODOLOGY

A poor performance of the air handling system is observed by facility managers at the
building scale since the occupation of the site after a long period of retrofit in 2012. The most
troublesome phenomena were a bad indoor air quality located in the most distant zones from
AHU room.
From 2016, after several months of uncertainty for the site manager about the reasons for
these malfunctions, the site manager asked the building department of the SNIA to look for
the origin of the ventilation system defects and to propose improvements. The actions carried
out by SNIA consisted in the next key steps:
1. a complete ventilation system inspection;
2. a full ventilation system dimensioning, taking into account revised occupancy;
3. the specifications for upgrading all, or part of the air treatment and distribution
system;
4. the following-up of the 2017 upgrading carried out by a company according to the
SNIA specifications;
5. Commissioning and adjustment of the ventilation system with verification of the flow
rates in each room.
This paper presents the results of the ventilation audit based on an experimental approach
with both measurements (pressure and airflow rate in the ductwork, building pressure, IAQ),
and observations (duct leakages inspection, airflow pattern) in order to understand the current
building functioning and to identify the problem causes.
3 BUILDING DESCRIPTION
3.1 Zoning
The one level building has no openings. It was commissioned in 2012 after a long period of
renovation, including the retrofit of the ventilation and smoke extraction system, as well as
the repair of the heating and air conditioning of occupied and technical rooms. Due to its
specificities, the building has a fire safety system. The site is divided into two subdivision
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zones, called zones A and B, with five local subdivisions (A1, A2, A3) and (B1, B2) for
smoke extraction. The boundaries of these zones are composed of fire compartments and fire
dampers at each compartment crossing by the ventilation ductwork.
3.2

HVAC system description

Heating and cooling systems
The occupied rooms (kitchen, offices, bedrooms ...) are equipped with 4 tubes - fan coil with
local control of the indoor temperature. The technical rooms are cooled by precision air
conditioning units.
Ventilation system
Air renewal is based on a supply-only mechanical ventilation done by two Air Handling Units
(AHU) located in the HVAC room via two blowing ductworks (Zones A and B) as shown in
the figure 1. The ductworks used to deliver air from HVAC room to each rooms are
galvanized steel formed into rectangular for high flows, then circular from the diameter 250
mm in the middle and end of the ductwork.
Cooling capacity of each equipment enables refresh external air and dehumidification. The
Schneider Electric Programmable Logic Controler (PLC) operates two units to control the
supplied temperature. A remote supply air Temperature sensor, located in each supply air
path, senses the actual air supply such as temperature and humidity and compares it to its
fixed set point (cooling capacity of each unit is modulated on the opening control 3-way
valves, with a fixed fan speed).
The volume includes air-outlet openings located in corridors.

Figure 1: Ventilation principle in the building

The two AHU are identical, equipped with cooling coil running with chilled water, and an
electric coil for heating and air-dehumidifying process. A programmable logic controller
(PLC) activates a chilled water 3-way valve and a triac power to control the fresh air supply
temperature measured by a temperature and hygrometry probe in each duct. Supply air is then
blown into each room by diffusers whose flow is self-regulating by registers. The return air
from each room exfiltrates towards the corridors through ceiling openings. Table 1 gives the
main characteristics of the two AHU.
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Table 1: Air handling equipment used for ventilation
Mode

AHU
Air Handling
Unit
(2-pipe)
Air Handling
Unit
(2-pipe)

AHU n°1
(Zone A)
AHU n°2
(Zone B)

3.3

Heating/Cooling capacity

Airflow

Max Heating capacity: 27 kW elec
Total cooling Capacity: 11 kW

Design : 1800 m3/h

Max Heating capacity: 27 kW elec
Total cooling Capacity: 11 kW

Design : 1800 m3/h

Indoor air quality before the 2017 upgrading

The site manager regularly conducts indoor air quality measurement campaigns at various
points in the building, based on targeted measurements of pollutants related to the occupancy
or combustion pollutants (CO2), and pollutants related to construction products (total VOCs).
The results of the measurement campaigns are illustrated by the next two figures.
VOC tot ‐ Before retrofit

IAQ before retrofit
11/2012 (before)

Class A

04/2016 (before)

Class B

Class C

2500

2200
1800

VOC tot [microgr /m3]

CO2 Concentration [ppmv]

2000
1600
1400
1200
1000
800
600

2000

1500

1000

500

400
200

0
End of B1 zone

0
Mid of A2

End of A2

End of A3

End of B1

Mid of B2

End of A3 zone End of A2 zone

Mid of B2

Figure 2: CO2 (left) and VOC (right) measurements done before upgrading the ductwork and the equipment

CO2 measurements between 2012 and 2016 showed thresholds greater than 1000 ppmv and
sometimes more reaching nearly 2000 ppmv in 2016 in the end of the A3 zone located far
away from the AHU room. It should be noted that zone A3 was not occupied in 2012 during
the measurement campaign, which results in a low threshold in the absence of human
presence.
The total VOC measurements were carried out after the 2012 refurbishment. The levels are
compared with the thresholds defined in Legifrance (2011). Again, the measurements showed
that the ductwork branch in the end of zone A3 and the whole zone A3 had problems of air
renewal and high concentration of pollutant (class B). A search for specific sources of
pollution was also carried out to detail the majority VOCs. However, the presence of a large
total VOC concentration with high CO2 levels was a sign of under-ventilation, justifying the
SNIA's request for intervention.
4 VENTILATION SYSTEM INSPECTION
4.1 Duct pressure and air flow measurement
The manager initially commissioned by his services, and then by the initial designer of the
installation, measured room by room and checked compliances with specifications of the
2012 refurbishment. The results of this measurement campaign are synthesized by zone in the
next figure.
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Before retroffit
total goal

total measured

1200

‐10%

Airflow [m3/h]

1000
800
600

‐21%

400
200
0
A1

A2

A3
Zone Id

B1

B2

Figure 3: Comparison between measured ventilation rates and regulatory flows for 5 major zones after the 2012
refurbishment, before 2017 upgrading

As we can see, the zone A3, furthest from the AHU room, is globally under-ventilated with
total measured airflow rate lower than the specifications of the 2012 refurbishment by -21% ,
and locally from -30 to -70% (on the basis of a sizing airflow of 15 m3/h/person).
The ventilation in zone B is better, with an average air-renewall 10% lower than the target in
zone B2, furthest from AHU room, with locally -13 to -53%.
Flow measurements were also performed at the outlet of each AHU, and this measurement
was compared to the sum of airflow rates of each outlets (Table 2). The results are initially
surprising because in both cases, the supply air-flow rate of each AHU is much higher than
the ventilation objective of the site. However, the difference with the sum of each air outlets
flowrate was + 31% higher in zone A and + 16% higher in zone B, suggesting a very
important leak rate confirmed by airtightness measurements of each ductworks. Measurement
accuracy however is estimated to be +/- 20% for Coanda air-outlets measured with cone and
hot wire (Promevent - 2017).
In addition, there is a duct pressure drop (nearly 95 Pa) between AHU and the duct portion
after the first fire damper. The AHU supply airflow rate of zone A (of 2600 m3/h instead of
1935 m3/h) causes a drop in the blowing pressure, as well as high and noisy velocities with
more than 6.5 to 7 m/s, auguring singular high pressure losses at each fire damper and elbow.
Table 2: Measurement before retrofitting
Measurement before retrofitting
AHU supply pressure
Duct pressure after the first fire damper
AHU supply rate
Sum of each air-outlets rates
Difference (leak rate and % of leaks)

4.2

Zone A
280 Pa
185 Pa
2600 m3/h
1783 m3/h
817 m3/h (+31%)

Zone B
313 Pa
245 Pa
2101 m3/h
1765 m3/h
336 m3/h (+16%)

Duct pressure test and leakage results

Beyond the under-ventilation finding in distant rooms, these initial investigations were
completed by a duct-airtightness campaign on zone A and B. The evaluation of the duct
leakage class was carried out by a specialized company according to standard NF EN 12237
(AFNOR – 2003) and FD E51-767 (AFNOR – 2017). The results shown in the figure 4
indicate that ducts were "out of class".
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Duct airtightness classe ‐ before 2017 upgrading
0,0014

Zone A before

Zone B before

f class index [m3/s.m²] @250 Pa

0,0012

Zone A before
Zone B before

0,001

Classe A

0,0008

Classe B
0,0006

Classe C
Classe D

0,0004
0,0002
0
1

Figure 4: Zones A and B Class performance of duct-airtightness tests before the 2017 upgrading

The leaks search was carried out during the pressure tests and identifies important defects in
each duct spigot despite the sealant application. Different examples are seen on newt figures.
Many portions of the ductwork have been found to be poorly treated, with also execution
difficulties to connect duct with fire dampers.

Figures 5: Examples of ductwork leakages found during test

Cross-investigations with flow measurement, duct pressure measurement, and duct pressure
test have shown both poor performances with almost 30% leakage flow, and under-sizing
sections resulting in pressure losses along the ductwork.
5

RETROFIT ACTIONS OF VENTILATION SYSTEM

First of all, the retrofitting project of the whole ventilation system has to be in accordance
with French regulations, from 15 m3/h to 25 m3/h per person, and the expected occupancy in
each room. As a result, airflow rates mentioned in the specifications were changed from 1935
m3/h to 2130 m3/h (+10%) for zone A, and from 1755 m3/h to 1905 m3/h (+ 8.5%) for zone B.
In a second step, the SNIA proceeded to a duct sizing check linked to the new ventilation
need, and a limiting pressure losses less than 0.8 Pa/m. The next schematic diagram (figure 6)
shows:
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- replaced ductwork portions because of a problem of under-sizing related to the installation
of self-regulated damper (MR Modulo Aldes®) with an operating range of 50 to 250 Pa (in
blue);
- conserved ductwork portions fully checked and sealed by the Aeroseal® sealing process (in
green);

Figure 6: Conserved and replaced ventilation duct and equipment

The path is generally preserved except for the ductwork of the zone A1 which is prolonged
towards A3, and a conserved portion of the ductwork in zone A2. The SNIA specifications
also mentioned a class B objective for every ductwork, both for new ones and for sealed
portions after cleaning / disinfection. All fire dampers of the ductwork A have also been
replaced, with the main feature being a significant reduction in singular head losses (<10 Pa
per valve).
The AHU used for zone A has been replaced with the consideration of:
- a fan speed variation by maintaining a constant supply pressure with the EC type fan;
- taking into account a suitable available pressure for supply flow and air-inlet, as well
as for over-pressurizing the building;
- an improvement of the remote supervision of the equipment;
- the installation of a sound trap in the AHU supply duct;
At the end of the 2017 upgrading on ductwork of zone B, the duct pressure became excessive
(+480 Pa). Thus, a frequency converter was installed in order to adjust supply pressure by
reducing fan speed.
6 RESULTS AFTER RETROFITTING
6.1 Airflow and pressure measurement
The 2017 upgrading lasted 4 months. Airflow measurements were conducted upon reception
in July 2017 on the entire ductwork by a company independent of the HVAC business. As
illustrated by figure 7, results by zone are now in accordance with the objective of the
specifications at each point of the building.
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After retroffit
total goal

total measured

1200

Airflow [m3/h]

1000
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600
400
200
0
A1

A2

A3
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Figure 7: Comparison between measured ventilation rates and regulatory flows for 5 major zones after 2017
upgrading

As detailed on table 3, the duct pressure is now higher with an AHU supply pressure of +350
Pa, which corresponds to the duct pressure needed to maintain a minimum of +80 Pa duct
pressure for the last and far self-regulating damper at the end of zone A3. This duct pressure
is in accordance with the theoretical calculation of pressure losses for a class B performance.
Finally, the difference with the sum of the air-outlets flows is only + 4% in the zone A, and +
6% in the zone B, suggesting a clear improvement in the leakage rate.
Table 3: Measurement after retrofitting
Measurement after retrofitting
AHU supply pressure
Duct pressure after the first fire damper
AHU supply rate
Sum of each air-outlets rates
Difference (leak rate and % of leaks)

6.2

Zone A
350 Pa
280 Pa
2293 m3/h
2190 m3/h
103 m3/h (+4%)

Zone B
275 Pa
200 Pa
2095 m3/h
1968 m3/h
127 m3/h (+6%)

Sealing and Duct pressure test

Results illustrated in the next graph show that the ductworks are very air-tight with an
objective class respected in the two zones, with a class C for the sealed ductwork (zone B),
and a class D for the new ductwork (zone A). Note that the new ductwork (zone A) was also
sealed by Aeroseal®, according to insufficient performance due to existing ducts in zone A2.
The performance was class A before sealing procedure. Each measurement was carried out in
a single pass due to the good airtightness.
Duct airtightness classe ‐ after 2017 upgrading
0,0014

f class index [m3/s.m²] @250 Pa

0,0012

Zone A after
Zone B after

0,001

Classe A

0,0008

Classe B
0,0006

Classe C
Classe D

0,0004
0,0002

Zone B after
Zone A after

0
1

Figure 8: Class performance of Duct-airtightness tests after 2017 upgrading on zones A and B
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6.3

Indoor air quality

Only CO2 measurements were carried out after 2017 upgrading. Figure 9 shows homogeneous
values lower than 700 ppmv, as a sign of homogeneous ventilation in each zone (figure 9).
Indoor CO2 concentration after retrofit
11/2017 (after)
2200

CO2 Concentration [ppmv]

2000
1800
1600
1400
1200
1000
800
600
400
200
0
Mid of A2

End of A2

End of A3

End of B1

Mid of B2

Figure 9: Indoor CO2 concentration after 2017 upgrading

6.4

Electrical consumption

The installation of frequency variations on each AHU allowed a significant reduction in the
power absorbed by each fan by -71% for the AHU of zone A and -78% for the AHU of zone
B (figure 10).

Fan power consumption
2

1,80

1,80

Fan Power [kW]

1,8
1,6
1,4
1,2
1
0,76

0,8
0,6

0,40

0,4
0,2
0
Zone A before

Zone A after

Zone B before

Zone B after

Figure 10: Comparison of the fan powers of each AHU before and after 2017 upgrading

7

CONCLUSION

The method identifies the causes of malfunctions in the ventilation system and made possible
to precisely identify the causes after several months of uncertainty for the manager of the site.
The diagnosis showed that the major problem was due to the poor performance of ducts
airtightness, where no verifications at the execution of the 2012 refurbishment had been
required previously. Reconditioning measures proposed by the SNIA allowed delivering a
well-functioning installation, with a checked control of all air-outlet airflow rates, as well as a
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net reduction of the electrical powers absorbed by the fans, like the reduction of the noise
nuisances nearby AHU.
8
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ABSTRACT
The AcouReVe Project aimed to improve the knowledge and the quality of acoustic calculation in ventilation
ductworks. Such calculations are based on simplified models and the main issue is the input data. For each
component of the ductwork, acoustic insertion loss and/or sound generation due to air velocity has to be known.
Some components are well described by manufacturers, such as terminal devices, silencers, but others are not
known. Sometimes, literature exists and can help to assess the input data, but the values may be out of date or no
longer reflect current practices. This paper focuses on several component characterisations, such as attenuation in
T or Y-shaped junctions, attenuation in straight ducts, attenuation and generation in bends and dampers and finally
the acoustic behaviour of a manifold.
Noise remains a key issue for most building occupants, who wish to live in a relatively quiet indoor environment.
Ventilation is one of the noise sources in buildings and efforts are made by most manufacturers to design silent
solutions, both for components and ductwork. Acoustical consultants implement calculations to predict the sound
levels in the rooms taking into account the ventilation system and ductwork but they often face to several issues:
Lack of information about the acoustical characteristics of ductwork components, both for noise
attenuation and regeneration
Lack of confidence in the calculation process: it usually uses a simplified approach in which each
ductwork component is considered independently from the others without interaction,
Lack of confidence in the literature results: simplified tables or empirical relations are used but their field
and limits of application are not well known.
The goal of the AcouReVe research project (2015-2018) was to make the ductwork noise calculations more
reliable by providing answers to many of these issues.
Several ductwork geometries for bends and branches have been investigated to assess their acoustical
characteristics (generation of noise and insertion loss), both numerically and experimentally. Losses in straight
rigid circular ducts have been measured and analysed, as well as acoustical characteristics of components, such as
for example acoustical behaviour of manifolds for balanced ventilation systems.
Laboratory tests allowed to check how the assumption of independent components used in the classical noise
calculation methods leads to differences between calculation and measurements.

KEYWORDS
Noise, ventilation ductwork

1

INTRODUCTION

The AcouReVe project dealt with the ductwork noise calculation. Such calculation needs to
split ductwork in several parts (elements) and associates to each of these elements the two
following acoustic characteristics: sound generation by the air velocity and sound attenuation
by the element. The calculation is rather simple to implement as it uses an energetic approach
with uncoupled elements but the key factor is the acoustic input data for each element, which

452 | P a g e

are often missing or uncertain (low reliability). The main target of the AcouReVe project was
to get an overview of the ductwork noise calculation in order to highlight the main issues to be
investigated, and improve the reliability of the results.
The work mainly focussed on ductwork components such as junctions (T-junctions,
Y-junctions), straight ducts, bends, dampers and manifolds.
Other ductwork components such as air inlet or air outlet transfer devices are expected to be
accurately characterised by manufacturers as they are located at the end of the ductwork,
visible, and with specific design which can greatly influence the noise behaviour. For this
reason, AcouReVe did not focus on them.
The acoustic characteristics of silencers are usually known since their role if to reduce the noise
level (even if their noise generation is sometimes forgotten). They were not looked at in
AcouReVe.
The project also investigated the way to implement such calculation in aerodynamics software,
checking which data are necessary, and if their approach is compatible with that of acoustic
calculation. In addition, a database would be implemented and available to users, giving a place
to manufacturers to share these specific data with users or software developers.
This presentation focuses on the missing or uncertain data as follows:
- sound attenuation in junctions,
- sound attenuation in straight ducts,
- sound generation and attenuation in 90° bends,
- sound generation and attenuation in dampers,
- acoustic behaviour of rectangular manifolds.
2

SOUND ATTENUATION IN JUNCTIONS

The junctions are used to split the air flow from one duct to two (or more) other ducts, in order
to distribute the air to several sub-branches or terminal devices. This simple geometrical
configuration has been widely described in the literature (e.g. Ashrae), and is easy to
implement in calculations. The calculation of the sound attenuation Δ𝐿𝑤 𝐵𝑖 uses two formulas,
depending on cut-off frequency (i.e. the frequency below which only plane waves travel in the
duct).


For frequencies < cut-off frequency f0
Δ𝐿𝑤 𝐵𝑖 = 10𝑙𝑜𝑔 [1 − (



∑ 𝑆𝐵
𝑖 −1
𝑆𝑎
∑ 𝑆𝐵
𝑖 +1
𝑆𝑎

2
𝑆𝐵

) ] + 10𝑙𝑜𝑔 (∑ 𝑆 𝑖 )

(1)

𝐵𝑖

For frequencies > cut-off frequency f0
𝑆𝐵𝑖

Δ𝐿𝑤 𝐵𝑖 = 10𝑙𝑜𝑔 (∑

𝑆𝐵𝑖

)

(2)

where Sa is the section of upstream branch and SBi, the ith section of downstream branch.
As equations (1) and (2) do not include
geometrical parameters, they can be relevant
for symmetrical Y-junctions or T-junctions.
But for the T-junction with a main duct and a
lateral branch, the sound could be distributed
unsymmetrically, and this is not taken into
account by equations (1) and (2). Several tests
have been performed on 3 configurations,
described in Figure 1.

Figure 1: T90-junction, T45-junction and Y-junction
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All ducts have a 250 mm diameter. They are of the round spiral steel type, as widely used in
ventilation ductworks.
Sound power level is measured inside ducts (ISO 5136) at a distance of 1 m upstream of the
junction and 2.5 m after the junction in each downstream branch. The sound level is generated
by an upstream loudspeaker emitting a broadband noise, in axial or lateral position.
The measurements are supplemented by a noise calculation with a 2D approach.
The results are presented as the differences between the downstream and upstream sound
levels, so that -3 dB means that the level in the considered downstream branch is 3 dB lower
than in the incoming upstream branch.
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Figure 2: Attenuation for a junction T-90° (left: side branch, right: direct branch) – axial loudspeaker

Figure 2 shows the theoretical attenuation according to equations (1) or (2), the measured value
of in-duct sound power level attenuation Lw, and the calculated value for in-duct sound level
attenuation (considering sound pressure levels Lp and sound power levels Lw). Some standing
waves remain at low frequency (despite the anechoic termination), leading to peaks, here at
125 Hz.
Anyway, the left figure shows that for frequencies below 500 Hz, the plane wave theory is
quite well respected, with a -3.5 dB attenuation. Above this frequency (approx. two one-third
octave band below the cut-off frequency (800 Hz), the theory is far away from the
measurement and calculation results, which show a big difference with the upstream duct
around 8-10 dB. By contrast, the right figure shows a smaller attenuation 1 in the direct
upstream duct, around -1 dB, instead the -3 dB given by theory. It seems obvious that it is
easier for noise to continue straight ahead in the duct than to take a way with right angle.
Same tests have been done on a T-45 junction, presented in Figure 3.
T45 Ø 250 : (downstream 0 - upstream)

T45 Ø 250 : (side 45 - upstream)
4

4

2

2

Fréquence (Hz)

Figure 3: Attenuation for a T-45° junction ° (left: side branch, right: direct branch) – axial loudspeaker

1

Throughout the document, negative values in the figures representing sound attenuation must be read as reducing the sound
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The same conclusions as for T-90° junction apply for low frequencies. For higher frequencies,
the same dissymmetric results occur, with only a little lower amplitude with T-45° compared to
T-90°.
It has to be noted that the dissymmetrical behaviour is reduced when the exciting loudspeaker
is positioned on the lateral side of the upstream duct, instead of at the axial end. This position
leads to excite resonance modes of a higher order.
The Y-junction shows that the symmetrical effect is achieved. The difference with the theory
decreases especially around the cut-off frequency. On the higher range (1600-3150 Hz), higher
attenuation is seen for experimental results, probably due to the losses in the ducts. The
prediction obtained by the calculation fits with the literature theory.
The literature theory does not include a parameter to adjust
the attenuation in the downstream branches according to the
geometry of the junction.
A proposal is to add to equation (2) a new term taking into
account the angle between the upstream and the downstream
branches:
𝑆𝐵𝑖

Δ𝐿𝐵𝑖 = 10𝑙𝑜𝑔 (∑

𝑆𝐵𝑖

) + 𝑓(𝜃𝐵𝑖 )

𝑖𝑓 𝑏𝑟𝑎𝑛𝑐ℎ 1 ∶ 𝜃𝐵1 = 180°
1
with𝑓(𝜃𝐵𝑖 ) {
(3)
−2.5 sin 𝜃𝐵2
𝑓𝑜𝑟 𝑠𝑖𝑑𝑒 𝑏𝑟𝑎𝑛𝑐ℎ 2
𝜋
and ≤ 𝜃𝐵𝑖
2

3

SOUND ATTENUATION IN STRAIGHT ROUND DUCTS

The total length of a ductwork can be more than several tens or hundred meters. The sound
travels on long distances and can be damped by air relaxation effects and the acoustic losses on
the duct walls (mainly noise transmitted to the duct and to its surrounding). This part only deals
with circular ducts, which are known to produce few losses.
A typical data from literature for ducts around Ø 200 mm is a loss of 0.1 dB/m for the low
frequencies and 0.3 dB/m for high frequencies. These values are small but can lead to
significant attenuations for long ducts. Practice shows that design contractors often neglect this
phenomenon in calculation, probably for conservative reasons.
Several tests were performed to assess these losses in the well-known galvanized steel spiral
duct used in ventilation.
The test set-up consists in a loudspeaker, an upstream duct with in-duct sound power
measurement (used as reference), the ducts under test (length 6 m, resulting from the assembly
of 2 ducts of 3 m), and downstream an anechoic termination. A microphone is moved into the
duct to measure the sound pressure levels every 20 cm, located at the ¼ of the diameter.
Tests were done on 4 diameters: Ø 80/100/125/160 mm. For the 160 mm diameter, one
additional case consists of a 5 m length duct made of 5 sections of 1 m.
6m

Figure 4: test set-up to characterize the attenuation in a straight duct

The Figure 5 shows the attenuations in dB/m for the 5 tested configurations. All of them show a
low attenuation for frequencies below 1600 Hz. The value of literature, ~ - 0.1 dB/m, seems to
be realistic. For frequencies higher than 1600 Hz, the 4 diameters with 2 x 3 m give comparable
results, between - 0.5 and - 1.5 dB/m, that can be rounded to - 1 dB/m. The case of the Ø
160 mm with 5 x 1 m leads to a different result, with higher attenuation, locally around -3 dB/m
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at 2000 and 2500 Hz and between -1 and -2 dB/m above (the peak of +1.3 dB/m at 1600 Hz is
unrealistic and unexplained). This difference is obtained although the numerous duct
connections were tightened with care, using adhesive tape around the male connectors.
2
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Figure 5: Attenuation in dB/m in a straight duct

The frequency from which the acoustic behaviour changes should be related to the cut-off
frequency when the travelling waves are no longer plane waves (80 mm  2530 Hz, 100 mm
 2030 Hz, 125 mm  1624 Hz, 160 mm  1270 Hz), but the Figure 5 does not show such
differences, as the frequency of change appears to be always around 1600 Hz.
Note: the use of a loudspeaker in axial position does not favour the creation of non-plan modes
4
4.1

SOUND GENERATION AND ATTENUATION IN BENDS
Sound generation

Bends, as any obstacle in a duct with air velocity, can produce noise. The level of this noise
greatly depends on the air velocity itself and as a first approximation, as the pressure loss
coefficient (i.e. the shape of the obstacle). Most of bends used in ventilation have a soft radius
of curvature, approx. around 1 diameter, even if they can be built differently, such as pressed
steel (round bend) or assembly of several straight parts.
Several types of bends with a
250 mm diameter have been tested
to determine their sound power
level, using a reverberant chamber
equipped with a silent wind tunnel.
Upstream of the bend is an inlet
horn, a convergent duct from Ø
630 mm to 250 mm and an
upstream
straight
duct.
Downstream of the bend is a
straight duct and a horn that
reduces the standing waves, which
ends
on
the
downstream
reverberant room (ISO 5135).

To the AMCA device
& auxilary fan

microphone

1,86 m

Reverberant room

Bend on test

1,19 m
1,25 m
silencer
108°

Inlet horn

Figure 6: experimental set-up for noise generated by bend / junction
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Figure 7: tested elements (l. to r.): 1. round bend, 2. bend by straight parts, 3. sharp bend and 4. T-90 junction
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Figure 8: tests results for bends and junction. Overall sound power level vs air velocity

The Figure 8 shows the overall dB(A) sound power level for all configurations. Curves show
identical results except for sharp bend and lateral branch of the junction. The noise level of the
other configurations is the same as the straight duct reference configuration. This means that
the 1D curvature radius bends do not generate noise in ventilation ductworks.
The sharp bend is unrealistic, tested to give a "worst case" result, around + 10 dB(A). The
lateral branch of the junction has a radius curvature much smaller than 1D. It does not generate
additional noise for low air speeds (< 8 m/s) and around + 4 dB(A) at 15 m/s; this latter
velocity is not encountered in ductwork designed according to good practice rules.
4.2

Sound attenuation

A bend represents an impedance change in the duct for the traveling waves. This generates
sound reflexions to upstream which reduces the sound energy transmitted to downstream,
resulting in some attenuation. Tests were performed for 2 bends of Ø 160 mm, round bend and
sharp bend (without airflow). Test set-up consists from upstream to downstream in a
loudspeaker (axial or lateral with reference microphone), a straight duct, the tested bend, a
straight duct with a section to measure the average sound pressure level and an anechoic
termination. In the same way as before, the results are the difference of downstream sound
level with the straight (without bend) configuration.
The Figure 9 shows the attenuation for the 2 bends, compared to literature results. Round bends
have a lower pressure loss; their noise attenuation is small, equal to zero at low frequencies,
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and around 2 dB at higher frequencies. On the contrary, the sharp bend presents a greater
pressure loss, thus a higher attenuation, very close to the values given by literature.
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Figure 9: Attenuation of sharp and round bends (measurement and literature)

Note: when the loudspeaker is located on a lateral position of the upstream duct, then
generating more non-axial waves, the attenuation is a little bit lower for the sharp bend.
5
5.1

SOUND GENERATION AND ATTENUATION IN DAMPERS
Sound generation

Dampers are used to adjust air flow rates in the various branches of the ductwork. Dampers
create pressure loss, which can create noise. Five types of dampers of Ø 160 mm have been
investigated, shown in Figure 10: iris, blade (full or perforated), blast gate, flexible opening
foam (made with agglomerated PU foam ) with removable pieces to adapt pressure drop.

Figure 10: tested dampers (l. to r.): iris damper, damper blade (full or perforated), blast gate, flexible opening foam

The dampers are installed in a reverberant room equipped with a silent wind tunnel, an airflow
meter and pressure loss measurement, associated with sound power level measurement (ISO
5135) in a second room. Tests are performed for global air velocity around 10 m/s (the range
depends on the pressure drop of the damper and its set-up).
The literature (VDI 2081) gives an assessment of the overall sound power level dB(A) with a
coefficient Kv = 51 for logarithm of air velocity and another Kx = 17 for pressure loss
coefficient.
LwA = Kv * log v + Kx * 17 log  + 10 log D + 10
(4)
where v: air velocity,  pressure loss coefficient, D: diameter.
For the blade damper and the foam damper, the direct application of equation (4) with Kv = 51
and Kx = 17 (default parameters of VDI 2081) leads to be best results compared to
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experimental sound power levels, with respectively -3 dB error in average for the full blade and
around 0 dB for the foam damper.
For the other types of dampers, the Kx parameter can be adjusted to give a smaller error
between calculation and measurement. For iris damper and blast gate, the best Kx parameter is
13 instead of 17, leading to -2 dB error in average. For perforated blade damper, the best Kx
is 8, with 0 dB error in average.
This means that the VDI 2081 equation is a correct basis to estimate the overall value of noise
generated by dampers. Although a relationship exists between pressure loss coefficient and
sound power level, the geometry of the blade has also a strong influence on sound generation
and the Kx factor value can be optimized for each kind of damper.
This calculation only gives an estimate of the overall sound power level, without providing
information about the spectrum shape.
5.2

Attenuation

As for bends, the damper is an obstacle in the duct that changes the impedance, creating
reflexion and reducing transmission. For the downstream point of view, the damper creates a
sound attenuation (insertion loss). The tests use an upstream loudspeaker to generate broadband
noise. The attenuation is calculated by comparing sound pressure level in the reverberant room
with and without the damper. Figure 11 compares 3 cases of iris, blade and foam dampers in a
configuration close to a pressure loss coefficient  = 10. Metal dampers have no effect between
125 and 500 Hz, before to reach -2 dB (blade full) or – 4 (iris). The perforated blade has no
effect, although it is in closed position (90°!). On the contrary, the foam damper, made of
absorbing agglomerated PU foam, creates a true absorption for the high frequency range, up to
-14 dB at 8000 Hz.
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Figure 11: insertion loss of iris damper, damper blade full and perforated, flexible opening foam for   10

6

ACOUSTIC BEHAVIOUR OF A MANIFOLD

Manifolds are used in ventilation to distribute the air coming from
the ventilation unit to the downstream branches bringing air to
different rooms. Their size and shape vary, from rectangular to
circular, with spigots on lateral sides or on all sides as well. One
could be tempted to consider them as a plenum, but their small
volume makes this not suitable. One manifold has been tested and
results compared with calculations. For practical reasons, the tested
manifold is in wood with an inlet of Ø 250 mm and 6 outlets of
Ø 160 mm. Internal size is L = 88 cm, w = 50 cm, d = 25 cm.

Figure 12: manifold in test
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The experimental set-up consists in a
lateral loudspeaker on the inlet side,
with a measurement of sound power
level at the inlet, and the measurement
of sound power level at 4 of the 6
outlets. All branches with sound level
measurement are equipped with an
anechoic termination.
The test result is the attenuation of the
sound power level observed in one
branch compared to the incoming sound
power level.

2m

0,5 m

1m

1m

0.5 m

2m

G3 D3
G2 D2
G1 D1

0,5 m

0.74 m

3m

Figure 13: set-up for the acoustic characterisation of manifold

The numerical simulation is based on a 2D-approach. Many configurations have been
investigated, for 1 to 4 (resp. 1 to 6) connected outlets in the experiments (resp. in the
calculations).

Figure 14: Attenuations obtained by measurement and calculation for only one connected outlet

The Figure 14 shows the experimental and calculated attenuations from inlet to outlet. Both
approaches results are rather consistent, at least for the frequencies where peaks and holes
appear. They are related to the modal situation of the volume and the branches. For high
frequencies, calculation results are higher probably because no damping is taken into account.
The general level of attenuation appears to be between -2 and -20 dB for the experiment, with
high differences depending on frequency regions.
The first outlet (G1) exhibits a high attenuation at 125 Hz whereas the second outlet G2 has a
maximum attenuation at 200 Hz.
Figure 15 illustrates the modal composition in the system at a frequency of 125 Hz. It shows
that, whatever the outlet connected, a mode exists in the volume. For the first outlet (close to
inlet), an anti-node leads to a high disruptive era, then an attenuation (see left figure). On the
contrary, the 3rd outlet is on a pressure node, and the sound energy is easily transferred from
inlet to outlet.
The analysis of all calculations (Figure 16) results for one outlet shows that all the possible
combinations of all other outlets are less important than the position of the considered outlet.
Improving the number of connected outlets reduces the amplitude, acting like a damping factor.
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Figure 15: calculated modal composition in the system with one outlet for 125 Hz
(red: high acoustic pressure, blue: low acoustic pressure)

Figure 16: attenuation for G1 outlet (downstream – upstream), for 1 to 4 outlets connected
left measurement, right calculation

7

CONCLUSIONS

The acoustic calculation for ventilation ductworks is a challenge as it requires numerous input
data, e.g. attenuation and sound generation for all the components of the ductwork. The method
of calculation is based on a simplified energetic approach for which the crucial point is the
quality of input data. Some are usually well known such as for terminal diffusers, but some
others are rarely available, such as the noise generated and/or attenuated by junctions, straight
ducts, bends, dampers and manifolds. This study has experimentally investigated several
components. The main conclusions are:
 The literature about junctions is correct for symmetrical configurations. For T-90° or T45° branches, the calculation requires a different treatment for each branch, the lateral
one receiving less sound energy than the straight one.
 Bends provide a few sound attenuation, as given in the literature. If the curvature radius
is at least 1D, no noise is generated compared to a similar straight duct.
 Dampers have to be considered as a bigger source of noise than of attenuation, which
remains. Their overall sound power level can be estimated from the proposed VDI 2081
calculation, provided that the factor linked to the pressure loss coefficient is refined,
according to the damper geometry. Tests showed that iris or perforated blade dampers
are quieter.
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8

For low frequencies, losses in straights duct are consistent with literature and are very
low, but the circular ventilation ducts provide higher losses than expected for high
frequencies, with more than 1 dB/m for the considered galvanized spiral steel duct.
Manifolds provide an attenuation whose frequencies are related to their geometry
(modal behaviour). The number of connected outlets slightly influences the attenuation
levels.
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ABSTRACT
Research shows that, despite compliance with building codes, residential ventilation systems do not deliver the
requested air exchanges in the individual rooms. One of the reasons for this can be found in the way the building
codes are composed. In general building codes only specify the minimum ventilation capacity that need to be
installed in the various rooms. The actual performance of the ventilation system is left to the market. Since
reality shows that market forces alone do not succeed in securing minimal ventilation performance, the Dutch
Standards Committee – when commissioning the revision of the existing standard NEN 1087 (Ventilation for
Buildings) – requested that a Performance Assessment method should be incorporated in the new version, in
order to guide the market towards better ventilation systems.
Obviously good IAQ is the actual goal behind ventilation systems. Ventilation systems attempt to influence the
IAQ by inducing air exchanges in the various rooms in order to extract and dilute pollutant concentrations. Since
type and level of pollutant concentrations is an ongoing research topic and in addition highly dependent on
pollutant level of the building itself, the draft Performance Assessment method will not be based on IAQ-metrics
(pollutants), but on the primary function the ventilation system itself: ‘its ability to achieve the requested air
exchanges in the right place at the right time’. The rapporteurs therefore proposed to follow the methodology
that was developed by VHK and U-Gent in consultation with the Residential Working Group of EVIA. The
principles of this methodology were presented during the 2017 AIVC conference. The methodology introduces
new parameters that indicate the probability of ‘achieving the requested air exchanges in the right place at the
right time’, based on the controls that are used, the operating reliability of the ventilation provisions used, and
the airtightness of the building.
Adjustments were necessary to make the methodology suitable for use in building regulations. The coming
period will be used to compare results of the Performance Assessment method with the results of field research
and multi-zone airflow simulation models, after which the new NEN 1087 and the Performance Assessment
method will be published for public consultation.

KEYWORDS
Residential Ventilation Systems, Ventilation Performance, Assessment method

1.

INTRODUCTION

463 | P a g e

Up until today the performance of ventilation systems in residential buildings remains largely
unaddressed. It is generally assumed that compliance with building codes results in an
acceptable indoor air quality (IAQ). It is also assumed that the various types of codecompliant ventilation systems perform comparably. Field research however demonstrates that
both assumptions are incorrect: IAQ-levels can be far from adequate and there are large
differences in ventilation performance between systems in dwellings [1, 2, 7, 8, 9,10,11].
With energy performance standards demanding increased airtightness levels and reduced
natural infiltration [9,10], there is a serious need to assess the actual performance of
ventilation systems.
In most countries, building regulations on ventilation are based either on the capacity of the
ventilation provisions to be installed, or on a minimum air-flow for the whole building. Airexchange performance levels in the individual habitable rooms and wet rooms, based on the
operating reliability of selected ventilation provisions, their controls, outdoor wind speed,
building airtightness and occupant behaviour, are not considered, despite the fact that these
parameters are crucial for occurring IAQ-levels.
In the Netherlands, when the Dutch Standard Committee was requested to develop a new
ventilation standard for the Dutch building codes, it was decided to include a performance
assessment method for ventilation systems. It was also proposed to base this ventilation
performance assessment method on the methodology that was developed by VHK and U-Gent
in consultation with the Residential Working Group of EVIA. This methodology was
presented on the 2017 AIVC conference in Nottingham [5]. The methodology needed
adaptations to fit the demands of the Dutch building regulations [12] under public law. This
paper describes both the methodology and how it has been adopted for the implementation in
the draft new prNEN 1087, Ventilation systems for buildings. This standard will be published
for public comments in autumn 2018.

2.

BUILDING CODES

2.1

Fundamentals

Building codes differ significantly where ventilation rates and IAQ-metrics are concerned,
even in EU-countries and despite the fact that national standards bodies participate in CEN
workgroups and technical committees. Typically, some countries use the number of persons
as basis for the ventilation rates, while others use floor-area as a metric or the carbon dioxidelevel and/or the RH-level.
The common denominator in the different approaches is the fact that a certain airflow
capacity of the ventilation component or -system is to be installed. The assumption is that
when code compliant airflow capacities are installed – regardless of the type of system – code
compliant air exchange rates are achieved. The logical consecutive assumption is, that all
code compliant ventilation systems perform comparably on achieved air exchange rates and
consequently on IAQ. However, both field surveys and model research clearly indicate that
the impact the type of ventilation provisions and its controls have on the actual occurring air
exchange is significant [2,3,9,11] As a result there is a wide range of IAQ-levels that are
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actually achieved and the IAQ-level is often significantly worse than aimed at in building
codes and standards.
On another note, no distinction is made for ventilation needs during absence and presence of
inhabitants. During absence ventilation is only required to prevent accumulation of buildingand interior products emissions, while during presence ventilation would be aimed at
inhabitant-produced emissions. In other words, ventilation during absence or presence of
inhabitants has different aims.

2.2

IAQ and ventilation rates

Using IAQ directly as a performance indicator requires a clear understanding of what good
IAQ actually is. All polluting substances would then have to be defined as well as their
allowed threshold values and required ventilation rates.
Recent research, including work in the AIVC-setting, time and again gives new understanding
on parameters that define a healthy IAQ [14, 15, 16]. It is often concluded that more research
is needed to enlarge the degree of certainty of the advised ventilation-rates. This approach,
although in itself valuable, is not expected to lead to new ventilation strategies or largely
different ventilation rates than those in the current standards and building codes. Most clearly
it is stated by Carrer et. al. [15] that: ‘… none of the mentioned standards present a coherent,
clear and consistent strategy on how to design ventilation rates that refer to and respect
directly health requirements, ..’.
However there is consensus that regarding IAQ, source control (or in other words selecting
the right building material, furniture and decorative products) is the primary strategy [14, 15].
In addition ventilation plays a key role in reducing the remaining exposures [14]. In this
perspective the most recent recommended ventilation rates must be perceived. It is clear that
RH-levels nor CO2-concentrations match with the complexity of IAQ. But as indicators for
the air exchange rates for respectively wet spaces and habitable spaces, the parameters are
most adequate and consequently most widely used [13, 14].
Notable in this context is that, in the HealthVent guidelines with regard to the ventilation
system, it is emphasised that proper design, operation and maintenance are relevant for
compliance of the system to the thus defined ventilation rates [15]. The effectiveness of the
system (are the intended air exchanges actually achieved in all wet and habitable spaces) is
not mentioned.

2.3

Dutch Building Act (Bouwbesluit)

The main document in Dutch building code is Building Act (Bouwbesluit), currently
Bouwbesluit 2012, last revised in July 2018 [12]. In this document the ventilation rates for all
building types are specified. For all building, excluding residential, the ventilations rates are
defined by the number of people the building is designed to use. For residential buildings and
single dwellings, the rates depend on the area of ‘verblijfsgebied’ a difficult to translate
typical Dutch conception, which is best referred to as ‘habitable space’. In general it is the
total surface of all habitable rooms, without the distinction of the type of use of the rooms..
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For wet or exhaust spaces it is however possible to differentiate between bathroom, toilet and
kitchen.
The Dutch Bouwbesluit gives minimum capacities for ventilation of habitable spaces and
exhaust spaces. For schools, office buildings and other utility buildings, the requested
capacity depends on the amount of people the building is designed for, as stated in the
calculation when applied for a building permit. In this paper we will focus on residential
buildings. The ventilation requirements in Bouwbesluit 2012 for all dwellings are (and
unchanged since mid- 80s):
0,9 l/s.m2

habitable spaces (with a minimum of 7 l/s per room)

7 l/s

toilet

14 l/s

bathroom

21 l/s

kitchen (formally: any habitable spaces with a cooking device)

The capacity should be calculated in accordance with NEN 1087:2001. The Dutch Standard
Committee was requested to revise this standard and decided to include a performance
assessment method for ventilation systems, based on preliminary research [1, 10].

2.4

Consequences for quality-assessment

To actually achieve the requested ventilation rate, all influencing factors which affect air
exchange in a room should be evaluated and taken into account. The rate of air exchange is
considered to be representative for the amount of fresh air and the transport of pollutants,
independent of the nature of the pollutants in a specific situation. Thus the ventilation system
and degree of air exchange it provides, is representative for the probability that a healthy
indoor air quality is present during occupation. The ‘quality of a ventilation system’ is the
result of the characteristics of all components including controls, the rate of influence of the
building and surroundings and the probability of proper use by the inhabitants.
During the development of the revised Dutch ventilation standard, the authors proposed to
base the requested quality assessment method on the methodology that was developed by
VHK and U-Gent in consultation with the Residential Working Group of EVIA. This
methodology was presented on the 2017 AIVC conference in Nottingham [5]. For this
assessment method the following definition is adopted for the air-exchange performance of
residential ventilation systems: ‘the ability to achieve the requested air exchange in each
room of a dwelling for the purpose of extracting and/or diluting concentrations of all
hazardous and annoying substances’ [5].
Obviously, also this approach has its disadvantages. It will not be possible to predict the exact
IAQ in a specific room in a specific building under all circumstances. It is limited to an
educated and substantiated expectation of to what extent and with what probability the
requested air exchange can be achieved. In that sense, this approach fits with the generally
phrased goals for ventilation in the Dutch building act, which states: ‘a building has such a
provision for air exchange that a unfavourable indoor air quality is prevented’. [13; art 3.29
lid1, translation by the authors].
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3.

METHODOLOGY

3.1

General overview

The methodology that is developed and proposed [6], assesses the actual occurring air
exchange rates on room type level during presence and absence. This specific Air Exchange
Performance (AEP) determines to which extent the ventilation system is able to remove
and/or dilute pollutant concentrations in the various rooms, especially during presence when
exposure occurs. Compared to current practice, where only the air exchange rate over the
building is assessed, this represents a major step towards more relevant ventilation
performance assessment. Current practice after all does not differentiate between the places in
which the air exchanges occur nor between periods of presence or absence. This implies that
with current assessment methods, a system that mainly ventilates the corridor, is similarly
valued as a system that ventilates the habitable spaces. Likewise, no distinction is made
between air exchanges that occur during presence or absence; both are considered equally
relevant. Clearly current practice does not lead to a proper assessment of the ventilation
performance [14].

3.2

Explanation

Based on the principle that is described in the paper ‘Methodology for assessing the airexchange performance of residential ventilation systems’ [5], a calculation method is
proposed, that assesses the air exchange rates that occur in both habitable spaces and exhaust
spaces during periods of absence and presence.
Scope of proposed assessment method:
•
•
•
•
•

Initial focus on residential ventilation systems
Only applicable to ventilation systems that are properly installed (in
accordance with prevailing buildings codes, national practitioner guidelines
and manufacturer guidelines)
Air-exchanges for the purpose of extracting cooking fumes are excluded from
the assessment (dedicated solution (cooker hood) is default)
Mechanical ventilation systems using continuously alternating flow directions
are excluded from the scope (no representative field research available)
Only technical system features will serve as input for the assessment

In the assessment method, two room types are used, with a matching ventilation strategy:
•

Habitable Spaces (HS: living rooms, bedrooms, study, etc.), with long
exposure of inhabitants to polluting substances in the indoor air during
presence. The reference ventilation strategy is to accommodate air-exchange
during presence, where supply of sufficient fresh outdoor air is key, and the
exhaust is adjusted accordingly. During absence, basic ventilation rates are
required to prevent accumulation of building- and interior products emissions.
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•

Exhaust Spaces (ES: kitchen, bathroom, toilet, laundry room), with short
exposure of inhabitants, but possibly high humidity levels which are leading.
The reference ventilation strategy is the extraction of sufficient air so that
moisture/odour is removed. Also during absence of inhabitants extraction of air
is needed until humidity levels are below threshold values, to be followed basic
ventilation rates.

The following technical specifications and parameters of the ventilation system are needed:
•
•
•
•

Type of air-exchange provisions (direct/indirect, driving force)
Installed maximum airflow capacity (limiting factor for achievable air
exchange rates)
Type of operation and/or controls (affects systems ability to achieve requested
air-exchanges at the right time in the right place)
Type of filtration of supply air (indication of filtration performance for
situations where quality outdoor air is insufficient).

The reference air exchange rates (AER) will be based on the air exchange rates that are
described in prEN16798-1 [4]

Figure 1: Illustration explaining the ventilation performance assessment method
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3.3

Ventilation system type (VST)

The European Ventilation Industry Association distinguishes seven different ventilation
system types in the various European markets. These system types can be identified by the
type of air exchange provision they use in habitable spaces and exhaust spaces. The Dutch
Standards Committee intends to implement this clear classification in the new Dutch
prNEN1087.The table below gives a short overview of the characteristics of these system
types by describing the type of the air exchange provisions.
Table 1: Ventilation System Type (VST)
VST
1

roomtype
habitable spaces
exhaust spaces

2

habitable spaces
exhaust spaces

3

habitable spaces
exhaust spaces

4

habitable spaces
exhaust spaces

5

habitable spaces
exhaust spaces

6

habitable spaces
exhaust spaces

7

habitable spaces
exhaust spaces

3.4

supply
extract
supply
exhaust
supply
exhaust
supply
exhaust
supply
extract
supply
exhaust
supply
exhaust
supply
exhaust
supply
extract
supply
exhaust
supply
exhaust
supply
exhaust
supply
exhaust
supply
exhaust

air exchange provision

abbrev.

natural direct supply
natural indirect extract
natural indirect supply
natural direct exhaust
mechanical indirect supply
natural direct exhaust
mechanical indirect suply
natural direct exhaust
natural direct supply
mechanical indirect extract
mechanical indirect supply
mechanical direct exhaust
natural direct supply
mechanical direct exhaust
mechanical indirect supply
mechanical exhaust
mechanical direct supply
mechanical indirect extract
mechanical indirect supply
mechanical direct exhaust
mechanical indirect supply
mechanical direct exhaust
mechanical indirect supply
mechanical direct exhaust
mechanical direct supply
mechanical direct exhaust
mechanical indirect supply
mechanical direct exhaust

NDS
NIE
NIS
NDE
MIS
NDE
MIS
NDE
NDS
MIE
MIS
MDE
NDS
MDE
MIS
MDE
MDS
MIE
MIS
MDE
MIS
MDE
MIS
MDE
MDS
MDE
MIS
MDE

Calculation of Air Exchange Performance

The proposed assessment method distinguishes between periods of occupancy and periods of
absence. As a consequence additional information on occupancy patterns is requested (to be
based on typical dwelling occupancy data).
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Next, for the air exchange provisions used in the various ventilation system types mentioned
in table 1, the controls that are applied determine to what extend ventilation provisions are
switched to the requested capacity during periods of occupancy and absence.
For ventilation provisions that depend on natural driving forces, the probability of the
availability of these driving forces (wind, stack or both) need to be taken into account. These
are determined, based on physical principles and statistic data.
Finally the building or dwelling itself has an influence on occurring air exchanges rates,
leading to the necessity to incorporate certain building parameters (air tightness and number
of habitable- and wet spaces) into the calculation method.
Based on these data, the probable occurring air exchange rate (AER) is determined. By
dividing the probable AER by the reference AER (as specified in Building Codes) the Air
Exchange Performance is obtained.

3.5

Adjustment to the building code

The methodology needed adaptations to fit the demands of the Dutch building Act [12] under
public law. Although the method itself is at first a private addition to the national new
NEN1087 standard, in coordination with the relevant Department (BZK) the method will
hopefully be adapted to fit in the public building code in the future.
Four main adaptations where made:





Abandonment of the differentiation in type of habitable rooms.
Adjustment of the reference AER to the requested ventilation according to
Bouwbesluit 2012 the removal of the related categories for Air Exchange Performance
classes.
Determination of the occupancy patterns.
Removal of the ventilation performance label.

The abandonment of the differentiation in type of use (living room, bedroom or study) makes
the method less specific for a specific dwelling and specific use, but is essential to
accommodate the principles of the Dutch building act.

3.6

Forthcoming

The upcoming months will be used to fit the first AEP-results of this new assessment method
with field research results and the outcome of multi-zone airflow models, thus providing a
substantiation for the use of this assessment model and the versatility of the new AEP- and
AER parameters. Based on that outcome, the Dutch standard committee will decide on the
implementation in the new standard NEN 1087. Furthermore the results will be presented to
CEN-TC 156, for evaluation, comments and possible input for further development, both in
the methodology itself as eventually in the EN 13141- and EN 16798-series.
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4

CONCLUSIONS

The adjustments that were necessary to make the methodology suitable for use in building
regulation, resulted in more generic performance values for habitable spaces, but nevertheless
not less valuable. It is therefore essential to point out that the performance assessment method
cannot be used to predict that IAQ-levels that can be expected, but that it is intended to
compare ventilation systems on their ability to achieve the requested air exchanges in the right
place on the right time. With it a relatively simple method will become available within the
context of building regulations, making it possible to – apart from ventilation capacity
requirements - set limit values for performance indicators.

5

ACKNOWLEDGEMENTS

The authors wish to thank Marco Hofman of ISSO for his contribution.

6

REFERENCES

[1]

Van Holsteijn, R.C.A, Li, W.L.K., Valk, H.J.J., Kornaat, W., (2016), Improving the
IAQ-& Energy Performance of Ventilation Systems in Dutch Residential Dwellings,
International Journal of Ventilation, Vol. 14, No. 4, p.363-370

[2]

Laverge, J., Delghust, M., Janssens, A., (2015) Carbon dioxide concentrations and
humidity levels measured in Belgian standard and low energy dwellings with common
ventilation strategies, International Journal of Ventilation, Vol.14, No. 2, p.165-180

[3]

Van Holsteijn, R.C.A., Knoll, B., Valk, H.J.J., Hofman, M.C. (2015). Reviewing
Legal Framework and Performance Assessment Tools for Residential Ventilation
Systems, Proceedings of the 36th AIVC Conference, Madrid, Spain

[4]

Final draft prEN 16798-1:2016, Energy performance of buildings – Part 1: Indoor
environment input parameters for design and assessment of energy performeance of
buildings addressing indoor air quality, thermal environment, lighting and acoustics –
Module M1-6.

[5]

Van Holsteijn, R.C.A., Laverge, J., Li, W.L.K., Methodology for assessing the airexchange performance of residential ventilation systems, Proceedings of the 38th
AIVC Conference, Nottingham, UK

[6]

Van Holsteijn, R.C.A., Laverge, J., Li, W.L.K., Methodology for assessing the air
exchange performance of residential ventilation systems – Documentation, EVIA,
2017 (not published)

[7]

Tappler, P., Hutter, H.P., Hengsberger, H., Ringer, W. (2014), Lüftung 3.0 –
Bewohnergesundheit und Raumluftqualtität in neu errichteten energieefficienten

471 | P a g e

Wohnhäusern, Österreichisches Institut für Baubiologie und Bauökologie (IBO),
Wien, Austria
[8]

McGill, G.M., Oyedele, L.O., Keeffe, G.K., McAllister, K.M., Sharpe, T. (2015),
Bedroom Environmental Conditions in Airtight Mechanically Ventilated Dwellings,
Conference Proceedings Healthy Buildings Europe May 2015, The Netherlands, Paper
ID548.

[9]

Sharpe, T., McGill, G., Gupta,R., Gregg, M., Mawditt, I., (2016), Characteristics and
Performance of MVHR Systems, A meta study of MVHR systems used in the
Innovative UK Building Perfromance Evaluation Programme, Report published by
Fourwalls Consultants, MEARU and Oxford Brookes University.

[10]

Kornaat, W., Bezemer, R., (2016), Voorstudie voor herziening NEN1087. TNOrapport TNO2016R10956

[11]

Van Holsteijn, R.C.A., Li, W.L., namens Consortium Monicair deel A, (2014),
Resultaten van een monitoring onderzoek naar de binnenluchtkwaliteit- en
energieprestaties van ventilatiesystemen in de woningbouw, Eindrapport WP1a.

[12]

Bouwbesluit 2012, (2018), Besluit van 29 augustus 2011 houdende vaststelling van
voorschriften met betrekking tot het bouwen, gebruiken en slopen van bouwwerken
(Bouwbesluit 2012), Stb. 2011, 416, laatstelijk gewijzigd bij het Besluit van 22 juni
2018, houdende wijziging van het Bouwbesluit 2012 inzake de aansluiting op het
distributienet voor gas, Stb. 2018, 197.

[13]

De Gids, W.F., (2011), Ventilatie van ruimten ten behoeve van personen,
Achtergronden van de eisen, TNO-rapport 060-DTM-2011-00610,2011

[14]

Borsboom, W., De Gids, W., Logue, J., Sherman, M. Wargowski, P., (2016)
Residential ventilation and health, AIVC Technical Note 68.

[15]

Carrer, P., de Oliveira Fernandes, E., Sabtos, H., Hänninen, O., Kephalopoulos, S.,
Wargowski, P., (2018), On the development of heath-based ventilation, Guidelines:
Principles and Framework

[16]

Jones, B., (2017), Metrics of Health Risks from Indoor Air, Ventilation Information
Paper 36, INIVE EEIG

472 | P a g e

Performance of a dual core energy recovery ventilation
system for use in Arctic housing
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ABSTRACT
The extremes of arctic climate pose severe challenges on housing ventilation systems, energy consumption and
demand for space heating for northern remote community residential buildings. As a part of the overall effort to
reduce space heating requirements, dwellings are built air tight to reduce heat losses. However, airtight homes
require energy efficient and effective ventilation systems to maintain acceptable indoor air quality and comfort,
and to protect the building envelope from moisture damage. Heat and energy recovery ventilation systems are
used to reduce energy consumption and improve the ventilation rate of housing in Canada’s north. Their
performance achieved to date has been inadequate due to equipment failures (freezing of cores, partial/full
blockage of air flow passages, etc.). This paper presents a rigorous investigation on the performance of a novel
dual core energy recovery unit designed for housing in harsh cold climates. The methodology included (1) lab
evaluation using climatic chambers to simulate indoor and outdoor conditions identified by certification standard
and those identified in the Arctic, (2) side-by-side testing using twin houses to compare whole building
performance between a house equipped with a single core ERV and a house equipped with a dual core energy
recovery system, then (3) extended monitoring of the dual core technology in Nunavut for proven long-term
performance and resilience. This paper discusses the apparent sensible and total efficiencies, flow characteristics,
supply air temperature to indoor, frosting occurrence and its impact on the performance of the dual core unit.
The dual core technology was found to be more frost-tolerant, capable of withstanding a temperature of down to
-40°C without deteriorating its thermal performance, was also found to be able to provide continuous delivery of
outdoor air to the space even at very low outdoor temperatures and was able to supply air to the indoor at
temperature warmer than 15°C with outdoor temperature of -40°C. The dual core ERV system had higher
apparent sensible effectiveness (82% compared to 70% for the single core ERV), a difference of 10 percentage
points, and had higher calculated apparent total effectiveness (73% compared to 68%), a difference of 5
percentage points). A house with a dual core ERV showed a significant heating and ventilation energy saving of
6.2% over a week testing period in winter 2017. The technology has been deployed in the Nunavut for extended
monitoring since June 2017 for proven performance, resilience and durability in harsh arctic climate.

KEYWORDS
Ventilation, AHU, ERV, Frost, Cold Climate

1 INTRODUCTION
The extremes of the Arctic climate pose severe challenges on housing ventilation and heating
systems. Energy consumption and demand for space heating for remote community buildings
are very high. In the Arctic/northern regions of Canada the average temperature during winter
is -25°C or less, and many northern homes are heated to over 25°C resulting in significant
loads on systems (Zaloum, 2010). Typical energy supply (diesel) to Arctic and northern
communities is logistically difficult to organize and supply resulting in an electricity price of
up to $1/kWh in some Nunavut communities. As a part of the overall effort to reduce space
heating requirements, residential buildings are built air tight to reduce infiltration or
exfiltration heat losses. However, airtight buildings require energy efficient and effective
ventilation systems to maintain acceptable indoor air quality and comfort and to protect the
building envelope from moisture damage. Maintaining healthy IAQ in cold climate can be
challenging due to the need for sufficient fresh air intake. Without fresh air, carbon dioxide,
odors, dust, airborne pollutants and excess humidity are kept indoors, potentially causing or
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aggravating problems to occupants’ health and comfort, and encouraging mold growth.
Clearly, effective ventilation is a vital system in a healthy home. A balanced mechanical
ventilation system with heat or energy recovery is an ideal way to meet both building codes
(NBC, 2015) and the ventilation requirements of standards such as ASHRAE 62.2 (ASHRAE
62.2, 2016) and energy efficiency programs such as R2000 (NRCan, 2014) and many more.
The minimum outdoor air flow rates are established by building codes and ventilation
standards. Heat recovery ventilation (HRV) and energy recovery ventilation (ERV) are a wellknown and effective method to improve energy and ventilation efficiency of residential
heating, ventilating and air conditioning (HVAC) systems when designing energy efficient
buildings, because they allow adequate outdoor ventilation air without excessive energy
consumption. However, ventilation of houses can be problematic in the North where frosting
is a significant challenge for the heat/energy exchangers. Frost formation in the exchangers is
common in cold regions where the outdoor temperature is below -10°C for the majority of the
heating season. The design winter temperatures in the far North are much colder than the very
low outdoor test temperature of -25°C that is typically used by HRV/ERV manufacturers
when they choose to certify their products at outdoor temperature below freezing. The
certification of HRVs and ERVs at very low temperature is an optional test for HVI
certification (left to manufacturer to choose conducting this test at any outdoor temperature
below freezing). Their performance achieved to date has been inadequate due to equipment
failures and conventional problems created by the formation of frost in heat exchangers are
partial or full blockage of air flow passages, increase in pressure drop through the heat
exchanger or decrease in air flow rate, increase in electric power for the fans, decrease in heat
transfer rate between the two airstreams and cold draughts in the space due to low supply air
temperatures (Rafati, 2014). As there are no basements in the majority of Arctic homes, an
HRV or an ERV must be installed closer to the living areas, which makes quiet operation
especially important. Conventional single core HRV/ERV units are usually equipped with
frost protection system such as pre-heating of outdoor air or recirculating return air across the
heat exchanger and back into the supply air to the house. These defrost strategies can
undermine ventilation standards (ventilation rate requirement not met) and the energy saving
of the HRV or ERV unit. The aim of this project is to study an innovative dual core design
heat/energy recovery system and its applicability for housing in the Arctic. One alternative
technology to conventional single core HRV/ERV is a dual core ERV unit designed for
continuous ventilation with two parallel heat exchangers and patented damper that address the
frost protection concerns by periodically direct warm air (return air from indoor) through one
of the two cores while outdoor air gains heat from the other.
2 METHOD
The experimental work consisted of a rigorous investigation on the performance of an
innovative dual core energy recovery unit designed for housing in the Arctic. The
methodology began with a laboratory evaluation using two climatic chambers to simulate
indoor and outdoor conditions identified by certification standard CSA-C439 (CAN/CSAC439, 2015) and those identified in the Arctic, followed by a side-by-side testing using twin
research houses to compare whole building performance between a reference house equipped
with a single core ERV and a test house equipped with a dual core energy recovery unit, then
deployment of the dual core technology in the Arctic for extended monitoring for proven
long-term performance and resilience.
2.1 Description of the Technology
A dual core air handling unit comes with a regenerative cyclic dual core heat exchanger,
based on the cyclic storage and release of heat in the corrugated plates alternately exposed to
exhaust and intake air. It includes a supply and an exhaust fan and two plate heat exchangers
which act as heat accumulators. In between the cores is a patented damper section which
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changes over every 60 seconds to periodically direct warm air through one of the two cores
while outside air gains heat from the heated plates in the other core. Before each fan is a filter
section to filter the air. The schematic of the unit with the two sequences is presented in
Figure 1, with a description of the 2 sequences below. During Sequence 1, exhaust air charges
Core B with heat from exhaust warm air from indoor and Core A discharges heat to supply
air, and during Sequence 2 the exhaust air charges Core A with heat from exhaust warm air
from indoor and Core B discharges heat to supply air. The damper is controlled by 2 internal
thermostats (thermostat 1 in the supply air set to 15°C and thermostat 2 in the exhaust air set
to 20°C) to ensure that comfortable air delivery temperatures are achieved in all conditions.
When the exhaust air temperature is lower than 20°C, the unit runs in energy recovery mode
(cycling every 60 seconds). When the exhaust air temperature is higher than 20°C and supply
air temperature higher than 15°C, the unit runs in free cooling mode (cycling every 3 hours).
Finally, when the exhaust air temperature is higher than 20°C and supply air temperature
lower than 15°C, the unit runs in energy recovery mode until the supply air temperature
becomes higher than 15°C then it will revert to free cooling mode.
OA

A

RA

EA

EA

B

A

SA

RA

OA

B

SA

Figure 1 – Principle of function – sequence 1 (left) and sequence 2 (right)

2.2 Laboratory Testing
The experimental facility used for the laboratory testing to perform a first round of short-term
cold climate performance tests, was a combination of a dual climatic chambers and an
HRV/ERV test rig installed between the indoor and outdoor climatic chambers as shown in
Figure 2. The outdoor climatic conditions can be varied over a range of - 40 to + 40 ± 1.0°C
with the capability of maintaining a steady state set point. Simulated indoor climatic
conditions can be varied from 20°C to 30 ± 1.0°C with the capability of maintaining a steady
state ambient humidity (30 to 60 % RH).

Figure 2 – Laboratory experimental setup showing climatic chambers and dual core unit

Air was drawn from two environmental chambers at desired conditions set in the chambers. In
order to determine the efficiency and when frosting occurs in the dual core unit, several
properties are measured at different locations in the test facility. Two airflows were measured
using Nailor type airflow elements. Airflow elements were installed in the supply and exhaust
ducts to measure the mass flow rates of dry air. Pressure taps were placed at the inlet and
outlet of unit (supply and exhaust airstreams) to measure the static pressures, connected by
PVC tubes to the pressure transducers integrated in a designed pressure transducer box. The
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temperature and relative humidity of the air were measured using RH&T probes, which were
calibrated over a temperature range of -20°C to +40°C and over an RH range of 10% to 90%.
The temperature and RH were measured in the supply and exhaust airstreams at the inlets and
outlets of the unit, exactly where the static pressures were measured.
A series of experiments were conducted to gather data on the thermal and ventilation
behaviour, and performance of an ERV unit with dual heat exchangers when subjected to
steady state climatic indoor and outdoor conditions. Results obtained from experiments were
used to evaluate the apparent sensible and total efficiencies, impact of potential build-up of
frost on the thermal and ventilation performance of the dual core technology. The conditions
in the indoor chamber were set at indoor condition identified by certification standard CSAC439 and at realistic indoor condition identified in northern homes. The conditions in the
outdoor chamber were varied in a range of temperatures below 0°C to challenge the unit
under test with extreme cold outdoor temperatures. The experimental evaluation of the
performance of a dual core unit was done with supply and exhaust airflows calculated for the
CCHT houses. The total ventilation requirement (ASHRAE 62.2, 2013) takes into account
people air needs and house air needs and is calculated using the following equation;
Q
0.03A
7.5 N
1
(1)
Where Qtot is the required ventilation rate, Afloor is the house floor area and Nbr is the number
of bedrooms in the house. The CCHT twin houses have a floor area of 210 m2 (2260 ft2) with
4 bedrooms, which require a total ventilation rate of 47.2 L/s (105 cfm). The dual core unit
was then tested at balanced supply and exhaust airflows set at 47.2 L/s, following the
experimental design presented in Table 1.
Table 1 – Experimental design
Tests
1-5
6 - 10

Mode

Heating mode with standard
conditions Identified by CSA-C439/HVI
Heating mode with
identified northern indoor conditions

Indoor Conditions

Outdoor T [°C]

22°C & 40%

0, -10, -20, -30, -35

25°C & 55%

0, -10, -20, -30, -35

After each run the outdoor chamber was reset at a temperature higher than zero to allow the
meltdown of any potential frost build up in the two heat exchangers before the next run. This
allowed the same initial condition at the start of each test; i.e., consistently no presence of
frost in heat exchangers at the start of each test permits comparison between test results.
2.3 Side-by-side Testing
The Canadian Centre for Housing Technology’s (CCHT) twin research houses shown in
Figure 3 were used for the comparative side-by-side testing (Ouazia, 20016) between a dual
core ERV (installed in the Test House) and conventional single core ERV (installed in the
Reference House). These houses are typical 2-storey wood-frame houses, with 210 m2
liveable area, designed and built to the R-2000 standard. The twin-house research facility
features a “simulated occupancy system”. Each house features a standard set of major
appliances typically found in North American homes. The simulated occupancy system, based
on home automation technology, simulates human activity by operating major appliances
(stove, dishwashers, washer and dryer), lights, water valves, fans, and other sources
simulating typical heat gains. The schedule is typical of activities that would take place in a
home with a family of two adults and two children. Electrical consumption is typical for a
family of four and hot water draws are set in accordance with ASHRAE standards for sizing
hot water heaters. The heat given off by humans is simulated by two 60 W (2 adults) and two
40 W (2 children) incandescent bulbs at various locations in the house. The CCHT research
houses are equipped with a data acquisition system (DAS) consisting of over 250 sensors and
23 meters (gas, water and electrical). A computer in the garage reads the sensors every 5
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minutes and provides hourly averages. Meter data and a few other measurements are recorded
on a 5 minute-basis. The DAS captures a clear history of the house performance in terms of
temperature, humidity and energy consumption. A complete set of weather data is available
from a nearby CCHT-operated weather station, including temperature, humidity, wind speed
and direction, solar radiation and precipitation.

Figure 3 - CCHT twin houses

The side-by-side testing involved first benchmarking the houses for a set operating conditions
and simulated occupancy, using existing high efficiency single core ERVs originally installed
in each house, followed by installing the dual core ERV unit in the Test House basement and
making no other modifications to the house, then programing the dual core unit to match the
single core ERV supply and exhaust airflows in the Reference House, and finally monitoring
the performance of the two houses side-by-side for one week during heating season 2017.
2.4 Field Monitoring
The dual core unit has been deployed in the mechanical room of a triplex on the Canadian
High Arctic Research Station (CHARS) in Cambridge Bay (Nunavut) as shown in Figure 4.
The instrumentation of the unit and the deployment of dedicated data logging system were
implemented in March 2017 and the long-term monitoring started in June 2017, and continues
for at least one full year with already captured full winter season 2017/2018.

Figure 4 – Triplex on CHARS Campus and deployed dual core unit

2.5 Performance Evaluation
The performance of the innovative dual core ERV unit is primarily determined by its apparent
sensible effectiveness ASE and apparent total effectiveness (ATE) as described in ASHRAE
testing standard (ASHRAE 84, 2013) and Canadian testing standard (CAN/CSA-C439, 2015),
its pressure drop, flow characteristics, supply air temperature, frosting occurrence and whole
house energy consumption. The measured temperatures and relative humidities across the
tested unit were used to calculate the ASEs and ATEs. The supply and exhaust flows were
assumed equal (based on balancing flows at the beginning of the test). The ASE and ATE
were calculated using Equation 2.

ε

(2)

where, ɛ is the sensible, latent, or total heat effectiveness. X is the dry-bulb temperature, T,
humidity ratio, w, or total enthalpy, h, respectively, at the supply inlet and outlet and at the
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exhaust inlet of the unit. ms is the mass flow rate of the supply, me is the mass flow rate of the
exhaust and mmin is the minimum value of either ms or me.
3

RESULTS AND DICUSSION

3.1 Airflow
The measured supply and exhaust airflows from the lab testing undertaken with identified
indoor conditions by certification standards CSA-C439 and the Home Ventilating Institute
(HVI, 2016) showed, no sign of flow restriction due to frost occurrence as shown in Figure 5.
The results from tests undertaken with identified northern indoor conditions (warmer and
more humid indoor conditions) showed a low decrease in the supply and exhaust airflows
starting at outdoor temperatures below -20°C, as shown in Figure 6. The decrease became
more pronounced during the longest test done at an outdoor temperature of -35°C suggesting
that the decrease would continue for longer testing period under extreme cold outdoor
conditions. The risk to choke the flows completely in extreme harsh outdoor conditions will
be or not confirmed through ongoing extended monitoring of the same unit in Nunavut.

Figure 5 – Measured supply (left) and Exhaust (right) airflows with CSA-C439 indoor conditions

Figure 6 - Measured supply (left) and Exhaust (right) airflows with Northern indoor conditions

The side-by-side testing using the twin houses has clearly shown that the dual core ERV (as
shown on the right plot of Figure 7) showed no sign of frost problems and continued to
provide outdoor air throughout Ottawa’s cold testing days without stopping to defrost, unlike
the single core ERV which had to spent hours defrosting as shown in the plot on the left side
of Figure 7.

Figure 7 – Measured airflows from side-by-side testing, Reference House (left) and Test House (right)
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The frequent defrost cycles of the single core ERV led to reduced amount of outdoor air
delivered to the reference house, leading to the situation where the reference house would be
under ventilated than the test house, and not meeting the ventilation requirement. This is a
common situation for single core HRV/ERV units installed in extreme cold climates.
3.2 Effectiveness
The effectiveness of the dual core ERV unit (with two heat exchangers) in transferring
sensible and total energy from exhaust airstream to supply airstream over a wide range of
outdoor operating temperatures are presented for indoor conditions identified by CSA-C439
in Figure 8 and for Northern indoor conditions in Figure 9. The calculated ASEs from testing
periods with indoor operating conditions identified by CSA-C439 ranged from 82.2% to
93.6% (averaged to 86%), and they were much higher than the claimed ASEs for
conventional single core HRVs/ERVs.

Figure 8 - Calculated ASE (left) and ATE with CSA-C439 indoor conditions

The calculated ATEs for the same indoor operating conditions identified by CSA-C439
ranged from 59.4% to 88.1%. The values increased with decreasing outdoor temperature, and
were closer to the calculated values of ASEs at outdoor temperatures lower than -20°C. The
increase of the ATE with the decrease of outdoor temperature is due to the condensation
formed on the exhausting heat exchanger (warm exhaust air melting the frost). When the
cycle changes, the outdoor air is passed over the heat exchanger and that moisture is added
back to the airstream.

Figure 9 – Calculated ASE (left) and ATE with Northern indoor conditions

For both indoor operating conditions identified by CSA-C439 and Northern indoor
conditions, the results showed that the ASE is stable (no reduction) with outdoor temperature
variations. However, the results showed improvement of the ATE with decreased supply
outdoor temperature. This could be explained by the fact the ATE depends on the latent heat
(moisture in the air) and with the dual core design, condensation forms on the exhausting heat
exchanger (melting the frost build-up by the exhaust warm humid air). When the cycle
changes, the outdoor air is passed over the heat exchanger and that moisture is added back to
the airstream. The ASE and ATE of a single core ERV and dual core ERV obtained from the
side-by-side testing in the CCHT are plotted in Figure 10. The calculated ASE of the dual
core ERV had an average value of 81.5% and ranged from 76.2% and 96.9%. The single core
ERV in the reference house had an average ASE of 69.5 during the same testing period and
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ranged from 65.9% and 78.3%, a difference of at least 10 percentage points. The ATE which
takes into account the latent heat of the single core ERV varied between 60.5% and 77.7%,
with an average value of 68.1%. The dual core ERV unit had an ATE between 57.7% and
92.3%, with an average value of 72.7% slightly higher than the single core ERV. Overall
results showed clearly that the dual core ERV unit over performed the single core ERV in
terms of apparent sensible and total efficiencies.

Figure 10 – ASE and ATE from side-by-side testing using the CCHT twin houses

3.3 Supply Air Temperature
Ventilation air must be introduced into the occupied zone in a way that avoids causing
discomfort to the occupants, at acceptable minimum temperatures, 17°C for floor distribution
and 13°C for ceiling distribution, as specified by the National Building Code of Canada
(NBCC, 2015) and National Standard of Canada CSA F326 (CAN/CSA F-326, 2013).
The measured supply air temperatures for indoor operating conditions identified by CSAC439 to the indoor are presented in the plot on the left of Figure 11 and the values ranged
from 15.9°C to 20.6°C. The measured supply air temperature for Northern operating indoor
conditions to the indoor are presented in the plot on the right side of Figure 11 and the values
ranged from 15.3°C to 22.8°C. As expected again, the values decreased with decreasing
supply outdoor temperature, providing a supply air temperature as low as 15.3°C which fairly
low and will require either a provision for tempering by blending the supply air with room air
or preheating before direct delivery to the occupied spaces.

Figure 11 – Measured supply air temperature with CSA-C439 (left) and Northern (right) indoor conditions

The temperature and relative humidity of the supply air from outdoor to the single and dual
core units measured during the side-by-side testing are presented in Figure 12. The difference
in conditions between the inlet to a single ERV and the inlet to the dual core unit was because
the single core ERV had same duct used for supplying air from outdoor, and the dual core unit
alternate the exhaust and supply from/to outdoor. The supply and exhaust duct were for one
receiving cold air from outdoor and during next minute receiving warm air from indoor. The
supply outlet air temperature from the single core ERV in reference house varied between
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11.5°C and 17.9°C and daily average values ranged from 13.4°C to 16.6°C. The average
value over testing period was 14.6°C, below the acceptable minimum temperature of air that
would be introduced to occupied zone which means tempering of the supplied air would be
required. The supply outlet air temperature from the dual core ERV in test house varied
between 17.5°C and 20.3°C and daily average values ranged from 18.7°C and 19.6°C. The
average value over the testing period was 19.2°C, higher than the acceptable minimum
temperature of air that would be introduced to occupied zone which means no or less
tempering of the supplied air would be required. The temperature of the supplied air to the
house was higher (3 to 6°C) from the dual core unit than the single unit. This was due to the
much higher ASE of the dual core unit (higher than 80%) from regenerative cyclic dual cores.
The supply air to the test house would require less tempering by the furnace to meet the
thermostat set point of 22°C, which means that a dual core unit provided more pre-heating
than a single core ERV and would lead to additional energy saving.

Figure 12 – Measured supply air temperature from side-by-side testing

3.1 Energy
Changes in house performance due to the innovation were addressed through comparison of
the test house performance (with dual core ERV) to the reference house performance (with
single core ERV). The recorded reference house and test house energy consumptions
included; heating energy consumption (furnace natural gas consumption), furnace fans
electrical consumption, single core ERV fans electrical consumption and dual core ERV fans
electrical consumption. The daily and total heating and ventilation energy consumption and
savings for the dual core ERV are presented in Table 2.
Table 2 – Daily and total space heating and ventilation energy consumption
House 1 (M24-B)
House 2 (M24-C)
Furnace
Exhaust
Furnace Furnace Exhaust
Furnace
Day
Natural
ERV
Fan
ERV
Total Natural
Fan
Gas
Fan(s)
[kWh]
Fan(s)
[MJ]
Gas
[kWh]
[ft3]
[kWh]
[kWh]
[ft3]
1
383.8
1.789
1.026
415.5
383.3
1.843
0.935
2
308.0
1.417
0.984
334.0
301.8
1.484
0.878
3
340.8
1.565
0.994
369.2
337.3
1.622
0.896
4
277.0
1.333
1.002
301.0
269.8
1.390
0.882
5
187.3
0.974
0.984
204.8
180.0
0.991
0.883
6
152.3
0.870
0.987
167.5
150.0
0.898
0.900
7
203.3
1.020
1.008
222.0
185.5
0.998
0.881
Mean
264.6
1.281
0.998
287.7
258.2
1.318
0.894
1
expected House 2 energy consumption in a benchmark configuration [MJ]

Total
[MJ]
414.8
327.3
365.3
293.1
196.9
164.9
202.7
280.7

House 2
(1)

Savings
[MJ]

Savings
[%]

430.1
346.7
382.7
313.0
214.6
176.4
232.1
299.4

15.3
19.5
17.4
19.8
17.7
11.5
29.4
18.7

3.5%
5.6%
4.5%
6.3%
8.3%
6.5%
12.7%
6.2%

The expected test house consumption in benchmark configuration (i.e. operating the
benchmark ERV equipment) is first calculated. From this the overall energy savings when the
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dual core ERV system is operating is calculated. Savings are calculated by subtracting the
measured House 2 experiment consumption from the calculated House 2 benchmark
consumption. The average energy savings when operating the dual core ERV compared to
the benchmark ERV over the period of the study was 6.2%.
4 CONCLUSIONS
In comparison with conventional single core ERV, the dual core energy recovery system
designed with two parallel regenerative heat exchangers and controlled cycling damper;
 Had higher ASE and ATE from lab and side-by-side testing than the single core ERV.
 More frost-tolerant, capable of withstanding a temperature of down to -40°C without
deteriorating its thermal performance.
 Showed no sign of frost problems at outdoor temperature below -10°C and provided
continuous supply of outdoor air without stopping to defrost, unlike the conventional
single core ERV which spent hours defrosting over cold days of the side-by-side testing.
 The dual core technology was capable to provide air at the supply outlet at temperature up
to 6°C higher than air temperature supplied by a single core ERV and complied more with
the acceptable minimum temperature of ventilation air that would be introduced into an
occupied zone (17°C for floor distribution).
 Its incorporation in the test house showed a significant saving in heating and ventilation
energy consumption, ~6.2% (18.7 MJ/day).
 Extended monitoring of the technology in harsh cold climate is strongly recommended for
proven performance and resilient in the North.
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ABSTRACT
In this paper a new ventilated window with a PCM heat exchanger is proposed. In winter, the heat exchanger
works as a solar collector to store heat for pre-heating of the ventilated air. In summer, it works in cooperate with
night ventilation to pre-cool the ventilated air. In this work, the prototype of the heat exchanger is built and tested
experimentally. The PCM heat capacity measured by differential scanning calorimetry DSC is used to help
understand the phase change processes. The PCM temperature at different heights in both melting and freezing
processes is measured. Moreover, the PCM temperature with different air flow rates is measured and compared.
The results show that clear phase change is observed in both melting and freezing processes. The experiment with
different air flow rates shows that the increase of air flow rate improves the heat exchange rate, but the improve
rate is decreased gradually.

KEYWORDS
PCM, Ventilated window, Heat exchanger, Pre-cooling

1

INTRODUCTION

Thermal Energy Storage (TES) is efficient to be used in building applications for improving
energy efficiency and energy conservation(Heat and cold storage with PCM, 2008). TES in
buildings can be applied by sensible heat as well as latent heat. The latter has higher energy
density with smaller volume (Iten, Liu and Shukla, 2016). Phase Change Material (PCM) used
as TES has gained increasing interests in recent years. The latent heat capacity of PCM makes
it store 5-14 times more thermal energy than sensible heat storage thermal mass (Sharma et al.,
2009). Moreover, the phase change occurs in a small temperature range with a large energy
density (Johra and Heiselberg, 2017), which can minimize the temperature stratification in the
space and prevent overheating of the surfaces (Pomianowski, Heiselberg and Zhang, 2013).
The right PCM application has the advantages of peak hour shifting, building energy reduction
and equipment size decreasing (Souayfane et al., 2016). Another advantage is that it increases
the thermal energy storage potential with small changes for existing buildings (Kośny, 2015).
The PCM applicable to buildings should be within human thermal comfort (20 ºC -30 ºC) if it
interacts directly with the indoor environment. Moreover, it should be flame resistant and has
long-term chemical stability (Kośny, 2015). Paraffin wax is most commonly used PCM for
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buildings. It is non-corrosive, chemically stable with no sub-cooling effect, cheap with a high
energy density (Johra and Heiselberg, 2017).
PCM in cooperation with free cooling technique has been used to provide cold air into the
building in the demand time by means of ventilation (Souayfane, Fardoun and Biwole, 2016).
(Darzi et al., 2013) developed a PCM heat exchanger and investigated the influence of PCM
plate thickness, air flow rate and inlet air temperature to the storage efficiency. They found out
that there is a linear relationship between PCM plate thickness and melting time. (Lazaro et al.,
2009) tested two prototypes of PCM-air heat exchangers. The conclusion is that the design of
heat exchanger is more important than the improving of PCM thermal conductivity.
PCM integrated with ventilation façade and window elements has the advantage of building
space saving and easy design for architecture engineering in building design process. In this
work, a ventilated window with a PCM heat exchanger is developed, as seen in Figure 1. It is
designed to work both in winter and in summer. In winter daytime, it works as a solar collector
which is charged by solar energy with PCM. The stored heat can be used to pre-heat the
ventilated air when room ventilation is needed. In summer, ventilation is applied to discharge
the PCM at night. The system is used to pre-cooling the ventilated air when room ventilation is
needed.

Figure 1: The sketch of the ventilated window with a PCM heat exchanger. Figure comes from (Hu and
Heiselberg, 2018)

In this paper, a full-scale prototype of the PCM heat exchanger is built and tested. The thermal
behavior of the PCM heat exchanger and its relationship to air flow rate is investigated.
2
EXPERIMENTAL SETUP
The PCM used in this work is paraffin wax 22, which change phase at around 22 ºC. The PCM
is sealed in fiber plate. The heat capacity of the PCM plate is done by DSC at heat rate 0.5 °C
/min, which is shown in Figure 2.
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Figure 2: DSC measured heat capacity of the PCM plate in freezing and melting processes. Figure comes from
(Hu and Heiselberg, 2018)

A prototype of the heat exchanger made by PCM plates is built and its thermal behavior is
tested, as shown in Figure 1. The experimental setup is shown in Figure 3. It consists of a hot
box and a cold box. A PID controller is used for keeping the temperature in the hot box at 28
ºC-30 ºC, and cold box 8 ºC -10 ºC. A fan is used to connect the hot box and cold box, and
provide air flow inside the heat exchanger. Firstly the cold air from the cold box goes into the
heat exchanger to freeze the PCM plates, then the fan direction is changed and the hot air from
hotbox goes into the heat exchanger to melt the PCM plates. The flow rate of the fan is measured
and controlled by the orifice plate. The temperature measurement is shown in Figure 4.

Figure 3: Experimental setup for the test of PCM heat exchanger prototype. Figure comes from (Hu and
Heiselberg, 2018)
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Figure 4: Setup of thermal couples in the heat exchanger
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Figure 5: The temperature distributions along the height of one plate in the freezing process

Figure 5 shows the temperature distributions along the height of one PCM plate in the freezing
process. The cold air goes into the heat exchanger from the bottom to the upper part driven by
the fan. The PCM at the lower height freeze first, then is the higher part. The slope of
temperature curves becomes small at 17 ºC -22 ºC, which is the temperature that the PCM goes
through the freezing process. The temperature changes slowly in this process.
Figure 6 shows the temperature distributions along the height of one PCM plate in the melting
process. The high-temperature air goes into the heat exchanger from the hotbox. The PCM at
the higher part melts first than the PCM at the lower part. Similarly, the slop of temperature
curves becomes small at 18 ºC -23 ºC, which is the temperature that the PCM goes through
melting process.
The phase change observed in both melting and freezing processes are in accordance with the
heat capacity curve shown in Figure 2.
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Figure 6: The temperature distributions along the height of one plate in the melting process
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Figure 7: PCM temperature with different flow rates

Figure 7 shows the PCM temperature curves at the height of 260 mm in different air flow rates
in both melting and freezing processes. The temperature curves show no big difference at the
first beginning. The discrepancy shows when the phase change occurs. The temperature change
rate is increasing as the flow rate increases, which indicates the improvement of the heat change
rate. When the flow rate increases from 100 m3/h to 125 m3/h, the improvement of heat change
rate is higher than that the flow rate increases from 125 m3/h to 150 m3/h. One explanation is
that the temperature change rate is in relating to the conduction and convection heat transfer,
and the convective heat transfer is the power function of air flow rate. Both melting and freezing
processes shows the same trend.
4 CONCLUSIONS
A new ventilated window with a PCM heat exchanger is proposed in this paper. The system
could work in both winter and summer. In winter, the heat exchanger works as a solar collector
to store the heat from the sun. The heat is then be used to pre-heat the ventilated air. In summer
night ventilation is operated to discharge the PCM at night. In the daytime the high-temperature
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outdoor air is ventilated through the PCM heat exchanger to charge it. The air is then pre-cooled
and supplied to the indoor environment. With this system, the HVAC energy can be saved and
the size of the HVAC could be diminished.
In this work, a prototype of the heat exchanger is built and its thermal behavior is tested in the
lab. The PCM temperature in both the melting and the freezing processes are measured, as well
as in different air flow rates. The main results are that clear phase change periods are found out
in both processes. And the comparison with heat capacity measured by DSC shows that the heat
rate 0.5 °C /min for the heat capacity measurement is accurate enough. The experiment with
different flow rates show that the increase of flow rate improves heat exchange rate, but the
increase rate is decreased. Future works include more measurement with different flow rates to
analysis the relationship between flow rate and heat transfer.
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ABSTRACT
Air Handling Unit (AHU), as a system for space heating and cooling is one of the most relevant causes of energy
consumption in both residential and tertiary sector buildings. As the energy efficiency of AHU is closely linked to
the climate conditions, a special attention should be given about varying yearly climate conditions in different
geographical locations. This paper presents an approach for calculating the energy efficiency by using the
Psychrometric diagram which has been divided into five zones based on different functions of AHU; for each zone
outside climatic has a particular status with yearly weight that is corresponds for specific AHU’s operation. To
achieve this, different combination of outdoor climatic parameters (Dry and wet bulb temperature and humidity
ratio) has been considered as varieties for defining zones. Sum of AHU’s energy consumption in different zones
based on related weighting factor will result in the total annual consumption of energy.

KEYWORDS
Air Handling Units (AHU), Energy efficiency, Psychrometric diagram

1

INTRODUCTION

The residential buildings represent about 40% - 50% of the total energy consumption and the
major part of this consumption is used for Air Handling Units (AHU) to prepare the thermal
comfort (Council 2013). The amount of required energy depends on outdoor condition
fluctuations, interaction between natural gravity and air tightness of the building, heat
exchangers, efficiency of other equipment, and operation modes of AHU systems (Misevičiūtė
et al. 2017). Fans, heat exchangers and heaters as the main elements that use energy in AHU,
have a significant effect on both energy needs of a building and the energy efficiency of a
system. AHU’s energy consumption can be calculated in two ways. In the case of working air
handling units the actual consumption data can be exactly determined by measurement. But
according to Directive 2002/91/EC (Union 2009) on the energy performance of buildings
(EPBD) it is also important to determine the expected energy consumption in the designing
phase. However, the calculation of the energy consumption of air handling units is still
problematic, especially when the climate condition differs.
The energy efficiency of AHU system is closely linked to geographical location (Trojanova et
al. 2009), especially to the outdoor climatic parameters such as dry bulb temperature, wet bulb
temperature, relative humidity and enthalpy. But, there is too little attention paid to the
evaluation of the exact climate that is the core in AHU application and related energy analysis.
Therefore, there is a need to investigate methods that are being used to climatic parameters in
relation to AHU operation. This paper aims at demonstrating the application of the different
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climatic parameters for the evaluation AHU’s energy consumption. Special attention is given
to the proposition of Psychrometric diagram for AHU based on different operations and
calculating the yearly energy efficiency based on it.
2

PSYCHROMETRIC DIAGRAM

An important pioneer of thermal comfort representations was Victor Olgyay, who introduced
the “Bioclimatic Chart” (Olgyay, 1963). However, the thermal comfort area reported in his
chart was not consistent with ASHRAE 55 thermal comfort areas. Givoni, partially converted
the Olgyay’s representation to the psychrometric chart (Figure 1) and added rules about passive
heating and cooling strategies (Givoni, 1969).

Figure 1. Psychrometric chart (Givoni 1992)

The application of Givoni’s psychrometric chart in energy efficiency of air conditioning is
studied in some studies. Zhang and Niu studied the applicability of heat and moisture recovery
systems in Hong Kong by classifying the psychometric chart into six regions based on outdoor
temperature and humidity (Zhang and Niu 2001). Mohammad Rasouli, proposed different
scenarios for Energy Recovery Ventilators (ERV)’s function, whether it should be operated or
stopped depends on several factors such as, the indoor and outdoor conditions by dividing the
psychrometric chart into sub-regions that establish the conditions when the ERV needs to be
controlled (Rasouli, Simonson, and Besant 2010). In other study, Stefano Schiavon presented
a new web application (Schiavon, Hoyt, and Piccioli 2014) for thermal comfort visualization
and calculation according to ASHRAE Standard 55-2013 (ASHRAE 2013). Simonson et al.
experimentally validated two strategies to control energy wheels by applying an operating
condition factor which presented the ratio of latent to sensible energy potential of inlet
airstreams (Simonson and Besant 1999). Since use of this methodology is investigated for the
operational efficiency of air conditioning systems and buildings energy efficiency, the use of
this chart could also be useful in energy efficiency calculation of AHU.
3

AHU ENERGY EFFICIENCY

The treatment of the air in AHU requires different types of energy, depending on the utilized
systems and components which causes specific operation (Eurovent, 2005):
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Heating: By means of thermal energy (heat exchangers fed with hot water) or by means of
electrical energy (electrical heat exchangers). In addition electrical energy is demanded to run
the utilized pumps.
Cooling: By means of cooling systems based on compression cycles using electrical energy for
running the system, or based on absorption cycles using thermal energy for operating the
absorption cycle process or based on evaporation processes like adiabatic cooling. In addition
electrical energy is demanded to run the utilized pumps.
Humidification: By water (evaporation humidification) or vapor (steam humidification). In
case of steam humidification, thermal energy is required for the generation of the steam. In case
of evaporation humidification, electrical energy is demanded to run the injection pumps.
Evaporation heat is withdrawn from the passing air (thermal energy)
Dehumidification: The delivery air stream after passing the heat or humidity recovery unit is
cooled in the cooling coil to the dew point temperature and then the additional cooling power
for dehumidification is calculated.
Ventilation: In AHU air is transported by means of fans, using electrical energy.
Auxiliary devices: To operate AHU properly, a number of auxiliary devices such as damper
motors, control equipment, lighting systems and pumps are needed. All of these devices require
electrical energy.
Therefore, the overall demand of energy for AHU can be summarized into two classes of
electrical energy and thermal energy. A realistic indication of energy efficiency over an entire
year can be achieved by using Coefficient of Performance (COP) which indicates on how
efficient AHU operates over an entire cooling or heating season (Ertesvåg 2011). A ratio of the
thermal capacity is in watts and the electricity input values is in watts.
(1)
Where;
Q = Useful heat supplied or removed by the considered system (W).
P = Work (electricity) required by the considered system (W).
The COP is therefore a measurement of efficiency; the higher the number, the more efficient
the system is. The COP is dimensionless because the input power and output power are
measured in Watt. The COP is also an instantaneous measurement in that the units are power
which can be measured at one point in time.
3.1

Electrical energy calculation

In our calculation, we only consider the fan’s electrical consumption. The absorbed power
supplied from the mains to each individual fan can be expressed as follows ((EU) No 327/2011):
Pel = qv .Δp fan / ɳe . 1000

(2)

Where;
Pel = Absorbed electrical power supplied from the mains (W)
qV = Air volume flow through the fan (m3/s)
Δpfan = Total pressure rise from the fan inlet to the outlet (Pa)
Pshaft = Mechanical power supplied to the fan shaft (W)
ɳe = Overall efficiency of the fan and motor system = ɳshaft x ɳtr x ɳm x ɳaceq
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All values are applicable to an air density of ρair = 1.2 kg/m3

3.2

Thermal energy calculation

The thermal energy consumption of a sensible heating/cooling coil and heat exchanger is
calculated with the equation (Eurovent, 2005):
Qs = qv.ρ.cp. (tout – tin)

(3)

Where;
Qs = Sensible energy consumption
qv = Air flow rate in m3/s
ρ = Density of the considered air flow rate in kg/m3 = 1.2 kg/m3
cp = Specific heat of the air in kJ/kg.k = 1.00 kJ/(kg·K)
tout = Temperature of the air leaving the coil in C°
tin = Temperature of the air entering the coil in C°
The momentary thermal energy consumption for sensible cooling/heating of air when the
moisture of air changing is calculated with the equation:
Qs = qv.ρ. (hin – hout)

(4)

Where;
Qs = Sensible energy consumption when the moisture of air changing
qv = air flow rate in m3/s
ρ = density of the considered air flow rate in kg/m3 = 1.2 kg/m3
hin = enthalpy of the air at the inlet of the coil in kJ/kg
hout = enthalpy of the air at the outlet of the coil in kJ/kg
The momentary energy consumption for latent heating/cooling coil and heat exchanger
(dehumidification/humidification of air in a cooling coil) is established with the formula
(Eurovent, 2005):
Ql = qv.ρ. (xin – xout). 2500

(5)

Where;
Ql = Latent energy consumption
qv = Air flow rate in m3/s
ρ = Density of the considered air flow rate in kg/m3 = 1.2 kg/m3
xin = Moisture content of the air at the inlet of the coil in kg/kg
xout = Moisture content of the air at the outlet of the coil in kg/kg
2500 = Condensation (evaporation) heat of water vapor at moderate coil outlet temperatures in
kJ/kg
Total thermal energy (Qt) consumption of a cooling/heating coil is the sum of the energy
consumption for sensible and latent cooling/heating (Eurovent, 2005). Hence:
Qt = Ql +Qs

(6)
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4

METHODOLOGY

The distribution functions of outdoor air parameters can be applied for determine the actual
energy consumption of AHU (Kajtár and Vörös 2007). Temperature is commonly used as the
thermal comfort control objective in early HVAC systems. But, temperature alone does not
ensure a person's thermal comfort (Kajtár and Kassai 2010). From the perspective of air
conditioning technology the climatic parameters of outdoor air (Dry bulb temperature, Wet bulb
temperature, humidity ratio, relative humidity and enthalpy) that vary in daily and season
period (Kazuhiro 2005.), could couple with each other for effective planning and operation.
However, it is difficult to control factors when each has its own strict set point.
An air handling unit contains two main groups of elements: supply and exhaust units. The main
parts of these groups are including filter, heat recovery unit, cooling and heating coils, by-pass,
adiabatic humidifier and fans, which based on different climatic conditions could conclude
different operations; ventilation, cooling, cooling and humidification, cooling and
dehumidification, heating and heating and humidification. Calculations of these parameters are
really complicated by variable efficiency operation of air handling units due to fluctuation of
outdoor condition (Kajtár and Kassai 2010). Therefore, calculating the energy efficiency based
on different scenarios regarding the operational conditions of AHU could simplifier the process.
These different scenarios are presented by dividing the psychrometric chart into five sub-zones
(Figure 2).

Figure 2. Climatic zones based on AHU’s function

By selecting the summer indoor comfort condition as a reference condition (Comfort Zone,
Figure 2), the psychrometric chart can be divided into five areas based on the temperature and
humidity ratio. For thermal energy calculation, the center of comfort zone (Dry bulb
temperature 22°c and 50% relative humidity) is selected as a reference indoor condition. The
area with higher outdoor temperature and humidity ratio than the comfort zone (Zone 1)
corresponds to yearly horses that AHU should operate as cooling and dehumidification, the area
with higher temperature and same humidity ratio (Zone 2) that needs cooling and the area with
higher temperature and less humidity ratio (Zone 5) that should be cooled and humidified.
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Furthermore, the area with lower outdoor temperatures than the comfort zone can be also
divided into two zones: heating (Zone 3), heating and humidification (Zone 4).
GCOP =∑

(7)

Where;
GCOP = Geographical Coefficient of Performance
= COP of each zones
= Weight of each zone
Therefore, based on the function of AHU in each zones, COP, could differ. Multiplying COP
of each zone with weight of hourly data over an entire year results Geographical COP (Equation
7) that is a new way of measuring the true energy efficiency of AHU. This new measure gives
a more realistic indication of the energy efficiency and environmental impact of a system.
4.1

Energy efficiency calculation

Zone 1; Cooling – Dehumidification (Humidity ratio ≥ 13 [g/kg], Wet Bulb ≥ 18.5 °C)
When air is cooled below the dew point temperature, condensation occurs and moisture is
removed from the air stream. The exiting air stream is at a lower temperature and humidity ratio
than the incoming air stream. The cooling to condense water from the air is called latent cooling
or dehumidification. Thus, the movement of a dot from this zone to comfort zone includes both
sensible and latent cooling.
COPZ1 = [(QCC + QDHU + QHRS) / Pel]. W1 = [(Eq.3 + Eq.5 + Eq.4)/ Eq.2].W1

(8)

Where;
QCC = Cooling coil thermal energy
QDH = Dehumidification thermal energy
4.2

Zone 2; Cooling (Humidity ratio < 13 [g/kg], Humidity ratio ≥ 3 [g/kg], Dry Bulb ≥
24°C)

On a psychrometric chart, the exiting air is at a lower temperature than the incoming air while
the humidity ratio remains constant since no moisture is condensed from the air. Reducing the
temperature of air without changing the quantity of water in the air is called sensible cooling.
The movement of a dot from this zone to comfort zone is possible by sensible cooling.
COPZ2 = [(QCC + QHRS) / Pel]. W2 = [(Eq.3 + Eq.4) / Eq.2].W2
4.3

(9)

Zone 3; Heating (Humidity ratio ≤ 13 [g/kg], Humidity ratio ≥ 3 [g/kg], Dry Bulb <
20°C)

In HVAC systems, air is typically heated by passing it over a heating coil or use of electrical
strip heaters. A schematic of a cooling coil is shown below. Since the humidity ratio remains
unchanged, and so we use a horizontal line on the psychrometric chart to represent this process.
Heating will result in lower relative humidity.
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COPZ3 = [(QHC + QHRS) / (Pel + PAux.)].W3 = [(Eq.3 + Eq.4) / (Eq.2+ PAux.)].W3

(9)

Where;
PAux = Electrical energy consumption for heating coil (In case of using electrical heater)
4.4

Zone 4; Heating – Humidification (Humidity ratio < 3 [g/kg], Dry Bulb < 20°C)

Heating and Humidifying is the process of simultaneously increasing both the dry-bulb
temperature and humidity ratio of the air. The total heat gained (Q) in going from the initial to
the final condition can be broken into sensible and latent heat portions. The humidity ratio is
constant for the horizontal movement (sensible) and the dry-bulb temperature is constant for
the vertical movement (latent). Humidification process is done by humidifiers that can be
classified to; steam or water and/or depending on the principle of operation. For heating, in case
of using electricity, P Aux adds to electrical energy calculation.
COPZ4 = [(QHC + QHU+ QHRS) / (Pel + PAux.)].W4
= [(Eq.3 + Eq.5 + Eq.4)) / (Eq.2 + PAux.)].W4

(10)

QHU = Humidification thermal energy
PAux = Electrical energy consumption for humidification (In case of using electrical steamer)
4.5

Zone 5; Cooling – Humidification (Humidity ratio < 3 [g/kg], Dry Bulb ≥ 20°C)

Cooling and Humidifying is the process of decreasing the dry-bulb temperature and increasing
humidity ratio of the air. The total heat gained (Q) in going from the initial to the final condition
can be broken into sensible and latent cooling portions.
COPZ5 = [(QCC + QHU+ QHRS) / (Eq.2 + PAux.)].W5
= [(Eq.3 + Eq.5 + Eq.4)) / (Eq.2 + PAux.)].W5

(11)

Calculation of COP for each zone and sum of them together conclude a specific SCOP for each
geographical location, which is a base for AHU’s energy efficiency. The much specific AHU’s
COP closer to GCOP, the more it is efficient. Case study by analyzing five different
geographical location is proposed in the next section to present the concept in real case.
5

CASE STUDY

For plotting the hourly climatic data during a year for each geographical location, there are
three tools that perform thermal comfort calculations, two of which are also able to visualize
comfort conditions: Climate Consultant (Milne 2016), Autodesk Ecotect Weather Tool and the
ASHRAE Thermal Comfort Tool. In this paper, Climate Consultant is chosen that is an
excellent graphics-based, free, stand-alone computer program that helps users understand
weather data used for building performance software. The program reads a weather file and
presents a summary of the weather data as an overview of the selected climate, where each dot
represents the temperature and humidity for each hour of the year. It uses standardized weather
data for energy simulation software. To have a diverse climatic situation, Copenhagen, Athens,
New Delhi and Riyadh are chosen for GCOP calculation.
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Figure 3. Psychrometric chart with zones based on AHU’s function

The yearly climatic data for each city is extracted from Energy Plus website and imported to
Climate Consultant 6.0 software to illustrate the data on psychrometric chart. Based on yearly
data for each city, the percentage of hourly spots for each zone is calculated and presented in
table below.
Table 1: Zone weights for different cities
CITY

ZONE 1

ZONE 2

ZONE 3

ZONE 4

ZONE 5

COMFORT ZONE

RIYADH
NEW DELHI
ATHENS
COPENHAGEN

0.23%
36.69%
6.27%
0.13%

40.49%
23.32%
19.52%
0.58%

21.93%
29.43%
57.52%
85.52%

7.15%
0%
1.83%
11.12%

22.00%
0.16%
0%
0%

8.22%
10.41%
14.87%
2.66%

The next step of methodology is to calculate the COP of each zones for each city, in order to
find the GCOP for AHU. Due to the limits of pages for submission process, we have chosen
one city (Riyadh) to show the rest of calculation. A certified AHU with energy grade A+, which
is certified by Eurovent Certita Certification is chosen as the case. The data related with thermal
energy calculation and electrical energy consumptions are obtained from performance
calculation software. The software calculates in and out air temperature, temperature ratio,
pressure drops, the fans capacity and electrical consumption and electrical consumptions of
other devises. We conclude the example by calculating the COPi, using the above equations,
summarized in Table 2. The supply and exhaust airflows are assumed 9000 m3/h.
Table 2: Output of software and calculation results based on above equations
Symbol
QCC = Q S
QHC = Q S
QHRS = Q S (Moisture change) - Summer
QHRS = Q S (Moisture change) - Winter
QHU = Q l
QDHU = Q l
Pel

Value
31 kw
28 kw
63 kw
20 kw
44 kw
20 kw
3 kw
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P Humidification
COPZ1
COPZ2
COPZ3
COPZ4
COPZ5

6 kw
(31+20+63)/3 = 38
(31+63)/3 = 31.33
(28+20)/3 = 16
(28+44+20)/ (3+6) = 10.22
(31+44+63)/ (3+6) = 15.33

GCOP = 38*0.23% + 31.33*40.49% + 16*21.93% + 10.22*7.15% + 15.33*22% = 0.088 +
12.68 + 3.51 + 0.73 + 3.37 = 20.38
This amount of GCOP with some tolerances could be a reference number for energy efficiency
of AHU that are going to use in Riyadh and other cities with similar climatic condition.
6

CONCLUSIONS

The result of dividing yearly energy consumption of AHU based on different operations for
climatic zones, was studied in this paper. The objective was to propose a methodology for both
warm and cold climates with different humidity rates. This methodology results a number which
could be used as an index for energy efficiency of AHU is different climatic situations.
Due to de complexity of AHU’s function and climatic parameters, the methodology needs
improvements in terms of zones definition, AHU criteria such as unbalanced are flows and
different case design and including wet bulb temperature in some equations. This study will
continue with promoting zones, in order to have precise simulation for function of AHU.
Moreover, a performance factor will add to GCOP formula to include different functional
parameters in future studies.
7
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ABSTRACT
There are two types of air conditioning systems, convective and radiant air conditioning system. Radiant air
conditioning systems have attracted many people’s interest due to the high capabilities of energy saving and
maintaining a comfortable indoor environment at the same time. However, it is difficult to install this system and
maintain system performance. There is also a problem about the drought from convective air conditioning system.
In this study, the authors suggest a new radiant air conditioning system, ceiling radiant textile air conditioning
system with package air conditioner (Package Air Conditioner). In a room with PAC installed, we introduced the
textile layer covering the ceiling below the PAC. By using existing PAC, the complexity of installation and the
chance of having drought will become lower compared to the typical air conditioning system. The aim of this study
is to investigate the thermal environment when operating the new radiant system and to develop an optimal method
of using this system. This system controls the indoor environment utilizing the radiant effect of textile and the
airflow through textile. In order to clarify the actual phenomenon, we conducted several experiments under 6
conditions, changing the supply airflow angle, pre-set temperature of PAC, airflow rate from PAC or heat
generation rate. We also set up a "guide" below the inlet of PAC which prevents supply air from being drawn into
the inlet of PAC and is made of non-flammable corrugated carton. Moreover, in order to increase the airflow rate
through textile, we cut the part of textile under the guide and made an opening. Experiments in a total of 18 cases
were carried out and compared under three conditions, "no guide", "guide on textile" and "guide with opening",
combined with previous 6 conditions, thus we conducted the experiment in 18 cases.
In this study, the temperature, concentration of carbon dioxide as a tracer gas, and heat transfer rate by radiation
were measured. Airflow rate through textile is calculated by tracer gas method. The heat transfer was also modelled
considering exchange air through membrane. A new coefficient to quantify the heat transfer was introduced and
performed by experiment. In addition, the representative temperatures of experimental room were calculated using
the new coefficient and compared with the values obtained from the full-scale experiment which was reported in
our previous study.

KEYWORDS
Textile, Radiant Air Conditioning, Distribution of Temperature, Exchange Air, Tracer Gas Method,
Modelling of Heat Transfer

1

INTRODUCTION

The air conditioning system is generally classified into two types; one is convective and the
other is radiant air conditioning system. In Japan, the convection air-conditioning system such
as package air conditioner(PAC) has been the most commonly applied to office buildings.
However, there is still problem about the drought from diffusers, and additional flaps are often
attached to avoid it. Radiant air conditioning systems have attracted many academic interests
over the last several decades due to its high capabilities of energy savings, thermal comfort
achieved by radiation, quiet operation, and saving space [1]. However, it is difficult to install
this system and maintain system performance, especially for a water cooling system.
Therefore, it should be an important matter to develop the technology to improve productivity.
To solve these problems, the authors suggest a new radiant air conditioning system, ceiling
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Nomenclatures
cp: specific heat capacity [W･h/kg･K]
C: concentration [-]
3
Q: airflow rate [m /h]
q: heat quantity [W]
3
M: CO2 emission rate [m /h]
S: area[m2]
3
V: Volume [m ]
v: face velocity [mm/s]
αcm: heat transfer coefficient of textile
∆t: Measurement Interval [h]
[W/m2K]
θ: temperature [°C]
ρ: density of air [kg/m3]

a: attic
af: airflow
c: convection
cu: ceiling upside space
co: conduction
f: floor
h: heat source
i’: through textile from indoor space
l: lighting
o: outer space
PAC: Package Air Conditioner
T: textile
T2: the part of textile (upward airflow
area)
v: face velocity
W': wall (Attic)

-Subscripta’: through textile from attic
back: back side
ce: ceiling
cm: textile and air through textile
e: additional experiment
front: front side
i: indoor space
j: number of data collecting
n: number of walls
op: optimal
r: radiation
T1: the part of textile (downward airflow
area)
tr: heat transfer
W:wall (Indoor space)

radiant textile air conditioning system with PAC installed in a room (see Figure 1). Compared
to the typical air conditioning system, the drought from new radiant air conditioning system
will be smaller. It can provide thermal comfort by radiant effect from cooling/heating textile,
and airflow through the porous textile.
In order to clarify the actual phenomenon under the new radiant air conditioning system with
textile, we conducted several full-scale experiments to measure the temperature, concentration
of carbon dioxide and heat transfer rate by radiation. Moreover, in order to understand the
indoor thermal environment generated by this system, a simplified calculation model is
proposed where heat transfer through textile is considered. A new coefficient of textile to
quantify the heat transfer was introduced, and determined by additional experiment in this
study.
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Figure 1: Outline of Ceiling Radiant Textile Air Conditioning System with PAC

2
2.1

FULL SCALE EXPERIMENT
Experiment Room

The full-scale experiments were performed from November 23, 2017 to February 5, 2018 in a
laboratory located at Osaka University in Japan (see Figure 2), which assumed cooling
experiment in summer. The dimensions of the laboratory are 7.00m (d) × 6.13 m (w) × 3.44 m
(h). This laboratory was divided it into 2 spaces, the test room (Indoor space & Attic) and outer
space. The partition wall consisted of glass wool (50mm-thick) and plaster board (12.5mmthick), and its surface was covered by aluminium sheets to avoid radiation. The dimensions of
the test room are 4.01m (d) × 4.41 m (w) × 3.44 m (h). The textile was suspended at FL+3.14m.
The porosity of the textile was 2.6%. In addition, two ceiling cassette type air conditioners
which had 4 diffusers were installed.
All the heat sources were located in the test room, consisting of 4 black lamps (53W×4) at
FL+0.6m assuming sitting human, 4 light bulbs (100W×4) as apparatus heat load and 4 carpets
as lighting heat load (50W×4). The total heat generation rate was 812W, except for Case2 (low
heat load) and Case6 (high heat load). In Case2, the apparatus heat load wasn’t located and total
heat generation was 412W. In Case6, eight black lamps (53W×8) were added and the total heat
generation rate was increased to 1,236W.
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Vertical air temperature profiles were measured at five points of P1-P5s at six heights of 0.1,
1.1, 1.7, 2.4, 3.0 and 3.29m above the floor, and wall surface temperature profiles were
measured at 12 points at three heights on back and front side. Vertical CO2 concentrations
profiles were also measured at the points of P1-P5s at the heights of 0.1, 1.1, 1.7 and 2.4 m.
Additionally, CO2 recorders were located at north, east and south in outer space. These
measurement points were shown in Figure 2.

Figure 2: Plan of Experiment Room and A-A' Elevation and Measurement Points

2.2

Experimental Conditions and Method

The application of this new air conditioning system has not used yet in Japan. Thus, in order to
clarify the actual phenomenon under this system being used, several experiments were
conducted under 6 conditions, by changing the supply airflow angle (0° means the normal
direction to ceiling), pre-set temperature of PACs, airflow rate from PACs and heat generation
rate as shown in Table 1.
A case with "guide" provided for the inlet of PACs was also studied, which prevents the shortcircuiting of supply air (Figure 3(b)). The guide was made of non-flammable corrugated carton
(Figure 3(d)) and it is easy to process and use in construction sites. In addition, another case
with the guide was investigated where the part of textile was cut under the guide to make an
opening to increase the airflow rate through textile (Figure 3(c)). Thus, three conditions of guide,
"no guide", "guide on textile" and "guide with opening" were studied, and combined with
above-mentioned 6 conditions. Consequently, the experiments were conducted under 18
conditions in total.
Because the experiment was conducted in winter, oil heaters were used to increase the
temperature in the laboratory and to simulate the outdoor condition for cooling (Figure 2) in
“guide on textile” and “guide with opening” conditions.
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Figure 3: Conditions of Textile and Photo of Guide

(d) photo of guide

Table 1: Experimental Conditions

Condition

Pre-set indoor
Temperature
[°C]

Case1 : Normal

Case5 :30°supply
Case6 :High heat load

Angle of
Supply
[°]

19
(a)25

717×2

60

14

412
-

(b)(c)22
1,016×2
19

Total Heat
Generation
[W]

Oil Heater
Pre-set
Temperature
[°C]
(a) (b) (c)

812

1,016×2

Case2 : Low heat load
Case3 :Small flow rate of PAC
Case4 :High temperature

Airflow
Rate of
PAC
[m3/h]

812
30
60

1,236

18
14

The first step in the experimental procedure was to run PACs and start temperature
measurement. After indoor thermal environment became a steady state (after 19 hours), CO2
gas emitted at the inlet of PACs. The emission rate of CO2 was set at 1.0L/min by using a mass
flow controller. The CO2 concentration was measured for 3 hours to investigate the airflow rate
through textile.
2.3

Evaluation Index and Results

The PACs installed in the test room were ON-OFF control apparatus, and their sensors were
located above the inlet of PACs (body thermostat). Under cooling condition, when the
temperature at the sensor became 0.5°C higher than pre-set temperature, it would be turned on
and when it became 1.5°C lower than pre-set temperature, it would be turned off. Since the
repeated on/off operation was observed throughout the experiment, the average temperature
during 1 cycle (Figure 4) was evaluated to assess the thermal indoor environment of this system.
In the case of “no guide” condition, the indoor space temperature (θi) and its variation were
totally different from those of the PAC inlet (θex). On the contrary, the inlet temperature (θex) is
almost the same as supply temperature (θsu), which indicates the short-circuit of the supplied
airflow within the attic. On the other hand, in the cases of “guide on textile” and “guide with

504 | P a g e

18

opening” conditions, variation of θi and θex were similar, thus the guides prevented supply air
from being drawn directly into the inlet of PACs in the attic.
Figure 4: Change of Temperature in a Cycle (Case1)

Vertical temperature distributions are shown for each case in Figure 5. In all cases, the
temperature difference between FL+100mm and FL+1700mm is less than 3°C, which meets
the recommendation in ASHRAE 55 [2]. Additionally, the result shows that cooling air from
attic could reach to the floor.
By comparing studied cases, in “no guide” and “guide on textile” conditions, it was shown that
the heat generation rate in indoor space affected air temperature. On the other hand, in the cases
of “guide with opening” condition, heat generation rate didn’t affect air temperature, but the
pre-set temperature of PAC affected air temperature, and temperature was close to pre-set
temperature of PAC. Thus, the cooling effect was biggest in the cases of “guide with opening”
condition.
As for radiant effect, it is shown that surface temperature on textile is lowest in “guide with
opening” condition, and the average of temperature difference between the textile surface and
room air is 3.3°C in “no guide” condition, 3.4°C in “guide on textile” condition, and 1.6°C in
“guide with opening” condition. Thus, radiant effect is larger in the cases of “no guide” and
“guide on textile” conditions.

Figure 5: Vertical Temperature Distribution

Considering the airflow of tracer gas, the exchange airflow rate through textile can be estimated
based on the following equations:
∆𝑡
𝐶𝑎𝑛+1 = 𝐶𝑎𝑛 + (𝐶𝑖𝑛 𝑄2 + 𝑀 − 𝐶𝑎𝑛 𝑄1 + 𝐶𝑜𝑛 𝑄5 − 𝐶𝑎𝑛 𝑄6 )
(1)
𝑉𝑎
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𝐶𝑖𝑛+1 = 𝐶𝑖𝑛 + (𝐶𝑎𝑛 𝑄1 + 𝐶𝑜𝑛 𝑄4 − 𝐶𝑖𝑛 𝑄3 − 𝐶𝑖𝑛 𝑄2 )

∆𝑡

(2)

𝑉𝑖

𝑄1 − 𝑄2 − 𝑄3 + 𝑄4 = 0
−𝑄1 + 𝑄2 + 𝑄5 − 𝑄6 = 0

(3)
(4)

Eq. (1) and Eq. (2) indicates the balance of CO2 concentration in attic and indoor space
respectively. Eq. (3) and Eq. (4) indicates the balance of exchange airflow rate. The schematic
diagram was shown in Figure 6.

Figure 6: Schematic Diagram of Exchange Airflow Rate

Table 2 shows the results of estimated exchange airflow rate (Q1 (downward) and Q2 (upward)
[m3/h]). It can be seen that they are doubled when using guide, and increased by five times
when the opening was provided below the inlet. The effect of opening at the bottom of the
guides was larger than that of only using guide because the pressure loss across the textile was
significant and its supply airflow rate decreases due to the resistance of textile. In cases of
“guide with opening” condition, the convectional cooling effect is larger than other conditions.
In order to understand how the air density difference caused by the temperature difference
affects exchange airflow rate, the correlation between airflow rate and temperature difference
(between air in attic and indoor space) was analysed, except for Case3 (because airflow rate
was depended on PAC airflow rate in Case3). The temperature difference between attic and
indoor space (∆θ) [°C] was also shown in Table 2.
In “no guide” condition, the correlation coefficient between airflow rate and temperature
difference was 0.91 (Q1) and 0.88 (Q2), which shows that the correlation between exchange
airflow rate and temperature difference is stronger for “no guide” condition, compared to the
other conditions with that resulted in smaller correlation coefficient.
Table 2: Temperature Difference (∆θ) [°C] and Airflow Rate through Textile [m3⁄h]

Case1
Case2
Case3
Case4
Case5
Case6

3

∆𝒕
6.3
3.8
5.0
4.7
6.5
8.2

(a)no guide
𝑸𝟏
90.3
79.9
78.6
92.2
85.9
91.8

𝑸𝟐
116.0
94.7
101.0
106.3
106.4
120.1

(b) guide on textile
∆𝒕
𝑸𝟏
𝑸𝟐
6.0
156.1
182.9
4.0
154.8
182.3
6.9
111.4
132.8
6.3
147.8
178.5
6.3
144.2
175.8
9.2
155.7
187.6

(c) guide with opening
∆𝒕
𝑸𝟏
𝑸𝟐
2.4
986.9
1016.1
1.5
990.6
1019.0
2.9
811.5
850.4
1.9
958.0
1008.8
2.3
975.3
1043.5
3.0
972.0
1018.7

MODELLING OF HEAT TRANSFER

In order to grasp the indoor thermal environment controlled by the air conditioning system with
textile more easily, heat transfer was modelled considering exchange air through textile, based

506 | P a g e

on the result of full-scale experiment. The model is developed so that it is used for the
parametric study in the practical design phase when this system is applied to an office building.
3.1

Numerical Method

The heat balance equations regarding air temperature in the attic and indoor space, and surface
temperature on textile1 (downward airflow was generated) and textile2 (upward airflow was
generated) at steady-state are:
0 = 𝑞𝑐(𝑙−>𝑎) + 𝑞𝑐(𝑇−>𝑎) + 𝑞𝑃𝐴𝐶 + 𝑞𝑎𝑓(𝑖−>𝑎) + 𝑞𝑡𝑟(𝑜−>𝑎) + 𝑞𝑡𝑟(𝑐𝑢−>𝑎)
0 = 𝑞𝑐(ℎ−>𝑖) + 𝑞𝑐(𝑓−>𝑖) + ∑4𝑛=1 𝑞𝑐(𝑊𝑛 −>𝑇2) + 𝑞𝑐(𝑇1−>𝑖)
+𝑞𝑐(𝑇2−>𝑖) + 𝑞𝑎𝑓(𝑎−>𝑖) + 𝑞𝑎𝑓(𝑜−>𝑖) + 𝑞𝑐𝑜(𝑜−>𝑖)
0 = 𝑞𝑟(𝑙−>𝑇1) + 𝑞𝑟(𝑊 ′ −>𝑇1) + 𝑞𝑟(𝑐𝑒−>𝑇1) + 𝑞𝑟(ℎ−>𝑇1) + 𝑞𝑟(𝑓−>𝑇1) + ∑4𝑛=1 𝑞𝑟(𝑊𝑛 −>𝑇1) + 𝑞𝑇1
0 = 𝑞𝑟(ℎ−>𝑇2) + 𝑞𝑟(𝑓−>𝑇2) + ∑4𝑛=1 𝑞𝑟(𝑊𝑛 −>𝑇2) + 𝑞𝑇2

(5)
(6)
(7)
(8)

To express the heat transfer from air to textile, a new coefficient αcm [3] was introduced and
the heat transfer rate is calculated by these equations:
𝑞𝑇1 = 𝛼𝑐𝑚 ∙ 𝑆𝑇1 (𝜃𝑎 − 𝜃𝑇1 )
𝑞𝑇2 = 𝛼𝑐𝑚 ∙ 𝑆𝑇2 (𝜃𝑖 − 𝜃𝑇2 )

(9)
(10)

To calculate the temperature of air immediately after passing through textile, the following
equations were used:
𝜃𝑖′ = 𝜃𝑖 +

𝑆𝑇2 ∙𝛼𝑐𝑚 (𝜃𝑇2 −𝜃𝑖 )

𝜃𝑎′ = 𝜃𝑎 +

(11)

𝑐𝑝 𝜌∙𝑄2
𝑆𝑇1 ∙𝛼𝑐𝑚 (𝜃𝑇1 −𝜃𝑎 )

(12)

𝑐𝑝 𝜌∙𝑄1

However, in full-scale experiment, the surface temperature on ceiling and wall in the attic was
assumed to be the same as air temperature in the attic in this study, due to the difficulty of
measuring the temperatures at these positions. By using heat transfer coefficients shown in
Table 3, convective and radiative heat transfer rates were calculated.
Table 3: Heat transfer Coefficient used in the Calculation Model

Radiation
Convection

Conduction (wall)
Heat Transfer

vertical plane
horizontal plane

αr=5[W/m2K]
αc1 =4.5[W/m2K]
(larger) αc2 =6.7[W/m2K]
(smaller) αc3 =1.7[W/m2K]
(indoor) αco-W =0.655[W/mK]
(attic) αco-W’ =0.5[W/mK]
(ceiling-upper) αtr-cu = 4.12[W/m2K]

For textile2 (upward airflow area), it was assumed that there was no convective heat transfer
between textile2 and air in the attic in “guide on textile” condition, and there’s no textile2
portion in “guide with opening” condition. Schematic diagram of calculation model is shown
in Figure 7. Details of heat transfer at the textile opening were illustrated in Figure. 8. In each
case, αcm was obtained using the least square method based on measured temperature, which is
here expressed as αcm-op. However, in the case of “no guide” condition, the error between
calculated temperature and measurement was quite large. Therefore, this paper only shows the
results of other 2 conditions.
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The results (Table 4) shows that αcm-op was different between two conditions, “guide on textile”
and “guide with opening” condition. Thus, the additional experiment was conducted to explore
the heat transfer characteristics of the textile.

Figure 7: Modelling of Heat Transfer of this System

Figure 8: Modelling of Heat transfer (details of textile)

3.2

Additional Experiment

An additional experiment was conducted in May, 2018 in an experimental room which is also
located at Osaka University in Japan. The airflow regulated by air mini pump flew into a cooling
box, and after cooled, it flew into the measuring object. The textile was attached to the top of
the measurement box, shown in Figure 9. 4 conditions of cooling box, changing the air
temperature difference before and after passing the textile, and 10 conditions of airflow rate (2,
3, 4, 5, 15, 16, 17, 18, 19, 20 L/min) were set for this experiment. The αcm was obtained by
following equations:
𝛼𝑐𝑚−𝑒 =

𝑐𝑝 𝜌∙𝑄1−𝑒 ∙(𝜃𝑎′ −𝜃𝑎 )
𝑆𝑇1−𝑒 (𝜃𝑇1−𝑒 −𝜃𝑎 )

(13)

where, 𝜃𝑇1−𝑒 is calculated based on the following two equations:
𝜃𝑇1−𝑒−𝑓𝑟𝑜𝑛𝑡 +𝜃𝑇1−𝑒−𝑏𝑎𝑐𝑘

𝜃𝑇1−𝑒 =
2
𝜃𝑇1−𝑒 = 𝜃𝑇1−𝑒−𝑓𝑟𝑜𝑛𝑡

(14a)
(14b)

The correlations between face velocity and αcm for all cases are shown in Figure 10. Airflow
rate divides by the area of textile makes face velocity. It shows that two cases (using Eq. (14a)
and (14b)) seem to fall on a straight line and it may be possible to predict αcm by a linear function
of face velocity (Eq. (14a) and (14b)), which is here expressed as αcm-v. This result was also
confirmed in the previous study. [3]
To study the accuracy of the proposed calculation model, measured and calculated temperatures
are compared, where two different values of αcm are used, i.e., αcm-op and αcm-v.
In this model calculation, linear correlation obtained from Eq. (14b) was used to give αcm-v,
because only the temperature on the front surface of textile (high temperature) was measured

508 | P a g e

in the full-scale experiment, and Eq. (14a) cannot be applied to simulate the experiment by this
model. Thus, αcm-v is based on Eq. (14b) and given as;
𝛼𝑐𝑚−𝑣 = 1.01 × 𝑣 + 0.13

(15)

The 𝛼𝑐𝑚−𝑣 obtained for each case is summarized in Table 4.

Figure 9: Outline of Additional Experiment

Figure 10 Correlation between Face Velocity and αcm

Table 4: The Value of αcm-op and αcm-v in each case [W/m2･K]

Condition
Case1 : Normal
Case2 : Low heat load
Case3 :Small flow rate of PAC
Case4 :High temperature
Case5 :30°supply
Case6 :High heat load
Average

3.3

(a) guide on textile

αcm-op
7
7
6
5
6
6
6.17

αcm-v
2.71
2.69
1.97
2.57
2.52
2.71
2.53

(b) guide with opening

αcm-op
16
12
13
9
10
16
12.67

αcm-v
16.16
16.51
13.55
15.97
16.26
16.21
15.78

Comparison between Measured and Calculated Temperature

Using 𝛼𝑐𝑚−𝑣 and 𝛼𝑐𝑚−𝑣 (Table 4), 𝜃𝑖 (air temperature in indoor space), 𝜃𝑇1 ( surface
temperature on textile1) and 𝜃𝑎 (air temperature in attic) were calculated and compared with the
measured temperatures to examine the accuracy of the model.
The measured temperature vs calculated temperature was plotted and shown in Figure 11. The
error between these two temperatures was less than 1.0 °C for all cases. However, the error in
“guide on textile” condition using αcm-v was larger than other cases. It seems that the difference
between αcm-op and αcm-v was larger, and αcm had an impact on temperatures in this condition.
4

CONCLUSIONS

To solve the problems of convective and radiative air conditioning systems, the authors
proposed a new air conditioning system, “Ceiling Radiant Textile Air Conditioning System
with PAC”. The full-scale experiment was conducted and a heat transfer model was proposed
which enables the investigation of indoor thermal environment for this system. The main
findings are summarized as follows:
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Figure 11: Accuracy of the Model

・
・
・

・
・
・

Vertical distribution of temperature is uniform and appropriate indoor thermal environment
is generated by the new radiant air conditioning system.
In the cases of “guide with opening” condition, the room temperature well agreed with preset temperature of PAC.
In the case of “no guide” condition, the exchange airflow rate through textile significantly
decreased, and airflow rate was doubled when using guide, and was increased by five times
when an opening was provided below the inlet of PAC.
There was positive correlation between exchange airflow rate and air temperature
difference between attic and indoor space for “no guide” condition.
Heat transfer coefficient of textile can be expressed by a linear equation of face velocity.
The error between measured and calculated temperatures was less than 1°C for all cases.

There are problems for “no guide” condition, such as small exchange airflow rate, unsatisfied
accuracy of the model due to the complex temperature distribution on textile. Thus, as future
prospects, these problems are to be solved, e.g., using fan and increasing exchange airflow rate.
5
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Optimal control strategy of air-conditioning systems of
buildings requiring strict humidity control
Chaoqun Zhuang, Shengwei Wang * and Kui Shan
Department of Building Services Engineering, The Hong Kong Polytechnic University, Kowloon, Hong Kong

ABSTRACT
This paper presents a model-based optimal control strategy for multi-zone air-conditioning systems with strict
humidity control. An adaptive full-range decoupled ventilation strategy is adopted for optimizing the set point of
the outdoor air flow rate to minimize the energy cost as well as to achieve the temperature and humidity controls.
Tests were conducted to evaluate the energy performance of the proposed control strategy. The results show that
the proposed optimal control strategy can reduce energy consumption significantly, while maintaining a
satisfactory indoor thermal environment.

KEYWORDS
Dedicated ventilation, adaptive full-range decoupled ventilation, strict humidity control, optimal control, airconditioning system.

1

INTRODUCTION

The energy consumption of buildings has increased rapidly in recent years, which is responsible
for approximately 40% of the total world annual energy consumption (Omer, 2008). For the
buildings with strict space temperature and humidity control, such as hospitals, manufacturing
facilities, pharmaceutical clean rooms, semiconductor factories, etc., the energy intensities of
heating, ventilation, and air conditioning (HVAC) systems can be 4-50 times greater than the
average commercial building(Khoo, Lee, & Hu, 2012; Kircher, Shi, Patil, & Zhang, 2010; Mills
et al., 2008). In such applications, appropriate ventilation strategy of HVAC system is very
important, since it can directly influence both the environmental control performance and the
energy performance.
Latent load accounts for 30-50% of the total thermal load in buildings(Jiang, Ge, Wang, &
Huang, 2014). So far, the most common method to remove indoor humidity is to employ
counteraction processes(Wu, Johnson, & Akbarzadeh, 1997), named as “interactive
control”(IR), which handle latent load by cooling down the air below its dew point (12-15°C)
and then reheat supply air to the required air temperature. A large amount of energy is wasted
during the counteraction processes. The most popular solution is to fully decouple the
dehumidification and cooling process, also named as “dedicated outdoor air ventilation strategy”
(DV) , adopting the strategies, such as combined use of make-up air-handling units (MAUs)
and air-handling units (AHUs) (Li, Lee, & Jia, 2016), the two-chilled water temperature
system(Tsao, Hu, Chan, Hsu, & Lee, 2008), desiccant technologies(Xiao, Ge, & Niu, 2011),
etc. Nevertheless, these control strategies may need high energy consumption for outdoor air
treatment or higher initial costs. The co-authors of this paper proposed a “partially decoupled
control strategy” (PD) (Shan & Wang, 2017), which treats outdoor air with the minimum setpoint of the required outdoor airflow, and achieves 69.6% of electricity and 87.8% of town gas
consumptions savings.
_____________________________________
* Corresponding author. Tel.:+852 2766 5858; fax: +852 2774 6146.
E-mail address: beswwang@polyu.edu.hk
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Though many studies investigated the control strategies for simultaneous temperature and
humidity control, existing ventilation strategies still have their limitations under dynamic load
and weather conditions. In this study, an “adaptive full-range decoupled ventilation strategy”
(ADV strategy), which incorporates the advantages of the DV strategy and PD strategy with
superior energy performance under different load and weather conditions, is proposed and
validated in a pharmaceutical factory in Hong Kong.
2

CONCEPT OF ADAPTIVE FULL-RANGE DECOUPLED VENTILATION
STRATEGY

As described and compared above, all three most updated existing ventilation strategies have
different limitations in applications. A novel “adaptive full-range decoupled ventilation
strategy” (ADV) is therefore developed to overcome these limitations and minimize the energy
consumption by compromising properly “inducing more outdoor air” and “sub-cooling and
reheating process with minimum outdoor airflow” under high internal latent load conditions.
A typical air-conditioning subsystem configuration, i.e. a blow-through type MAU and a
draw-through AHU served for multi zones, is selected as shown in Fig. 1. The MAU consists
of filters, a centrifugal fan and a cooling coil for treating the outdoor air. The AHU contains
filters, a cooling coil, a heater and an axial fan for conditioning the total supply air. The
chilled water is supplied by a chiller plant to both MAU and AHU cooling coils.

Fig. 1 System configuration of a typical air-conditioning system

Fig. 2 Preferred ventilation mode/strategies in different internal load regions under Hong Kong design weather
condition
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The energy performance of different strategies is compared under Hong Kong design weather
condition (i.e., 29.1 °C, 84.4%)(ASHRAE Handbook, 2015). As shown in Fig. 2, in Region 1,
the proposed ADV strategy, as well as the PD and DV strategies, have the superior energy
performance compared with the IR strategy, where space has comparatively high sensible heat
ratio. In Region 2, the proposed ADV strategy and the DV strategy have the superior energy
performance compared with the other two strategies, where space has medium sensible heat
ratio. In Region 3, the proposed ADV strategy, as well as the IR and PD strategies, are the
superior options, where space has a low sensible heat ratio.
3

TEST SYSTEM SET-UP

A dynamic simulation platform is built to test the ventilation strategy using TRNSYS 18. This
test platform employs detailed physical models including the building envelope and major
components (e.g. hydraulic network, MAUs, AHUs, etc.) of a multi-zone air-conditioning
system. The dynamic processes of heat transfer, hydraulic characteristics, flow balance, energy
conservation and controls among the whole system are simulated (Wang, 1999). An adaptive
outdoor airflow controller is used for optimizing the set point of the outdoor air flow rate by
using the ADV energy evaluation models.
3.1

Incremental source terms of all the zones

In the optimization process, both the building sensible cooling load and latent load are needed
to know in advance to predict the air state of the indoor space for system performance
prediction. These loads cannot be measured directly. However, they can be estimated based on
measurements. For each zone, the heat and moisture balance can be expressed as Eqs. (1)–(2),
respectively. Sensible heat load (Qsen, i) and moisture load (Di) are also called source terms since
they are the driving forces in these equations. In a prediction period, these three source terms
can be considered to be constant and can be computed during a sampling step as Eqs. (3)–(4).
,

,

(2)

,

,

,

∆

∆

(1)

,

(3)
(4)

where M is the air mass of one space, T is temperature, G is the moisture content, D is the
moisture, respectively, cp is air speciﬁc heat, Δtsmp is the sampling interval, k indicates the
current sampling time.
3.2

Energy evaluation models

With the predicted total supply air state, the energy evaluation models are then predicted
according to the working principles of the ADV strategy.
The energy evaluation models include the sum of energy consumption of the coil, heater and
fan as shown in Eqs.(5)-(8). The energy uses of the air-side components are evaluated using the
enthalpy difference between the inlet and outlet.
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Where W is energy use, H is enthalpy, COP is the overall coefficient of performance including
the pump and the chiller/heat pump, the parameters c0-c3 were obtained using the fan
performance data.
The COP of chillers/heat pumps can be modeled as Eqs. (9)-(10) since the effect of condenser
temperature change can be neglected when simulating the effects of control setting within a
prediction period. The reference COPref is obtained from the measured cooling load and the
chiller power consumption. Tw,ref is the measured supply chilled water temperature at a
sampling instant used as a reference temperature.
1

Ф
/

,

/

(9)

,

(10)

/

A pharmaceutical factory building located in Hong Kong, a humid sub-tropical city, is selected
for the case study. It has 4 floors with a total height of around 23 m and a gross floor area of
about 9000 m2. All production areas are Class ISO 8 cleanrooms based on ISO 14644-1
cleanroom standards(International Organization for Standardization (ISO): Geneva &
Switzerland, 2015). The cleanrooms have strict requirements on dry bulb temperature (20
±3°C), relative humidity (55 ±10%) and air change per hour (>20ACH).
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Fig. 3. A) Weather condition B) occupancy profiles of zones of the selected day

Fig. 3(A) shows the outdoor air dry-bulb temperature and relative humidity in a selected
summer day (11 Aug 2017). The air temperature on the day varied between 29.8 and 33.6 ℃
while the relative humidity varied between 63% and 78%. This is a typical hot and humid
summer day in Hong Kong. The occupancy profiles of all zones are presented in Fig. 3(B). The
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number of occupancy in the zones varied significantly to generate dynamic sensible and latent
heat to the cooling and ventilation systems.
4

RESULTS

Outdoor airflow (kg/s)

Fig. 4 illustrates the outdoor air flowrate adopting PD, DV and ADV strategies. From 8:30 to
10:00 when the energy estimator estimated that inducing more outdoor airflow to remove all
indoor moisture load is economical, the outdoor airflow of adopting ADV strategy follows the
same trend as DV method. From 10:00 to 12:00 when the energy estimator estimated that
inducing more outdoor airflow to remove all indoor moisture load may consume more energy
than ‘overcooling and reheating process’ with minimum outdoor airflow, the outdoor airflow
of adopting the ADV strategy follows the same trend as the PD strategy. It can be found the
ADV strategy can successfully and smoothly shift from one mode to another while all room
temperature and relative humidity can also be controlled in the required range as shown in Fig.
5.
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Fig. 4. Outdoor airflow rate using PD, DV and ADV strategy
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Fig. 5. Room temperature and relative humidity using ADV strategy

515 | P a g e

The energy consumptions when using the PD, DV and ADV strategies are compared in Table
1. The table shows the energy consumptions of the cooling coils, fans and the heater, as well as
the total energy consumption of the entire air-conditioning system. Compared with that using
PD strategy and DV strategy, the percentage saving of the system total energy consumption
adopting ADV strategy was 2.84% and 13.57% respectively. It should be noted that the energy
performance of different ventilation strategies was compared under a typical summer day, if
the outdoor weather enthalpy decreases, the energy saving rate of using the ADV strategy is
expected to achieve a higher energy saving rate compared with PD strategy.
Table 1: Energy consumptions when using different strategies in a typical summer day
Energy use results
Supply fan consumption (kWh)
Return fan consumption (kWh)
Make-up Fan consumption (kWh)
Cooling coil consumption of PAU(MJ)
Cooling coil consumption of AHU(MJ)
Heater consumption of AHU(kWh)
Overall energy consumption (kWh)
Overall percentage saving (%)

5

PD
166.70
144.22
64.38
266.81
728.08
152.43
528.19
-2.84%

DV
166.69
155.10
142.72
763.09
400.26
0.00
593.77
-13.57%

ADV
166.73
147.80
76.79
436.11
548.25
44.94
513.18
-

CONCLUSIONS

An adaptive full-range decoupled ventilation strategy(ADV) is tested and evaluated in a
simulated platform under dynamic load and weather conditions. Compared with conventional
strategies (i.e., dedicated outdoor air ventilation strategy(DV), partially decoupled control
strategy(PD)”), results showed the proposed strategy can achieve significant energy saving
while maintaining an acceptable indoor environment for the air-conditioning system requiring
strict humidity control.
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ABSTRACT
The research objectives of this study are to develop and validate a detailed simulation model of a test cell which
was used to measure heat balances for comfort evaluation.
The Research Centre on Zero Emission Buildings (ZEB) Test Cell Laboratory is a facility designed to carry out
experiments on building envelope systems and their interaction with HVAC terminal units. Tests on the
interaction between the building envelope, the building equipment, and indoor environmental quality analyses,
with or without the presence of users in the test cell room, can be performed. The ZEB Test Cell Laboratory is
constituted of two identical and fully independent test cells. Each test cell has one surface of the cell envelope
exposed outside (a façade facing south), while the other five surfaces are surrounded by an environmentallycontrolled volume. In order to be able to run numerical tests (in advance or with a large number of parameters) a
simulation model of one test cell was developed in the programme IDA Indoor Climate and Energy (IDA ICE) v.
4.8.
The calibration of the model after setting it up according to the laboratory’s technical data was carried out in two
steps: In the first, no windows were opened so that all deviations could be attributed to the cell’s envelope itself.
Before also investigating the opening of windows in the second step, the discharge coefficient cd which describes
flow losses in natural ventilation had to be defined. By experiment, it was found to be cd = 0.75 for the tilted
window being used in the laboratory which is in accordance with the research by Heiselberg et al. (Heiselberg et
al., 2001).
The simulation results of step 1 showed high accordance with the measurements. The simulated zone air
temperature and envelope surface temperatures of step one were almost constantly within the measurement
inaccuracy, except for the ceiling temperature. Here the deviation was higher compared to the other results. The
evaluation of step 2, the test row with an open window, revealed issues with solar gains, which were greatly
overestimated in the simulations. The too high solar gains led to a lower agreement of simulated and measured
data in the second test row compared to the first. This deviation made it impossible to investigate the
applicability of the previously determined cd value for the opened window.

KEYWORDS
Test Cell; Thermal simulation; Calibration; Discharge coefficient; Thermal comfort; Air flow.

1

INTRODUCTION

1.1 Background
With the application of mechanical heating and later cooling systems in buildings the weather
outside the window faded into the background as all-year equal indoor climate was now
possible on demand. This led to more and more maladjusted buildings and a more uniform
building design all over the world, in every climate zone. Technology was meant to take over
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the work neglected by designers, causing large amounts of energy needed for heating and
cooling in particular for the resulting “sealed boxes”.
It was common practice for decades, to keep indoor conditions within the proposed limits of
P. O. Fanger’s PMV/PPD-model (Fanger, 1970) presented in many standards like the
ASHRAE Standard 55-1992 (ASHRAE Standard 55-1992, 1992) or ISO 7730:1994 (ISO
7730:1994, 1994). Yet further research found that the PMV/PPD-model is not applicable for
naturally ventilated buildings, where it became apparent that people are content with a wider
range of temperatures than those in closed and air-conditioned ones (de Dear, Schiller Brager,
2001; de Dear, Brager, 1998).
While at the time of the early comfort studies technical capabilities were quite limited,
today’s planning process is driven by digitalized optimization. And because environmental
politics, shortage of fossil fuels and climate change force planners to exactly pre-consider
every design step to meet expectations and more stringent regulations for the buildings’
performance, increasing effort is put in virtual models of buildings. In doing so, every
possible response to indoor or outdoor conditions can be evaluated beforehand. But there is
also an economic component since changes to be made during the planning process are much
cheaper than during construction or after the building’s completion. Moreover, studies found
that satisfied employees in offices tend to be more productive, which can save the company
money (Huizenga C. et al., 2006). Still, new technologies and building materials as well as
differing configurations from case to case make it necessary to continue research in indoor
environmental comfort.
1.2 ZEB Test Cell Laboratory
For that reason, the Research Centre on Zero Emission Buildings (ZEB) recently established
the ZEB Test Cell Laboratory for measuring indoor conditions for any desired façade types.
This newly built test facility on the campus of the Norwegian University of Science and
Technology (NTNU) in Trondheim, Norway, is able to provide measurements for two fully
independent test cells with different settings at the same time. The cells have one surface
exposed to ambient conditions facing south, whereas the other five surfaces are adjacent to an
approximately 210 m³ guard volume, one for each cell. Both the cells and the guard volume
are fully controllable with respect to their indoor air conditions. The cells have a volume of
about 37 m³ with internal dimensions (W x L x H) 2.50 m x 4.36 m x 3.39 m. The cells are
suspended from the guard volume floor, leaving a gap of approximately 0.5 m between the
structures. Cell floor, ceiling and walls, except for the façade to ambient, are made of
prefabricated sandwich panels of 10 cm injected polyurethane foam between two 0.6 mm
steel sheets, resulting in an U-value of 0.23 W/(m²K) (Goia et al., 2017).
1.3 Aim of Work
The goal of the presented study is to set up a functional virtual simulation model of the Test
Cell Laboratory with subsequent validation through measurement data. After the calibration,
the model will be the basis for future test rows, such as material tests or comfort analyses as it
helps to pre-assess promising test set ups and configurations. With the use of a calibrated
model of a test cell initial investigations for work involving actual measurements can be
executed fast and already in early project stages. Thus a lot of time and money can be saved
by a thorough pre-selection of configurations to be tested.
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2

SIMULATION MODEL

As mentioned, the main purpose of the ZEB Test Cell Laboratory is thermal comfort analysis.
Mainly the following parameters are critical in the determination of thermal comfort: Air
temperature, mean radiative temperature of surrounding surfaces, air velocity, relative
humidity, the occupant’s metabolic rate and insulation of clothing (Fanger, 1970; ISO
7730:1994, 1994; ASHRAE Standard 55-2004, 2004). As ASHRAE Standard 55 allows a
rather wide range for relative humidity it is assumed to have only minor influence on thermal
comfort in the present case. The degree of activity and clothing of the user are generally
dynamic and can be adjusted easily in the simulation programme IDA Indoor Climate and
Energy (IDA ICE) (Bring et al., 1999), which is why focus is put on the first three aspects,
namely air temperature, mean radiative temperature of surrounding surfaces and air velocity.
Like many thermal simulation programmes also IDA ICE simplifies air movements within a
zone. The air speed within a zone is considered a constant at a predefined value of 0.1 m/s,
but open to be chosen freely. Especially for comfort analyses involving natural ventilation, a
constant value in this magnitude is not reasonable. The recently integrated Computational
Fluid Dynamics (CFD)-plug-in in IDA ICE allows investigating local air velocities in the
zone at a given point in time. An essential precondition for using this helpful plug-in is the
correct determination of air flows to and from a zone by the analytical components – for
windows namely CELVO (Climate and Energy Large Vertical Opening) – thus by an
ordinary dynamic simulation (Bring et al., 1999). CELVO is bidirectional, thus allows
calculating air flows in opposite directions simultaneously (see Eq. 1 and 2).
Governing equations in this component are

𝑐𝑑 𝑤 𝑧𝑡 √2 𝜌1 (𝑃1 − 𝑃2 )
𝑚̇12 = {
0
0
𝑚̇21 = {
𝑐𝑑 𝑤 𝑧𝑡 √2 𝜌2 (𝑃2 − 𝑃1 )

𝑓𝑜𝑟 𝑃1 > 𝑃2
(1)
𝑓𝑜𝑟 𝑃1 < 𝑃2
𝑓𝑜𝑟 𝑃1 > 𝑃2
(2)
𝑓𝑜𝑟 𝑃1 < 𝑃2

where ṁ is the mass flow, cd the discharge coefficient, w the opening width, zt the opening
height, ρ the density of air, and P the pressure at the respective reference level.
While pressure levels and air density are calculated by the program, discharge coefficient and
opening area are self-defined. Especially when it comes to complicated opening forms such as
pivoted windows, the determination of both can be very complex. The discharge coefficient
hereby plays an important role as it is used as a factor to decrease an opening with the area Aop
to an effective area Aeff (see Eq. 3), combining pressure and flow losses due to turbulences,
friction etc. This is essential when using IDA ICE as the programme is not able to handle
opening forms other than rectangular. But through choosing a different cd, those window
forms can be approximated.
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𝐴𝑒𝑓𝑓 = 𝑐𝑑 𝐴𝑂𝑝

(3)

A general approach to determine the cd value for any kinds of window shape, opening form
and mounting situation does not exist. Many studies have been conducted but they all pointed
out that for the determination of an accurate cd very window and its mounting situation must
be treated separately (Hall, 2004; Maas, 1995; Heiselberg et al., 2001). The opening to be
further investigated in this study is a rectangular, vertical orientated window with the
dimensions (width x height) 0.70 m x 1.21 m. To identify the cd to be used for this specific,
only tiltable window the study of Heiselberg et al. was used as a template for own
measurements (Heiselberg et al., 2001). Like in the present case, Heiselberg used sort of a test
cell or test room facility with two independently controllable room units. While in
Heiselberg’s laboratory set up the pressure difference was created by valves in the ventilation
system and the experiments were non-isothermal, in the present, isothermal case blower door
equipment was utilised to induce the pressure levels. The results described in another paper
(Brozovsky et al., 2018) show a major coherence with Heiselberg’s findings. The mean
discharge coefficient for all opening angles of the tilted window was found to be cd = 0.75.
Cattarin et al. (Cattarin et al., 2018) who investigated the parameters and inputs that are most
influential on the thermal behavior of the particular test cell came to the result that following
parameters are the most critical:
•
•
•

Air temperature in the guard volume
Initial temperature(s) of the test cell envelope
Dimension of the window

This is why Cattarin et al. (Cattarin et al., 2018) recommend measuring the guard volume
temperature very accurately, as well as measurements should run for at least a week in order
to reduce the influence of the error through insecurity of the initial conditions. Because solar
gains are one of the main drivers of the cell’s thermal behaviour detailed knowledge about
and modelling of the transparent envelope parts is necessary (Cattarin et al., 2018).
According to those recommendations, the measurements were taken for a 15-day period.
Additionally, the properties of the windows are well known. Since the measurement period
was done in the end of December and the beginning of January, even on clear days no direct
sunlight hits the window because of the low elevation angle of the sun in this time of the year
and a shadowing office building in front of the laboratory.
The measured boundary temperatures of the guard volume (air temperatures right at the
surfaces of the test cell) and air flow volumes through the ventilation system to and from the
zone have been fed into the simulation model to digitally recreate the exact same boundary
conditions.
3

LABORATORY SETUP

The temperature sensors’ and data acquisition’s measuring accuracy for air and surface
temperatures can be seen in Table 1. The measured temperature is referred to as t. Figure 2
shows the placement of the sensors whose measurements were used for the calibration. As the
simulation program calculates only one value per surface, the mean measurement value of all
sensors of a particular surface was used for the comparison.
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Table 1: Measuring accuracy of sensors and data acquisition (DAQ)
Sensor Type
DAQ
Resistance thermometer (RTD)
Thermocouples (type T)

Measured variable
All
Air temperature
Surface temperatures

Accuracy
± 0.37 °C
± (0.3+0.005|t|) °C
± 1 °C or ± 0.0075 |t|

Figure 1: Placement of sensors in the cell: Resistance thermometer for air temperature (red triangle),
thermocouples for surface temperatures (blue circles)

4

RESULTS OF THE CALIBRATION SIMULATION

For quantifying the accordance of measured and simulated temperatures some indicator
parameters will be introduced. q will give indication about the percentage of time in which the
simulation results are outside the measurement inaccuracy (Eq. 4 and 5) where si is the
simulated value and mi the measured value at time step i and a is the range of measuring
inaccuracy, see Table 1. CV(RMSD) is the normalised value of the root-mean-square
deviation (Eq. 6) and is used as a quality indicator. Generally, the lower the CV(RMSD) the
better the fit of measured and simulated data.

𝑞=

𝑄𝑖 = {

∑𝑛𝑖=1 𝑄𝑖
∙ 100 %
𝑛

1

, 𝑓𝑜𝑟 |𝑠𝑖 − 𝑚𝑖 | > |𝑎|

0

, 𝑓𝑜𝑟 |𝑠𝑖 − 𝑚𝑖 | ≤ |𝑎|

(4)

(5)

√∑𝑛𝑖=1(𝑠𝑖 − 𝑚𝑖 ) ²/𝑛
𝑅𝑀𝑆𝐷
𝐶𝑉(𝑅𝑀𝑆𝐷) =
∙ 100 % =
∙ 100 %
𝑚
̅
𝑚
̅

4.1

(6)

Without opening the window

Following Figures 2 - 5 visualize the simulation results for the calibration step 1 where no
windows were opened. q shows values from 0.0 to 3.3 %, the coefficient of variance of the
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root-mean-square deviation CV(RMSD) from 1.5 % to 4.0 %. Only the ceiling surface
temperature shows a rather high deviation compared to the other surfaces or the air. The
measured temperature appears to have a distinct dependency on the supply air temperature,
while the simulated temperature is following the supply air temperature’s path just to a
limited extent.
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Figure 2: Measured and simulated zone air temperature in calibration step 1
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Figure 3: Measured and simulated floor surface temperature in calibration step 1
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Figure 4: Measured and simulated surface temperature of the test cell wall(s) in calibration step 1
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Figure 5: Measured and simulated ceiling surface temperature in calibration step 1

4.2

With opening the window

The test carried out for the second stage of the calibration process was shorter than the first
one since the results from stage one indicated a 24 h start-up phase being long enough to
evade the error through insecurity of the initial conditions. One weekend in February was
used and the actual window opening was performed on the third day of the test. It was opened
for 30 minutes in the afternoon. The analysis of the data revealed an error of 12.5 % up to
19.1 % during the times of high solar irradiation for the air temperature and the surface
temperatures, which are not displayed. The weather on the respecting weekend was clear and
sunny, with a quite constant ambient temperature around 0 °C. Clearly visible in Figure 6 is
the overestimation of solar gains where the simulated zone air temperature rises well above
the measured of 24 °C to a maximum value of 27 °C on February 10. During the time without
solar irradiation, measured and simulated values were more similar.
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The situation shown in Figure 6 is also occurring in the surface temperatures of the cell envelopes (see also

Table 2) where the accordance of measured and simulated data is clearly worse than in
simulation step 1. Further investigations have to be carried out to identify the error.
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Figure 6: Measured and simulated zone air temperature in calibration step 2

Table 2: Quality parameters of calibration step 2 with opening windows
Temperature
Air
Floor surface
Wall surface
Ceiling surface

5

R² [-]
0.86
0.94
0.88
0.66

q [%]
22.9
16.1
20.2
25.1

CV(RMSD) [%]
5.4
6.4
7.7
9.2

CONCLUSIONS

This study shows the set up and the calibration of a simulation model of the ZEB Test Cell
Laboratory in Trondheim, Norway. In the first step of the calibration no windows were
opened. The results were up to 3.3 % of the time outside the measurement accuracy with a
CV(RMSD) between 1.5 % to 4.0 %. The simulation model does not take into account that a
supply air terminal was located near the ceiling since in the zone model the cell is an air node
where incoming air is perfectly mixed with room air right away. The surface temperature is
not dependent on the location of the supply air terminal, but just of the indoor air temperature,
the thermal resistance of the construction and the temperature on the other side of the
construction. Therefore, the results of the ceiling surface temperature deviate the most from
the measurements.
Because in the second part of the calibration the cell’s window was to be opened, first its
discharge coefficient had to be determined. Isothermal measurements with blower door
equipment found the discharge coefficient of the window to be cd = 0.75 (Brozovsky et al.,
2018) which is in accordance with the findings of Heiselberg et al. (Heiselberg et al., 2001).
As a consequence of the significant deviation evoked by overestimated solar gains during the
time of opening of the window no conclusion about the quality of the window model or the
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accuracy of the determination of the discharge coefficient can be drawn. The simulated values
were between 16.1 % and 25.1 % outside the measurement accuracy with a CV(RMSD)
between 5.4 % to 9.2 %.
At times of low or zero solar irradiation the model reliably predicts the zone air and surface
temperatures. However, further tests specifically on sunny days with two pyranometers (one
of which with a shadow ring) installed on the façade right next to the window would enhance
the quality of determination of direct and diffuse fraction of solar irradiation, which in this
study was done by using the Skartveit-Olseth model (Skartveit, Olseth, 1987). The accuracy
of this model is to be investigated especially for the winter period, when in locations of high
latitudes sun angles in general are very low.
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ABSTRACT
Recently, many studies have focused on the adsorption of pollutants as a method for improving indoor air
quality. In Korea, the Health-Friendly Housing Construction Standards specify requirements for the installation
of pollutant-absorbing materials. It is recommended that at least 10% of the total area of the living room and
bedroom walls be covered. However, current guidelines regarding the installation locations of the adsorption
material are unclear.
The purpose of this study is to analyse (using CFD simulation) the optimal installation location of adsorption
material under two ventilation conditions: natural convection and mechanical ventilation in residential buildings.
A dressing room and bedroom were set up as representative spaces for the two conditions. In each space, the
adsorptive effect was quantitatively analyzed by comparing the case in which the adsorption material was not
installed with the case where in which adsorption material was installed on either the wall or the ceiling. The
pollutant to be absorbed was set to toluene according to the Korean standard, and the adsorptive effect was
evaluated by the reduction of toluene concentration per installation area. Our results showed that the dressing
room showed the best adsorptive effect when the adsorption material was installed on the ceiling, which reduced
the breathing zone toluene concentration by about 47%. We surmise that adsorption increased due to the
pollutant’s tendency to rise in response to the buoyancy caused by the heat load generated by the occupant. On
the other hand, in the bedroom, the adsorptive effect was the best when the adsorption material was installed on
the inlet side wall, which reduced the breathing zone toluene concentration by 21% and the room average
toluene concentration by 25%. This result is likely due to the close proximity between the occupant and the
adsorption material and the fast air velocity of the inlet side wall. Therefore, under both natural convection and
mechanical ventilation conditions, it is most effective to install the adsorption material where airflow is formed
and air circulation is good.

KEYWORDS
Adsorption materials, Installation location, Toluene, Adsorptive Phenomenon, CFD
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1

INTRODUCTION

As people's interest in health has increased, indoor air quality management has received
greater emphasis. Indoor air quality has to be carefully managed because poor air quality can
adversely affect the health of occupants, potentially causing such conditions as Sick Building
Syndrome (SBS) and Multi-chemical Sensitivity (MCS) (Meggs, 1997). Recently, the use of
pollutant adsorption materials has attracted attention as a potential strategy to help control and
manage indoor air quality. In Korea, the use of adsoprtion materials is included as a
recommended standard in the 2013 “Health-Friendly Housing Construction Standards,” and
related materials are being actively developed (S. Kim, 2015). However, while the
development of adsorption materials is ongoing, the research and construction criteria
pertaining to the application of these materials remain inadequate. In Korea, only the HealthFriendly Housing Construction Standards propose construction criteria for the application of
adsorption materials, suggesting, for example, a minimum installation area of 10% of the
living room and bedroom walls. However, they do not provide clear guidelines as to the
optimal installation location. Actual architectural spaces can be wide and complicated, so
even if the same material is applied to the same area, performance can vary greatly depending
on the installation location. Therefore, in order to realize the efficient and uniform
performance of these materials, it is necessary to investigate adsorptive performance
according to installation location and to determine which installation locations are optimal. To
that ends, this study aims to examine the proper installation location of pollutant adsorption
materials in an apartment building using Computational Fluid Dynamics (CFD) simulation.
2

METHODS

Typical ventilation conditions in residential apartment buildings can be divided into two
categories: natural convection conditions and mechanical ventilation conditions.
In natural convection conditions, only buoyancy is ventilated, and there are no additional
ventilation systems. In an apartment building, dressing room is typically ventilated using
natural convection. Under mechanical ventilation conditions, a mechanical ventilation facility
exists through which a certain amount of mechanical ventilation is accomplished. In Korea, it
is obligatory to install ventilation facilities so that new apartment buildings can be ventilated
0.5 times per hour. Therefore, most spaces such as living rooms and bedrooms are under
mechanical ventilation conditions.
In this study, the dressing room was set as the representative space for natural convection
conditions, while the bedroom was set as the representative space for mechanical ventilation
conditions. Each case was then classified according to the location of the adsorption material
in the representative space, and the adsorptive effect was calculated for each case using CFD.
Finally, based on this, we worked to determine the optimal location of adsorption materials
according to the ventilation conditions in apartment buildings.
2.1

Natural convection conditions

The dressing room set as the target space is the most common flat type (J. H. Kim, 2011), one
of which is connected to the bedroom and the other of which is connected to the bathroom. As
shown in Figure 1, we examined three potential installation locations for the adsorption
material: the ceiling, the outside of the built-in cabinet, and the inside cabinet. Therefore, the
toluene concentration in the breathing region was calculated when the baseline model (Case 1
- 0) without the adsorption material was installed at each location and compared with the
current Korean standard. In addition, the reduction of the toluene concentration in the
breathing zone per installed area was evaluated.
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(a) Case 1-0 (Baseline model)

(b) Case 1-1

(c) Case 1-2

(d) Case 1-3

Figure 1: Simulation cases according to location of adsorption materials in dressing room

The pollutant in the target space was set as toluene according to the Korean standards.
Toluene is a typical volatile organic compound (VOC) released from interior finishing
materials (Missia, Demetriou, Michael, Tolis, & Bartzis, 2010). The amount of toluene
generated was set to four times the current Korean Healthy Building (HB) material
certification standards, based on previous research (Jang et al., 2005). The initial
concentration was the concentration of toluene from the adjacent bedroom, which was
determined using the average of experimental data from fifteen previous studies (D. Kim,
Kim, Kim, Lee, & Kim, 2015). For the CFD simulation, toluene was assumed to be a passive
scalar, and the adsorption surface was analyzed under the condition of a surface concentration
of 0 (Seo, 2008) (Park, Seo, & Kim, 2015). In addition, we assumed that human body which
is a kind of heat source is placed in the center of the dressing room. Table 1 shows the
analysis conditions.
Table 1: CFD boundary conditions for the dressing room
Values
Toluene emission rate

0.32 ㎎/㎡ h

Initial toluene concentration

185.53 ㎍/㎥

Heat source

55.0W (Human, Sensible heat)

Wall temperature

24℃

Turbulence model

Realizable k-ε turbulence model
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2.2

Mechanical ventilation conditions

There is an inlet and an outlet in the bedroom, and one full unit of mechanical ventilation is
performed every two hours. In addition, we assume that the human body is standing next to
the bed. As shown in Figure. 2, there are four cases under investigation; a case without
adsorption material, a case in which the material is installed on the ceiling, a case in which the
material is installed on the inlet side wall, and case in which the material is installed on the
outlet side wall. The reduction of toluene concentration in the breathing zone and the
reduction of the average toluene concentration per installation area were evaluated in relation
to the baseline model (Case 2-0). The installation area of the adsorption material was set at
10% of the wall area of the bedroom in accordance with the recommended standards in
Korea.

(a) Case 2-0(Baseline model)

(b) Case 2-1

(c) Case 2-2

(d) Case 2-3

Figure 2: Simulation cases according to location of adsorption material in bedroom

Toluene was assumed to be emitted from the ceiling, walls, floor, and furniture. The toluene
emission rate was set at 0.08 mg / ㎡ h, which is equivalent to the standard of a newly built
apartment house according to HB certification standards. Other techniques for analyzing the
generation and adsorption of toluene were the same as those used for the dressing room case.
Table 2 shows the analysis conditions.
Table 2: CFD boundary conditions for the bedroom
Values
Toluene emission rate
(Ceiling, wallpaper, flooring, furniture)
Heat source

55.0W (human, sensible heat)

Supply air temperature

20℃

Ventilation rate

0.5 ACH

0.08 ㎎/㎡ h
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Turbulence model

3
3.1

Realizable k-ε turbulence model

RESULTS
Natural convection conditions

Figure 3 shows case-by-case results of our analysis of toluene concentration distribution
according to the installation location of the adsorption material (section A-A '). We can
confirm that the toluene concentration in the region adjacent to the adsorption material is low.
Figure 4 (a) shows the breathing zone toluene concentration by case. The baseline model
exhibited a toluene concentration of 1,111 ㎍ / ㎥. was is more than the 1,000 ㎍ / ㎥ limit set
by the indoor air quality (IAQ) standards in Korea. On the other hand, when the adsorption
material was installed, the concentration toluene concentration was reduced to relative to the
reference concentration. Figure 4 (b) shows that the reduction in toluene concentration per
area was the largest in Case 1-1. In this case, the toluene concentration in the breathing zone
was reduced by about 47%. We infer that that this is due to air flow being directed upward
due to the presence of human body heat and thus promoting the performance of the adsorption
material installed on the ceiling.
We therefore conclude that, under natural convection conditions such as those found in a
dressing room, it most effective to install adsorption material in the ceiling given the heat
generated from the human body.

(a) Case 1-0(Baseline model)

(b) Case 1-1

(c) Case 1-2

(d) Case 1-3

Figure 3: Comparison of toluene concentration distribution by cases in dressing room
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(a) Breathing zone toluene concentration

(b) Concentration reduction / installation area

Figure 4: Toluene concentration and concentration reduction by installation area in dressing room

3.2

Mechanical ventilation conditions

Figure 5 shows the toluene concentration distribution for each bedroom case (section CC '). It
can be seen that in all cases the toluene concentration is reduced near where the adsorption
material is installed. Figure 6 shows the reduction in toluene concentration per installation
area. Case 2-2 showed the most marked decrease in toluene concentration in the breathing
zone, with a reduction of 21% compared with the baseline model. Case 2-2 also showed the
best effect with regard to the average room concentration, showing a reduction of 25%
compared with the baseline model. Adsorptive performance as measured by breathing zone
concentration was therefore best when the adsorption material was installed close to the
breathing zone. On the other hand, with regard to average concentration, it is most effective to
install the adsorption material where the air velocity on the surface is fast. We infer that the
adsorption rate is largely influenced by the convective mass transfer coefficient of the
adsoprtion material surface.
As a result, under mechanical ventilation conditions, we conclude that it is most effective to
install the adsorption material on the surface near the area in which the occupant spends the
most time or in an area where air circulation is good and the contact between the pollutant and
the adsorption material is active.

(a) Case 2-0 (Baseline model)

(b) Case 2-1
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(c) Case 2-2

(d) Case 2-3

Figure 5: Comparison of toluene concentration distribution by cases in bedroom

(a) Breathing zone toluene
reduction / installation area

concentration

(b) Room average toluene concentration
reduction / installation area

Figure 6: Concentration reduction by installation area in bedroom

4

CONCLUSION

The installation of adsorption material is one strategy to improve indoor air quality. However,
clear guidelines on the optimal installation location for adsorption material in architectural
space have been lacking, and few studies have broached the topic. In this study, the
ventilation conditions in the apartment house were divided into natural convection conditions
and mechanical ventilation conditions, and an architectural space representing each condition
was selected. Then, various cases were classified according to the location of the adsoprtion
material installed in each space, and adsorptive performance was calculated for each case
using CFD.
According to our results, it is most effective to install adsorption material in the area of air
circulation where the airflow is formed under both natural convection and mechanical
ventilation. In addition, it has been shown that adsorption materials placed near where
occupants tend to spend the most time are effective in reducing the concentration of toluene in
the breathing zone.
In order to realize uniform and efficient performance of adsorption materials, related studies
should be actively carried out in the future. Ultimately, clear construction guidelines related to
the installation location of adsorption materials are required.
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ABSTRACT
In recent years, PM, which is one of the most important indoor air pollutants, has attracted a great deal of
attention. PM is mainly generated by occupant activities. In particular, cooking and smoking are occupant
activities that have the greatest effect on the indoor PM concentrations. The objective of this study is to analyse
indoior PM concentration and occupant behavior of Korean residential buildings. PM concentration increased
rapidly in a short time during the cooking process. In addition, it was confirmed that the cooking-generated PM
diffuse rapidly and contributed to increasing the PM concentration in the living room. In the cooking process, the
range-hood was operated most of the time, but the PM diffused into the living room. Therefore, there is a need
for additional ventilation method to prevent diffusion of cooking-generated PM.

KEYWORDS
Indoor particle; Occupant behavior; Cooking; Residential building

1 INTRODUCTION
Indoor PM generation is caused by an inflow of outside air or occupants’ activities. It appears
in various sizes, shapes and chemical compositions depending on the type of source.(Wilson
& Suh, 1997) Typical occupants’ activities that affects the PM concentrations include
cleaning, smoking and cooking. In the cooking process, PM occurs due to heat generated by
combustion in a complex manner. Most of the PM generated during cooking has a particle
size of 1μm or less.(Afshari, Matson, & Ekberg, 2005) In particular, cooking-generated PM
constitute the largest portion of the indoor PM generation when the PM concentration of the
outside air is not high.(He, Morawska, Hitchins, & Gilbert, 2004) Therefore, measures against
cooking-generated PM are needed to decrease indoor PM concentration.
Ventilation is necessary to remove the cooking-generated PM. Mechanical ventilation and
natural ventilation are the main ventilation methods for apartment houses. According to Tian
et al., mechanical ventilation is more effective than natural ventilation at removing the
cooking-generated PM.(Tian et al. 2008) In South Korea, most apartment houses are equipped
with ventilation devices.
This study analyzes factors affecting indoor PM. The PM concentrations were measured for 24 hours
in 8 housing units of the Korean residential building. In addition, the types of cooking and occupant
behavior were investigated through a questionnaire survey.
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2 OVERVIEW OF FIELD MEASUREMENT
In this study, indoor PM concentration in domestic residential buildings is analyzed through
field measurement. And occupant activities were figured out through questionnaire survey.
2.1 Field measurement
The field measurement was conducted on 8 housing units of an apartment house located in a
downtown area. The PM concentration was measured based on the particle number
concentrations. The indoor PM concentrations in 10 households were measured for 24 hours
(in 30 second intervals) daily in December 2017, and the changes in concentrations for one
day were analyzed.
Table 1. Contents of field measurement

Category

Item

Contents

Target building

Building type

Duration of measurement

Measurement points
Measuring material
Schedule
Measurement period
TSI OPS‐3330(4EA)

Domestic residential buildings(Apartment
house, 8units)
Outdoor, Living room, Kitchen
Particulate matter
Dec, 2017
24 hours(Interval : 30 sec)
6 Channel (0.3~0.5, 0.5~0.7, 0.7~1.0,

Measuring instruments
Questionnaire survey

Occupant activity

1.0~2.5, 2.5~5, 5~10 ㎛)
Cooking, Ventilation, Cleaning, Smoking

Table 2. General information of target buildings
Floor
No. of
Type of
Type of
Floor areas,
Height, #
occupants
fuels
Ventilation1)
m2
1
64
5/5
2
LNG
H+N.V
2
164
21/25
3
LNG
H+N.V, H
3
77.68
3/20
4
LNG
H+N.V, H
4
51
10/15
2
LNG
H+N.V
5
130
13/15
3
LNG
H+N.V
6
122.7
13/15
2
LNG
H+N.V
7
130
12/15
2
LNG
H+N.V
8
138.84
7/15
4
LNG
H
1) Type of ventilation - H: Hood, H+N.V: Hood + Natural ventilation, N.V: Natural ventilation
2) Type of cooking - B: Broiling, F: Frying, S: Soup
Building no.

(a) Position of measuring instruments

Type of
Cooking2)
B,S
S
B,S
S
F,S
B,F,S
B
B,F,S

(b) Survey sheet

Figure 2-1. Pictures of field measurement and occupant survey

537 | P a g e

2.2 Questionnaire survey
occupants’ activities were investigated to determine the effects of occupants’ activities on the
PM concentrations. The operation and time of occupants’ activities– such as cooking,
ventilation, cleaning and smoking – were collected through questionnaires. With respect to
cooking, the start and end time of cooking, the type of cooking and the operation of the rangehood during cooking were investigated in the answering of the questionnaires.
3 RESULTS
The survey results of occupant behavior are summarized in <Table 3>. For ventilation, eight
housing units except for one household performed natural ventilation through windows for 23
minutes on average. In Korea, the air temperature and relative humidity are low, and the
concentration of PM is high during the winter time. Since the measurements were conducted
in December, the ventilation time was not long in comparison. Cleaning was done once for 24
hours in six housing units. The time required for cleaning was 15 to 30 minutes.
All housing units performed cooking more than two times. Most of them operated the range
hood during cooking, and turned it off after cooking. No housing unit operated the range hood
after cooking. The types of cooking were divided as follows: broiling (15 times), frying (10
times) and soup (16 times). The airflow rate of the range hood was measured at 81-308CMH.
In most of the housing units, the range hood was operated at a low airflow rate due to noise.
Table 3. Surveyed data about occupants’ activities
No.

Ventilation
n

t

Cleaning
n

t

Cooking
n

Cooking type

Airflow rate of
rangehood
(CMH)

1

-

-

-

-

Bf/D

S/B

285

2

2

30/60

-

-

Bf/L/D

F/S/S

81

3

4

25/20/12/14

1

20

Bf/L/D

F,S/B/B,S

119

4

3

5/25/15

-

-

Bf/L/D

S/S/B,S

245

5

2

20/20

1

15

Bf/L/D

S/ B,F,S/B

95

6

4

25/60/5/20

1

15

Bf/L/D

F,S/ B,F,S/B

95

7

2

30/5

1

15

Bf/L/D

B/B/B,F

125

8

1

25

-

-

Bf/D

B,S/B,F,S

308

Notes
n : Number of times
t : Time(run-time)
Bf/L/D : Breakfast/Lunch/Dinner (Bold text : Range-hood operated)
Type of cooking - B: Broiling, F: Frying, S: Soup

Figure 3-1 (a)-(d) show the indoor and outdoor PM concentrations and occupants’ activities
for each house. The blue line indicates the living room, the orange line the kitchen, and the
black dotted line the outdoor PM concentration. The red dotted box in the graph indicates the
cooking activity, and the grey dotted box indicates the ventilation or the cleaning activity.
In general, the outdoor PM concentrations are very high in houses next to a large road(house
2, 5,6,10). In addition, houses located in Seoul and Gyeonggi show higher outdoor PM
concentrations than those located in Daejeon. In these houses, the indoor PM concentrations
show a tendency to rise to some extent during ventilation. Therefore, a great deal of care is
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required to apply natural ventilation in a house adjacent to a large road or in a house located
in the downtown area of a large city.
The occupant activities that affect the indoor PM concentrations include cooking, ventilation,
cleaning and smoking. The ten housing units are all non-smoking households. Among the rest
of occupant activities except for smoking, cooking was found to have the greatest effect on
the indoor PM concentration. It was also found that the indoor PM concentration increased
rapidly in a short time during the cooking process. In addition, it was confirmed that the
cooking-generated PM disperse rapidly and contributed to increasing the PM concentration in
the living room. In the cooking process, the range-hood was operated most of the time, but the
PM dispersed into the living room. Therefore, it was demonstrated that it is difficult to
prevent the dispersion of the cooking-generated PM only through the operation of the rangehood. In addition, the range-hood was turned off after the completion of cooking in the entire
cooking process, which resulted in a slow discharge of PM dispersed in the room.
The factors that have the greatest influence on the emission of cooking-generated PM are
cooking types and materials. Figure 3-2 shows the indoor PM concentration according to the
type of cooking. The data was obtained by extracting the PM concentration data for one hour
after the start of cooking. The results confirmed that among the three types of cooking
(broiling, frying, soup), the highest PM concentration was found when the broiling type was
used for cooking. Even though broiling contributes to high PM emissions, it is the most
common cooking method among Koreans. Therefore, there is a need for countermeasures
against PM generated by broiling.

(a) house 2

(b) house 3

(c) house 4

(d) house 8

Figure 3-1. Indoor and outdoor PM profile and occupant activities
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Figure 3-2. PM concentration by each type of cooking

4 CONCLUSIONS
In this study, the PM concentrations were measured for 24 hours in eight housing units of
Korean domestic residential building. As a result of the measurements, several problems were
found in the indoor PM concentrations in domestic residential buildings. The problems
derived in this chapter are as follows.
1) Difficulty of natural ventilation
- The outdoor PM concentrations are high in most of the housing units.
- The indoor PM concentrations increase when natural ventilation is done through open
windows.
2) Emission of cooking-generated PM
- A large amount of PM is emitted in a short time during cooking.
- The emitted PM rapidly disperses to adjacent spaces.
- The dispersed PM is not directly discharged and remains in the room for a considerable
time.
- The emission of cooking-generated PM is very high when food is cooked according to the
broiling method, which is widely used in Korea.
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ABSTRACT
Cooking activities generate massive fine particulate matter (number concentration). Effective ventilation system
can improve the indoor air quality impacts of pollutants from residential cooking. Make-up air supply system can
improve the range hood and Indoor air quality. In this study, we measured a capture efficiency of range hood with
make-up air supply and indoor particles during cooking activates. For household’s comfort, make-up air supply
was installed the line diffuser type. Case 1 PN concentrations increased to around 60,000#/cm3. Ratio of neat
broiling emitted particles less than 0.5 ㎛ is almost 70%. Make-up air supply system could reduce particle
concentrations compared in compared by using only range hood and hood+HRV supply (-41, -6%). Furthermore,
Particle deposition rate constant of case3 was 0.96±0.26 (h-1). It is higher than other cases (same ventilation
volume)

KEYWORDS
Range hood, Make up air, Auxiliary make-up air supply system, Cooking, Particle

1

INTRODUCTION

Removal of indoor particle concentration maintain good indoor air quality and protect
human health. Cooking activities are one of the largest sources of indoor pollutant such as
particles, nitrogen dioxide(NO2). Formaldehyde(HCHO)[1-4]. For this reason, the range
hood is installed in almost residential in Korea. The efficiency of range hood is determined by
several factors, such as fan flow rate, hood location, exhaust ducting, hood cap.
Many studies have measured the reducing air pollutions in residence with a variety of
cooking method. Indoor particle concentration in cooking period can vary widely but exceed
the regulations (PM2.5, PM10 in ambient level). Range hood is a typical ventilation system in
the kitchens to reduce cooking generated particles by eliminating sources directly in the stove
before diffusing the particle to environment.
The newly residential building is installed mechanical ventilation system with auxiliary
make-up air supply system in Korea because of anxiety about cooking-generated particles.
Operating ventilation system could reduce pollutant concentration with auxiliary ventilation
system. To our knowledge, the improvement of ventilation efficiency for range hood with
auxiliary ventilation system has not been studied in experiment conditions. The objective of
this study was to evaluate the efficiency of ventilation system for cooking activities in
experiment.
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2

METHODS

2.1 Experiments overview
Cooking experiments were conducted in the residential houses in Korea. Before the cooking,
30 min was recorded as a background concentration and operated ventilation system for well
mixed condition. we conduct meat broiling 300g with soy oil 10ml at middle power level of
electric stove for 12 min with free heat 3min. After cooking, 45 min was recorded for decay
period.
Residential buildings typically ventilated by three methods: mechanical ventilation such as
heat recovery ventilation or range hood, natural ventilation, infiltration. In this study, we used
HRV (heat recovery ventilation) mechanical ventilation system. Furthermore, range hood and
make-up air system were installed in the laboratory residential scale.
The volume of whole laboratory was 212.9m3 with 3 rooms and height is 2.3m. We sealed the
all of rooms because diffusion of contaminants was ignored in this study (Actual
volume:101.8m3).
we evaluated air exchange rate in this laboratory CO2 based gas tracer gas method. Innova
1313 multi-gas analyser was installed to estimated air exchange rate (AER, h-1). AER of
laboratory is 0.4(h-1).
Particle number concentrations were measured at four sampling points: 1) living, 2) kitchen,
3) range hood exhaust duct, 4) supply air duct (HRV and Make up air). The height of
sampling was 1.4m. Particle concentrations were continuously measured using optical particle
counter (OPC, Model OPS 3330; TSI Incorporated) interval 10 s and six size channels: 0.30.5, 0.5-0.7, 0.7-1.0, 1.0-2.5 and 2.5-10.0 ㎛.
Table 1. Ventilation Types
Air volume (cmh)
Case

Air change rate (h-1)

Supply

Exhaust

Make up air
supply

1

0

0

0

0.6 (Only exhaust)

2

150

0

0

0.6

3

0

0

150

0.6

4

150

150

150

1.2

2.2

Data analysis

Particle number concentrations are analysed using material balance equation (1) in steady
state conditions[5, 6].
(1)
Where t is time, is the AER (air exchange rate) due to infiltration, is the particle
,
are indoor and outdoor
penetration factor, is the particle deposition rate.
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concentrations. During cooking period,
concentrations During the cooking period
were extremely higher (more than 10 times) than background concentrations. In this case,
equation (1) can becomes:
(2)
Where
is peak indoor concentrations,
is decay rate constant. Based on
. The decay rate constant
equation (2), efficiency of ventilation system determined
means the remove the particles, coagulate the indoor particles.
3
3.1

RESULTS
Particle number(PN) concentrations

Figure 1: PN concentrations in living (0.3-0.5 ㎛)

Figure 2: PN concentrations in kitchen (0.3-0.5 ㎛)
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Reported in Figure 1-2 are PN concentrations in living, kitchen (Size: 0.3-0.5 ㎛). Case 1 PN
concentrations increased to around 60,000#/cm3. Ratio of neat broiling emitted particles less
than 0.5 ㎛ is almost 70%.
Table 2: Size-resolved average PN concentrations
Size-resolved optical particle counter (OPC)
Case

0.3-0.5 ㎛

0.5-0.7 ㎛
4

Case 1
Case 2
Case 3
Case 4

Living
Kitchen
Living
Kitchen
Living
Kitchen
Living
Kitchen

Mean (x 10 )
3.7
3.5
1.7
1.8
1.4
1.4
1.2
1.0

0.7-1.0 ㎛
3

Mean (x 10 )
3.6
3.5
1.6
1.6
1.5
1.4
1.4
1.0

1.0-2.5 ㎛
3

Mean (x 10 )
1.6
1.2
0.7
0.5
0.6
0.5
0.7
0.3

2.5-10.0 ㎛
4

Mean (x 10 )
1.1
1.3
0.4
0.5
0.4
0.5
0.5
0.5

Mean (x 102)
1.9
1.7
0.7
0.6
0.4
0.5
0.1
0.1

The average of particle deposition rate constant was reported figure 3. Particle deposition
rate constant of case 1, case2 were 0.67±0.43, 0.58±0.47 (h-1). The particle deposition rate
constant increased definitely: 0.96±0.26. Difference of case 2 and case 3 was only supply air
system with same air volume. Case 2 was supplied by HRV supply duct. However, case 3 was
supplied by make-up air supply system. The average deposition rate constant of case 4 were
1.52±0.30. The air volume of case 4 was 300cmh, higher than other cases.

Figure 3: Particle deposition rate (h-1)

4
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ABSTRACT
Bio-based insulation materials represent an alternative to petro-based materials which may
contribute to enhance buildings energy efficiency. Nevertheless, these material must respond
to indoor air quality requirements and prove their resistance to moulds. In this study, VOCs
emissions of a wood fibre board were characterised at 50% and 85% of relative humidity
(RH) as well as its potential to mould growth. Relative humidity variation impacted
significantly some VOCs emissions and colonies from Aspergillus niger developed onto the
material. This results can contribute to the different questions concerning the use of this type
of materials to isolate buildings.
KEYWORDS
Bio-based insulation materials, relative humidity, mould growth, VOCs emissions
1

INTRODUCTION

The use of bio-based insulation materials has become an interesting alternative to enhance
buildings energy efficiency. These materials made of natural or recycled biomass, present
good environmental and technical performances which have contributed to their increase in
the construction market. In France, they must also respond to the sanitary requirements
concerning indoor air quality (volatile organic compounds or VOC emissions). In the research
performed by Maskell et al. 2015, total VOC emissions (TVOC) from cellulose flakes, wool,
hemp fibre, wood fibre and hemp lime were analysed, showing low emission rates of TVOC
which generally decreased or remained stable within the 28 days of the test. For some of the
characterised VOCs including formaldehyde, the higher concentrations were produced by the
wood fibre. In 2016, the French environment and energy management agency (ADEME)
performed a study in order to compare the COVs emissions of bio-based construction
materials used in French buildings. The analysed materials included paintings, insulation
boards, doors and windows, presented low VOCs emissions rates as their homologous mineral
or petro-based ones. The characterisation of these materials and their related emissions is
important and will eventually allow for their further development.
Apart from the nature and the chemical composition, climatic conditions can also determine
materials emissions (Koivula et a. 2005). Relative humidity (RH) is one of the environmental
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factors that affect emissions behaviours of formaldehyde from building materials.
Experimental studies in emission chambers showed that concentrations as well as emissions
rates increase when increasing RH (Huang et al. 2010). Lin et al. 2009 observed that the
emission rate and chamber concentration of toluene, n-butyl acetate, ethylbenzene, and m,pxylene increased when RH increased from 50% to 80%.
When RH increases, potential mould growth may happen in bio-based insulation materials.
As moulds colonize a material, volatile organic compounds (VOC) and mycotoxins can be
emitted from their metabolism during the biodegradation of the substrate, affecting the indoor
air quality and inhabitants’ health (Joblin, 2011). So, Bio-based insulation materials must also
prove their resistance to moulds.
The objectives of this research project are to characterise VOCs emissions from bio-based
insulation materials, to analyse the effect of relative humidity on the emissions behaviour and
to assess materials potentiality to mould growth.
2
2.1

MATERIALS AND METHODS
Tested materials

In France, wood and cellulose are the two more frequently used raw products to produce biobased insulation materials. In 2011, 69% of the bio-based boards produced corresponded to
wood fiber boards (DREAL, 2015). In this study, VOC emissions of an insulation bio-based
board were assessed. The material is composed of 90% wood fibre and 10% thermo-fusible
binder fibers (recycled polyester) (figure 1).
.

Figure1. Insulation bio-based board made of wood fibre

2.2

VOC emissions experimental setup, sampling and analysis

A CLIMPAQ (Chamber for Laboratory Investigations of Materials, Pollution and Air
Quality) (figure 2) chamber was used to analyse VOC emissions from the materials.
The tests were performed using two different values of relative humidity (RH), 50% and 85%.
In the first instance, the objective was to assess the material following the French regulation
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for construction materials (ISO 16000 series) (50%RH), and then to analyse the effect of
humidity on the emissions behaviour (85%).
The tested specimen (20 cm x 20 cm) was introduced in the chamber at 23°C and 50% HR
during 28 days, and then the RH was increased to 85%.
Samples were collected on days 28 (50%) and 3 days after the humidity was increased for the
first test and Samplings were performed 5, 13, 21 and 28 for the second test into sample tubes
containing tenax TA adsorbent and DNPH (for aldehydes) by pumping purified air through
the chambers.

Sample
points
fan

Air entry
Figure 2. CLIMPAQ chamber

2.3

Mould development experimental setup and analysis

A 105L glass chamber (figure 3) was used to assess microbial development onto the tested
insulation board. The materials were cut into test specimens of 15cm x 4cm x 15cm that were
preconditioned at 19±1°C and 89, 5±2%RH for two weeks. Simultaneously, an Aspergillus
niger strain obtained from a mould contaminated indoor environment was grown separately
on DRBC agar medium at 25±2°C and 90±3 %RH. Test specimens were artificially
contaminated by a dry aerosol of 5x103 spores per cm2 and incubated at 19±1°C and 89,
5±2% RH for two weeks. Visual assessment was performed according to the following rating
classes: 0, no visible mould growth to naked eye or magnification x50; and 1, visible mould
growth to naked eye or magnification x50. To quantify fungal development, a 4cm2 square of
graph paper (figure 4) was posed on different parts of the surface of the test specimens and
pictures were taken to count the colonies on the images. The counting allows the calculation
of the number of colonies developed per cm2.
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Pump
Aspergillus niger culture
in a
500ml bottle
Air entry
Figure 3 Glass chamber to asses mould growth

Figure 4. 4cm2 square of graph paper to quantify mould colonies

3

RESULTS AND DISCUSSION

3.1 Effect of relative humidity on VOCs emissions
Two tests were performed to analyse VOCs emissions from material 1(wood-fibre board).
Concentrations of some of the compounds (table 1) showed an important effect of humidity
variation as they increased significantly in both tests, while another group of compounds
concentrations stayed relatively constant (table 2) and some others showed no test
reproducibility (table 3).
In the first test, the sampling was done 3 days after the change on relative humidity and in the
second one, 5 days after. So maybe samplings were performed at two different times of the
desorption kinetics and this may explain differences of both tests. More sampling at 85%
were performed in the second test in order to understand emissions desorption kinetics.
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Tableau 1.Major VOCs emitted at 50% and 85% of RH (two tests performed). Humidity variation significantly
affected concentrations.
Test 1
Cexp (µg/m3)
Compound
Acetaldehyde
Acetic acid
2 pentylfuran

Test 2
Cexp (µg/m3)

Cexp (µg/m3)

Cexp (µg/m3)

J28 - 50%RH

J31 - 85%RH

J28 - 50%RH

J35 - 85%RH

Wall scenario

Wall scenario

Wall scenario

Wall scenario

5,6
7,4

23,8

7,4

14,0

46,0

4,4

9,7

<LD

8,7

<LD

0,33

Tableau 2. Major VOCs emitted at 50% and 85% of RH (two tests performed). Concentrations stayed relatively
stable during the tests.
Test 1

Test 2

Cexp (µg/m3)

Cexp (µg/m3)

Cexp (µg/m3)

Cexp (µg/m3)

J28 - 50%RH

J31 - 85%RH

J28 - 50%RH

J35 - 85%RH

Wall scenario

Wall scenario

Wall scenario

Wall scenario

Ethylbenzene

0,03

0,55

0,04

0,07

Styrene

0,04

0,24

<LD

0,21

Formaldehyde

11,77

14,70

13,84

13,68

Compound

Tableau 3. Major VOCs emitted at 50% and 85% of RH (two tests performed). Results of some emissions are
not reproducible.
Test 1

Test 2

Cexp (µg/m3)

Cexp (µg/m3)

Cexp (µg/m3)

Cexp (µg/m3)

J28 - 50%RH

J31 - 85%RH

J28 - 50%RH

J35 - 85%RH

Wall scenario

Wall scenario

Wall scenario

Wall scenario

Toluene

0,11

1,17

0,10

0,20

2 Butoxyethanol

<LD

0,15

0,02

<LD

Propanone

3,90

1,7

4,5

7,65

Hexanal

2,03

18,1

1,2

1,77

Compound

3.2 Large time range emissions at 85% of relative humidity
As differences were seen concerning the sampling after humidity variation, major VOCs were
analysed by sampling at different times at 85% of RH, in order to analyse the emissions
kinetics and different emissions behaviours were observed (figure 5). Huang et al.
(2010)reported an important increase of formaldehyde when humidity passed from 50% to
85%. In this study, relative humidity has not an important effect over this compound, the
concentration stays more or less stable during the whole test. Nevertheless, other compounds
as acetaldehyde, propanone, acetic acid, nonanal and 5 methylfurfural are significantly
affected by relative humidity variation. Concentrations strongly increased with humidity
variation and then stabilise at almost the level of emission at 50%. O-cymene, limonene, 4
terpineol and alpha terpineol are not emitted at 50% of RH but appeared when the conditions
vary, showing that humidity can generate other emissions from the material. This mechanism
may be due to the competition between water and the VOC molecules for the adsorption sites
of wooden flooring, which changes partition coefficients of VOCs between wood and air.
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Also, water molecules would tend to be adsorbed on the hydrophilic sites of wood, so when
RH increases, more VOCs would be desorbed from these sites (Lin et al. 2009).

Concentration toluene eq. (µg/m3)

In order to better analyse the results obtained and to interpret new ones, other tests are
planned to be performed: first, a Karl Fischer test to evaluate the moisture content of the
materials, second, a BET (Brunauer, Emmett et Teller) test to analyse the adsorption capacity
of the materials and third, a short term range of RH samplings and VOCs concentrations to
the emissions kinetics.

Major VOCs emissions at 85% of RH at different
time samplings
18.0
16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0

50%RH
85%RH J+5
85%RH J+13
85%RH J+21
85%RH J+28
Major VOCs
Figure 5. Major VOCs emitted at 85% at different time samplings

3.2 Mould development
After two weeks of incubation at 19±1°C and 89, 5±2% of RH, 7.9 ±2 colonies/cm2 of
Aspergillus niger developed onto the material, showing that this insulation board is not
resistant to mould growth in such conditions. Figure 6 shows the colonies developing onto the
material. Different characteristics of bio-based insulation materials may promote mould
development, first, their hygrothermal behaviour can be an advantage for indoor humidity
regulation but, if water vapour transfer is altered somehow, humidity accumulated within the
material may generate a favourable environment for conidia development. Second, raw
material as wood may respond to nutritive needs of microorganisms and third, there is a
potential contribution of microorganisms from the native material (Koivula et al. 2005).
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Figure 6. Colonies d'Aspergillus niger onto the material
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ABSTRACT
This study is designed to investigate the particulate matter removal efficiency of domestic air cleaner products
and seeks to compare the particulate matter removal efficiency in a laboratory with that in real life.
To this end, a test was conducted in a full-scale testing laboratory at the Korea Institute of Civil Engineering and
Building Technology (KICT), and the actual particulate matter removal efficiency of air cleaners was estimated
by measuring changes in indoor concentrations of particulate matter (PM2.5) before and after the operation of air
cleaners. For the test, CA certified air cleaners, which are most widely used in Korea, were used, and Dust Track
II Aerosol Monitor 8532 that provides real-time mass concentration readings was used for measurement.
In the test, the same influencing factors as those of the actual house were set in the full-scale testing laboratory,
and changes in concentrations of indoor-generated particulate matter were measured consecutively. Three
company products were used as test specimens. The methods of removing particulate matter for each product are
divided into electrostatic precipitation technique, HEPA filter and others (360-degree HEPA air filtration
system). Through this study, changes in particulate matter concentrations by removal method, application area,
installation location and number of units installed were measured, and the efficiency of particulate matter
removal using air cleaners was examined based on the results.

KEYWORDS
Air Cleaner, Particulate Matter, Filter

1

INTRODUCTION

Modern people spend more than 90% of their time indoors in a 24 hour period due to changes
in lifestyles and working patterns. According to the World Health Organization (WHO), the
number of deaths from air pollution is estimated at up to 6 million a year, and the number of
deaths caused by indoor air pollution is estimated at 2.8 million worldwide.
With the recent rise in particulate matter air pollution in Korea, there has been an urgent need
for appropriate measures, and this social climate has resulted in the expansion of market size
for air cleaners.
Methods that are currently being applied to domestic air cleaners on the market in Korea
include the method to remove particulate matter using a filter, the electrostatic precipitation,
which is a method of dust collection that applies high voltage to electrodes and attaches dust
particles to the electrode plates, and the method of using activated carbon to absorb and
remove gaseous substances.
The related companies have developed air cleaners to reduce the concentrations of various
pollutants, including particulate matter, but the focus is mainly on the performance evaluation
of a laboratory-scale air filtration system.
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Therefore, this study aims to investigate the particulate matter (PM2.5) removal efficiency of
air cleaners on the market in real life, and it seeks to measure changes in particulate matter
concentrations depending on removal method and application area before and after the
operation of air cleaners, and thus to estimate the particulate matter removal efficiency of air
cleaners based on the results.
2

RESEARCH METHODS

In this study, a commercial product with CA mark1 was installed and tested within one hour
after removing the package immediately before the test. The removal methods of air cleaners
used were electrostatic precipitation technique, HEPA filter and others (360-degree HEPA air
filtration system). For airflow rate, automatic airflow control, which is the most frequently
used at homes in general, was adopted in the test. The air cleaners used in this study are
shown in Table 1 below.
The air cleaner was located in the center of the living room, and the changes of particulate
matter concentrations in the kitchen and the living room were consecutively measured using
the TSI DustTrack II Aerosol Monitor 8532 that provides real-time mass concentration
readings.
Particulate matter was generated randomly for 10 minutes using cigarette smoke with particle
less than 1.0 microns in diameter (PM1.0), and the removal efficiency was estimated using
the difference in concentrations before and after the operation of air cleaners for 60 minutes.
The test was conducted on the 7th floor of the Zero Carbon Green Home in the Korea Institute
of Civil Engineering and Building Technology (KICT). Figure 2 shows the test location and
equipment.
Table 1: Air cleaners used for research
Number

Removal Method

Application Area (㎡)

1

Electrostatic precipitation technique

40

2
3

40
Others(360-degree HEPA air filtration system)

4
5

60
80

HEPA filter

40

Figure 1: Research process

1CA mark is granted to the products which pass strict tests by certified test agencies in accordance with collective
standards for testing indoor air cleaner (SPS-KACA002-132) established by Korea Air Cleaning Association in order
to provide consumers with reliable indoor air cleaners
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Figure 2: Equipment and location

Figure 3: Configuration of test equipment

3
3.1

RESEARCH RESULTS
Measurement of particulate matter removal efficiency by removal method

This test was carried out using air cleaners with the same application area (40 ㎡) among the
products with CA marks, which adopt different particulate matter removal methods, after the
articulate matter was randomly generated for 10 minutes with the use of 10 cigarettes. It was
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found that the particulate matter (PM2.5) concentrations ranged from 1,600 to 2,000
㎍/㎥ depending on the variation in particulate matter levels in ambient air.
Test results confirmed that the particulate matter (PM2.5) removal efficiency of an air cleaner
using the electrostatic precipitation technique was 95%, showing that the final concentration
was close to the initial concentration after the operation of the air cleaner for one hour, and
that of the HEPA filter was 91%, and that of others 78%, respectively.
Reproducibility testing was conducted two to three times to determine the validity of the test,
and the reproducibility testing results also showed the same removal efficiency.
Table 2: Particulate matter removal efficiency by removal method
Removal
Method

Application
Area
(㎡)

Airflow
Rate

Electrostatic
precipitation
technique

40

Automatic
control

112

2625

138

94.76

Others

40

Automatic
control

54

2550

550

78.45

HEPA filter

40

Automatic
control

54

2405

206

91.43

Particulate Matter (㎍/㎥)
Initial
Maximum
Concentration
concentration concentration after operation

Removal Efficiency
(%)

Particulate Matter(ug/m3 )

3000
2500
2000
1500
1000
500
0

Electrostatic precipitation Technique

Other

HEPA filter

Figure 4: Particulate matter removal efficiency by removal method

3.2

Measurement of Particulate matter removal efficiency by application area

The measurement of particulate matter removal efficiency was made on air cleaners with
different application areas among the products with CA marks, which adopt the same
particulate matter removal method. The particulate matter removal efficiency by application
area was measured with respect to other method (360-degree HEPA air infiltration system),
which showed the lowest removal efficiency in the particulate matter removal performance
test by removal method.
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The air cleaners whose application areas are 40 ㎡, 60 ㎡ and 80 ㎡ were used in the test, and
it was confirmed that the particulate matter removal efficiency increased to 82%, 89% and 94%
as the application areas became larger.
Table 3: Particulate matter removal efficiency by application area
Removal
Method
Others
(360-degree
HEPA air
filtration
system)

Application
Airflow
Area
Rate
(㎡)

Particulate Matter (㎍/㎥)
Initial
Maximum
Concentration
concentration concentration after operation

Automatic
control
Automatic
control
Automatic
control

40
60
80

Removal Efficiency
(%)

92

1685

307

81.78

123

1970

219

88.91

102

1850

105

94.32

Particulate Matter(ug/m3 )

2500
2000
1500
1000
500
0

40㎡

60㎡

80㎡

Figure 5: Particulate matter removal efficiency by application area

3.3

Measurement of particulate matter removal efficiency by installation location

As additional research, the particulate matter removal efficiency of air cleaners by installation
location was measured in the actual home. The air cleaners were located at the center, interior
wall and edge of the living room as shown in Figure 5 below. The test was conducted using
the air cleaner of the other method (360-degree HEPA air filtration system) as in Section 3.2.
A

A

A

Center

Edge

Interior
Wall

B

B

B

Figure 6: Locations of air cleaners

558 | P a g e

Test results revealed that when the air cleaner was located at the center, it showed the best
particulate matter removal efficiency of 68.51%, followed by 66.54% on the wall and 63.35%
on the edge of the living room, exhibiting a slight difference.
Table 4: Particulate matter removal efficiency by installation location
Removal
Efficiency
Others
(360-degree
HEPA air
filtration
system)

Particulate Matter (㎍/㎥)

Application
Area
(㎡)

Airflow
Rate

Installation
Location

Automatic
Center
control
Automatic
Interior wall
control
Automatic
Edge
control

40

Removal
Concentration Efficiency
Initial
Maximum
after
(%)
concentration concentration
operation
35

2825

890

68.51

39

2575

862

66.54

37

2670

979

63.35

Particulate Matter(ug/m3 )

3500
3000
2500
2000
1500
1000
500
0

Center

Interior Wall

Edge

Figure 7: Particulate matter removal efficiency by installation location

4

CONCLUSIONS

In this study, air cleaner products sold in Korea were tested to investigate the particulate
matter removal efficiency at the actual home. The different particulate matter removal
methods of the air cleaners were compared and examined, and a comparative review on the
particulate matter removal efficiency by application area was also performed on the same
removal method. Additionally, the particulate matter removal efficiency by installation
location at the actual home was identified to determine the location at which the air cleaner
shows the best efficiency.
For the test by particulate matter removal method, a comparative review on the electrostatic
precipitation techniques, HEPA filter and others (360-degree HEPA air filtration system) was
performed, and it was found that the electrostatic precipitation technique showed much better
particulate matter removal efficiency than other methods. In the case of the electrostatic
precipitation technique, about 95% of the particulate matter was removed after one hour of
operation from the maximum particulate matter concentration. This result suggests that not
only the removal method but also the design, and air supply/exhaust system should be taken
into consideration. In this regard, it is planned that an additional test considering the design,
air supply/exhaust system and the number of units installed will be carried out in the future.
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In the test of the particulate matter removal efficiency by application area on air cleaners with
CA marks, the air cleaners whose application areas are 40 ㎡, 60 ㎡ and 80 ㎡ were tested,
and it was confirmed that as the application area of the air cleaner becomes larger, the
particulate matter removal efficiency increases. The air cleaner that has the largest application
area showed the particulate matter removal efficiency of about 94%. In addition, the
particulate matter removal efficiency by installation location was measured by an additional
test. The results confirmed that although there was no significant difference depending on
each location, the air cleaner was placed at the center of the living room, it showed the best
particulate matter removal efficiency.
This study sought to investigate the particulate matter removal efficiency in real life rather
than to evaluate the particulate matter removal performance in a laboratory, and thus the
particulate matter removal efficiency perceived in real life was estimated through a review on
the real-life efficiency by each type of air cleaners.
5
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ABSTRACT
This study evaluated the emission characteristics of ultrafine particles emitted during material
extrusion type 3D printer, called Desktop 3D printer, operation in the test bed and mock-up
environmental conditions respectively. For the measurement, a condensation particle counter
(CPC) and scanning mobility particle sizer (SMPS) were employed. In the test-bed evaluation,
representative materials widely used nowadays such as ABS, PLA, TPU, PC, etc, emitted
higher than the UFP criteria (3.5 ×1011) of 2D printer test method RAL-UZ 171. Particle sizes
emitted from materials were found to be less than 200 nm. For the mock-up environment,
seven different Desktop 3D printers and mechanical ventilation devices are used to compare
the reduction rates of UFP according to the kind and placement of ventilation systems. When
the ventilation equipment was installed on the ceiling, the reduction efficiency of UFP
emission was not confirmed clearly while the reduction rates were significantly reduced when
installed on the window.
KEYWORDS
Ultrafine particles, 3D printer (Material Extrusion machine), Emission, Ventilation Systems,
Reduction rate
1

INTRODUCTION

International standard organization, ISO TC 261 and ASTM F42 on Additive Manufacturing
(AM) Technologies, classify the range of AM processes into seven different categories
according to energy sources and material kinds used for additive manufacturing machines
(Wohlers Report,2016). One of them, a material extrusion (ME) type 3D printer which is
known as fused deposition modeling fabrication (FFF), is a technology where the
thermoplastic filament is forced through a heated extrusion nozzle, melted and deposited layer
by layer on the heating bed. Recently, the ME type Desktop 3D printer is widely used either
at homes or offices (Stephens et al.,2013; Bumgarner,2013). According to recent studies, the
significant number of ultrafine particles (UFPs: particles less than 100nm) emitted by 3D
printing may harm humans when inhaled (Yoon et al.,2015; Cao et al.,2016). However, we
are not aware of any test method on particle emission from commercially available Desktop
3D printers at a commercial office and residential space. In addition, there have been no
specific attempts to prevent or reduce UFPs during 3D printing operation.

562 | P a g e

This study firstly tries to determine the ultrafine particle emission rates from 3D printer
operation in the test bed using an Emission Test Chamber. Secondly, we are going to
investigate how ultrafine particle emission rates can be changed depending on the placement
of ventilation systems in a real 3D printer operating environment.
2

EXPERIMENTAL METHODS

2.1

Emission testing procedure using Emission Test Chamber (ETC)

2.1.1 Emission Test Chamber(ETC)
The large chamber (5 m3) is designed with surface-treated stainless steel to be low emitting
and to be low adsorbing in the test chamber during chamber background test and 3D printer
operation. Before loading the 3D printer inside the chamber, the chamber interior walls are
cleaned with distilled water and a thermoplastic filament is forced through the extrusion
nozzle for setting up the 3D printer with a filament. The 3D printer is placed on the stainless
steel table and installed at a (1 ~ 1.5) m height from the floor of the middle of the chamber.
Before the start of the 3D printer, the chamber interior is cleaned by circulating fresh air
whose volume is equivalent to at least 4 times of the interior capacity to keep the chamber
background less than 2 000 cm-3. This chamber during operation is controlled at the constant
temperature, humidity, and air exchange as described in Table 1 and the 3D printer inside the
chamber prints a three-dimensional test specimen (50 × 50 ×10) mm, for about 4 hours using
operating conditions as in Table 2 below.
Table 1: Large chamber conditions
Item

Test condition

Large chamber

3

Chamber size

5m

Temperature

(24 ~ 26) ℃

Humidity

(45 ~ 55) % R.H.

Air exchange rate

1 air exchange/h

Table 2 : Test Operating conditions (3D printer)
Item

Setting value

Layer height (mm)

0.2

Print speed (mm/s)

25

Infill rate (%)

20

Nozzle temperature (℃)

250

Bed temperature (℃)

100

Material

ABS

Test Sample

General requirements for the large chamber are compliant with ISO 16000-9. The referenced
test methods for measuring UFP emission rates emitted from 3D printer were used
considering ISO/IEC 28360 and RAL UZ 171 because there is currently no standard for UFPs
emitted from a 3D printer.
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2.1.2 Sampling and Analysis
A condensation particle counter (CPC, model 3775, TSI Inc.) was used to measure total
particle number concentration by the time according to particle size range, particle number
concentration range, measurement frequency condition. A scanning mobility particle sizer
(SMPS, model 3910, TSI Inc.) with a detectable size range of 10 to 420 nm was used to
investigate the particle size distribution. The CPC measures a wide concentration range from
0 to 107 particles per cubic centimeter with a sample flow rate of 0.3 L/min. It is located
outside the chamber and connected to the chamber exhaust port with conductive material to
minimize losses of the particles. UFP measurements are measured during the pre-extruding,
extruding and post-extruding phases of the 3D printer and presented as a diagram of particle
number concentration [#/cm-3] versus time comprising the period starting from the preextruding phase to at least 1 air exchange after the extruding phase end-point. The used CPC
was capable of counting particle size range from a minimum of 7 nm to at least 300 nm and
the detection efficiency both at the highest size limit and lowest size limit must be equal to or
higher than 50 %. The required lower particle number concentration level to the particle size
of 7 nm of the CPC is to be 1 cm-3 or lower than that and the upper concentration level to the
particle size of 300 nm is to be equal or higher than 107 cm-3. The calibration for the counting
efficiency of the CPC was conducted according to ISO 27891.
2.1.3 UFP emission rate calculation
The following equations are from the RAL-UZ 171 and particle emission rate (PER(t))
emitted from the AM process per unit print time is calculated from total particles (TP) by the
total print time in hours.
 () −  ( − ∆) (− ∙ ∆)
 () =  

∆  (− ∙ ∆)
 () :
 :
∆ :
:

(1)

smoothed curve of particle number concentration [cm-3]
test chamber volume [cm³]
time difference between two successive data points [s]
particle loss coefficient [s-1]

Total particle emission (TP) is calculated from the integral of PER(t) over the emission phase.
∆
 =  
+  ∙    −  
 − 
∆ :
 :
 :
:
 −  :

(2)

difference of ∆ (t) between  and  , [cm-3]
arithmetic average of  (t) between  and  , [cm-3]
test chamber volume [cm³]
particle loss coefficient [s-1]
emission time [s]

Loss rate of particles (β) in the range of specified particle size may be determined by fitting
the total particle number concentration decay in totoal particle number concentration digram.
It is assumed that the particle loss rates are constant and applied for both the printing phase
and post-operating phase.
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=
 − 
2.2

(3)

Emission testing procedure in the mock-up room

2.2.1 Mock-up room
In order to check the motional state of ultrafine particles in accordance with the types and
locations of mechanical ventilation devices among a variety of environmental conditions in a
real 3D printer operating environment, we composed a 31m3 mock-up room which is capable
of controlling indoor temperature, humidity and installing air exchange an device as below
Figure 1.

Figure 1: Composition of Mock-up room

As mechanical ventilation, a window ventilator (10m2/ h), [250 × 250] mm and air-tightness
testing equipment were used. In case of the window type ventilators, the ultrafine particle
emission reduction rate was evaluated by installing them on the windows and the ceiling
respectively. In case of the air-tightness measuring devices, two air-tight devices of the same
performance were installed on the ceiling under controlled indoor air inflow and outflow (1 ~
3 air exchange/h) and we evaluated the reduction rate of ultrafine particle emission according
to the amount of ventilation. After keeping indoor environmental conditions (24 ~ 26) ℃, (48
~ 52) % R.H using a thermos-hygrostat air system to keep indoor environmental conditions
constant before 3D printer operation, we stopped the thermos-hygrostat air system ten
minutes before the 3D printer operation and started up seven printers at the same time.
2.2.2 Sampling and Calculation
The sampling method was the same as the method specified in Section 2.12, but the
determination of the reduction ratio of UFP emission every 30 minutes was calculated by the
ratio of the sum of the particle number concentration during 30 minutes before the test
conditions to the decrease of its value over 30 minutes after the test conditions.
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3

RESULTS
The emission rates of UFPs emitted from 3D printer inside Emission Test Chamber (5m3)

3.1

UFP emission rates according to all materials(expect for ABS-C and PLA-B) provided by
the 3D printer manufacturers A, B and C exceeded the UFP criteria of RAL-UZ 171 which is
for the 2D printer as shown in Table 3 below. In addition, most of the results by each material
using Manufacturer A’s 3D printer exceed the RAL standard when comparing the UFP
emission rates, and we also found out that the amount of emission were different depending
on the type of material used. 3D printers could take several hours or more to print depending
on the kind and shape of the final product and the result values were calculated from the total
number of emitted particles divided by the total print time in hours. As shown in Figure 2,
most sizes emitted from the operation of a 3D printer with ABS material were observed in the
(11 ~ 210) nm size ranges.
Table 3: UFP emission rates by 3D printer brand and materials
Brand

Air
exchange rate

Material

UFP(Particles)

Particles/10 min

RAL-UZ 171
(Particles/10 min)

1 cycle/h

ABS-A
ABS-B
ABS-C
PLA-A
PLA-B
TPU
PC

1.7 × 1013
5.0 × 1013
7.8 × 1012
9.6 × 1012
7.0 × 1011
2.7 × 1013
3.8 × 1013

7.1 × 1011
2.1 × 1012
3.3 × 1011
4.0 ×1011
2.9 ×1010
1.1 ×1012
1.6 ×1012

3.5 × 1011

A
B
C
A

Figure 2 : Size-resolved and UFP concentrations(〈 210 nm) measured emitted during 3D printer operation
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3.2
The Reduction effect of ultrafine particle emission rates depending on the
placement of ventilation systems in the mock-up room of 3D printer
3.2.1 In the case the ventilation systems are installed on the ceiling and air exchange is
set to the range from 1 to 3
In Table 4 below, Test Condition 1 was performed by circulating the inside air and outside
air using two air-tightness testing machines and setting the air exchange rate to n = 1 and 3
with ventilation systems set on the ceiling. After 2 hours of 3D printer operation, the airtightness testing equipment was operated for 90 minutes to keep the air exchange rate of n =
1, and n = 3 was performed for the next 90 minutes. As a result of the Condition 1 in Table 5,
it was confirmed that the sum of particle number concentrations decreased by about 5 %
during the initial 30 minutes when the ventilation system was adjusted to an air exchange of n
= 1 and declined by about 8 % after 90 minutes compared to the initial sum of particle number
concentrations with air exchange of n = 3. As shown in Table 4, the room temperature
increased by 4℃ while humidity decreased by 11 % during the operation of the 3D printer.
3.2.2 Reduction effect of ultrafine particle emission rates when installing the same
ventilation on windows and ceilings
In Condition 2 of Table 4 below, one of the same exhaust fans (10m3/min) is installed on the
ceiling and another on the window to evaluate the change of UFP emissions according to the
placement of exhaust fans. In Condition 2 in Table 5, when only the exhaust fan installed on
the ceiling was operated 2 hours after the operation of the 3D printer, the sum of particle
number concentrations inversely increased by about 16 % over 90 minutes. On the other hand,
the reduction rate of UFP emission was reduced to about 46 % when the exhaust fans installed
on the ceiling and window were operated at the same time during 90 minutes.
The results of test Conditions 1 and 2 show that the mechanical ventilation systems are able
to more effectively reduce UFP emission when installed on the window rather than on ceiling.
This indicates that the UFP reduction rate could be changed depending on the placement of
the mechanical ventilation device.
Table 4 : Mock-up room – Test environmental conditions
Operating time by test conditions

Temperature (℃), RH (%)
Test
conditions

1

3D
printer

Before starting
the printer

7

After starting
the printer

0.5 hr

1 hr

1.5 hr 0.5 hr

1 hr

1.5 hr

29, 49

Air exchange rate
(n =1)

Air exchange rate
(n =3)

27, 54

Ceiling Exhaust Fan

Ceiling Exhaust Fan &
Window Exhaust Fan

25, 60
2

6
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Table 5 : Mock-up room – Test environmental conditions
Sum particle number
con(#/cm3)
Test
3D
conditions printer

Test conditions
30 minutes before

UFP reduction ratio(%)
Environmental
condition timeA

Environmental
condition timeB

0.5 hr

1 hr

1.5 hr

0.5 hr

1 hr

1.5 hr

1

7

1.1 ×109

5.2

2.4

-1.7

0.2

1.8

7.5

2

6

2.8 ×106

-4.4

-10.7

-15.6

28.9

43.2

45.7

A : Environmental condition time for ceiling exhaust fan
B : Environmental condition time for ceiling exhaust fan & window exhaust fan

4

CONCLUSIONS

In this study, we present some of the results of UFP emitted from a Desktop 3D printer
during 3D printer operation. From the test-bed results, we found out that a 3D printer emits a
significant amount of UFP depending on the kind of printing material and test conditions of
the 3D printer, most of which exceed the UFP criteria of 2D printer of RAL-UZ 171.
From the Mock-up Environment Test, we identified important facts : the room temperature
is raised and the relative humidity is relatively low when several 3D printers are operated
simultaneously in the same space. In addition, we confirmed that there are differences in the
reduction rate of UFP emissions depending on the placement of the mechanical ventilation
system. These results suggest that we should be careful considering the placement of the 3D
printer and mechanical ventilation when setting up a 3D printer in a certain space. In
conclusion, we think it is necessary to do further studies besides this work on the hazardous
substance reduction efficiency of different environmental conditions in the place where 3D
printers are installed only one space in order to maintain a pleasant indoor environment during
3D printing operation.

5
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ABSTRACT
Surface condensation risk is a fact that has to be dealt with when buildings are airtight. Airtight buildings with
lower ventilation rates are the result of applying energy saving policies and criteria. Surface condensation risk
depends greatly on the ventilation rates, as well as on another factors such as generation of water vapour,
climate, envelope components and U value, etc. In order to assess the risk of condensation all these factors need
to be taken into account.
Commonly used condensation assessment methods only study climate conditions in January, but in a relatively
dry climate such as the Spanish one, other times of the year could present a higher risk of condensation due to
the higher values of humidity.
This paper presents the research on the assessment of the surface condensation risk due to the higher outdoor
humidity in two Spanish climates. The results of the surface condensation risk assessment are presented for four
types of dwellings, according to the number of bedrooms and bathrooms and for two distinct Spanish climatic
zones, both having an average high relative humidity. The study analyses the influence of the outdoor climate
conditions into the risk and proposes a broader assessment during the whole year.

KEYWORDS
Ventilation, precipitations, IAQ, regulations, condensation, risk.

1

INTRODUCTION

As part of the research that has been carried out to support the modification of the Spanish
IAQ regulations to accommodate the use of more efficient ventilation systems which are
capable of adapting required ventilation rates to real needs, a study on the effect of lower
ventilation rates on the surface condensation risk was conducted. In June 2017, the proposal
came into force and became part of the Spanish Building Code (CTE – Código Técnico de la
Edificación1). The results of this study has already been presented by the authors 2.
The use of optimized ventilation systems produces a reduction of the global ventilation rate
and, consequently, a reduction of the heating and cooling energy demand3. The results of the
optimized ventilation flow rates according to Spanish Building Code and the correspondent
energy saving assessment have already been presented 4 5 6.
Whenever assessing condensation risk, the whole of the scenario7 must be taken into account.
Ventilation rates, climate, occupancy, generation of water vapour and dwelling type and size
are the most important factors than configure the possible scenarios.
There are a number of international standards that study moisture control and provide
condensation risk assessment in buildings and building envelopes, such as: ASHRAE
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Standard 160-20098, British Standard BS 5250:20119, British Standard BS EN 15026:200710,
and ISO 13788:201211. The assessment methods are mostly based on multi-variable
calculations. The Condensation in Buildings Handbook12 describes the scope of some of these
standards and outlines the nature of their content.
Condensation assessment is generally conducted for January conditions, but in relatively dry
climates with rainy seasons, other times of the year could be more prone to condensation risk
due to higher levels of moisture in air.
A method to assess the influence of variations in ventilation on surface condensation risk
based on the one described in DA DB-HE/213 (derived from ISO 13788:2012) was used. As a
consequence of a close look into the application of this method to the actual study cases, the
method has been on one hand extended and adapted to the local climate conditions –mainly
derived from relative humidity and precipitations - and on the other hand has been simplified
taking into account that the U-values of the envelope components are small enough to be
eliminated from the calculation process.
2

METHODOLOGY

Surface condensation risk depends on different factors related to indoor and outdoor climate
such as temperature and absolute humidity14; and related to characteristics of the building
envelope like the U-value. In order to analyse the influence of the outdoor humidity on the
condensation risk, dwelling types, envelope characteristics and indoor conditions were
stablished (these factors were studied in 2 by the authors) and simulated using two different
climate zones.
The U-values of the building´s envelope, that have been estimated to fulfil the Building Code
for each climatic zone, are provided in Table 1.
Table 1. U-values

Façade walls
Roof

2.1

U (W/m2·K)
D1
0.26
0.23

A3
0.32
0.32

Outdoor conditions: humidity and temperature. Climatic zones

Two Spanish climatic zones 15 16 were chosen to conduct the study because of their supposed
higher risk of condensation due to their higher absolute humidity content: A3 (Cádiz, south
Atlantic coast, Mediterranean climate) and D1 (San Sebastián, north Atlantic coast, oceanic or
highland climate) (See Figures 1 and 2). Absolute humidity is in general higher in zone A3
than in D1. Both climates are synthetic ones.
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San Sebastián

Cádiz

Figure 1. Map of average annual precipitation (mm). Source: AEMET

San Sebastián is the Spanish capital city with the highest number of days with rainfall.
According to some studies17, it rains an average of 141.1 days per year. On the other hand,
Cádiz has a lower amount of precipitations, mostly occurring in Spring and Autumn. Figure 3
displays the precipitations measured in Cádiz‘observatory in 2017. Figure 4 depicts the
average precipitations in San Sebastián. Both figures show a correlation to the data observed
in figure 2 related to humidity.
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Figure 2. Climatic data of climatic zones A3 (blue) and D1 (red) for a year.

2.2

Indoor conditions: relative humidity and temperature

Indoor temperature values were set in 25ºC for the hot season (from June to September), 20ºC
for the cold one (from November to April) and 23ºC for May and October.
Indoor humidity is a consequence of the outdoor humidity and the production of indoor water
vapour due to human breathing, metabolism and activities (cooking, washing and others). It
can be reduced with ventilation with outdoor fresh and dryer air.
The generation of H2O was set it off based on CEN/TR 14788:2007 IN 18. An occupancy
scenario for each occupant was set to establish the H2O generation in each room at any given
time.
The ventilation rates were the minimum ones to fulfil the IAQ requirements (See Table 2).
One way flow system was considered: fresh air was supplied in living room and bedrooms,
and extracted from bathrooms and kitchen.
Table 2. Continuous ventilation rates values that fulfil the IAQ requirements

Case study
1
2
3
4

Total whole dwelling continuous ventilation rate
(l/s)
14
24
33
33

CONTAM was used to simulate the concentration of vapour water (H2O) and to obtain the
indoor absolute humidity values (AH, g/m3). CONTAM is a multi-zone airflow and
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contaminant transport analysis software application developed by the National Institute of
Standards and Technology (NIST-US).
Indoor absolute humidity values were then converted into relative humidity (RH, %) by using
the saturation value (SV, g/m3) at each temperature:
(1)
The saturation value was obtained from the indoor temperature (θi, ºC) using the following
regression analysis expression:
5,015
2.3

0,32321

8,1847 10

3,1243 10

(2)

Surface condensation risk assessment, basic method

The surface condensation risk requirement for dwellings established in the Spanish Building
Code can be verified using a simplified calculation method described in DA DB-HE/2 based
on ISO 13788:2001 method for the internal surface temperature of a building component or
building element below which mould growth is likely, given the internal temperature and
relative humidity.
The method compares the temperature factor of the surface (fRSi) with a limit value (fRSi,min)
establishing that whenever fRSi,min is greater than fRSi there a risk of surface condensation.
The limit value can be obtained from the following equation, depending on the indoor (θi) and
outdoor temperatures (θe) and on the limit surface temperature (θsi,min) (ºC):
,

,

Clearing up

,

:
1

,

2.4

(3)

(4)

Surface condensation risk assessment, modified method

As a consequence of a close look into the application of this method to the actual study cases,
the method was on one hand extended and adapted to the local climate conditions –mainly
derived from relative humidity and precipitations - and on the other hand was simplified
taking into account that the U-values of the envelope components are small enough to be
eliminated from the calculation process.
Extended method to the whole year
The method described in DA DB-HE/2 (based on EN ISO 13788:2001) only studies the risk
of condensation in January because assumes January is the month with the highest risk.
As it can be observed in Figure 2, there are times of the year in which relative humidity is
higher, probably due to more frequent precipitations (See Figures 3 and 4), so it is understood
that the risk of surface condensation could be bigger at these times of the year.
Due to this suspicion in this study the assessment has been extended to the whole year.
Simplified method removing factors
In the above described method, the temperature factor of the surface for each part of the
envelope can be obtained from its U-value (W/m2·K) (Table 1) using the following
expression:
1

0.25

(5)
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In the case studies, because the U-values of the envelope are low enough to fulfil Spanish
energy saving regulations in each climatic zone, the factors fRsi and 1-fRsi are very close to 1
and 0 respectively. This means that the surface condensation risk expressed in (4) mostly
depends on the direct comparison between θsi,min and θi .
,

1

0

(6)

Therefore, in order to simplify the calculation to qualitative assess the condensation risk, a
simplified expression was used based on (4):
,

(7)

Both terms of equation (7) were calculated in five minutes´ intervals and the intervals in
which there might be surface condensation risk were identified for all the case studies. The
annual percentage of number of hours with a risk of condensation was used as the reference
index to compare all the different scenarios.
3 RESULTS
The results of the surface condensation risk assessment are presented for four types of
dwellings, according to the number of bedrooms and bathrooms and for two distinct Spanish
climatic zones, both having an average high relative humidity. The study analyses the
influence of the outdoor climate conditions into the risk and proposes a broader assessment
during the whole year.
In each dwelling the living room and the master bedroom were studied, because they usually
present walls that can be affected by growing mould when condensation (kitchen and
bathroom usually have ceramic wall tiles), and were presumed to present a higher risk of
condensation19 due to their higher production of water vapour caused by the length of the stay
and the number of occupants than the rest of rooms (we supposed master bedroom has two
occupants, and the rest only one).
In order to be able to assess how the risk varies along the year influenced by the climatic
factors, graphical representations were plotted. Both terms of equation (7) were graphed in 5
minutes’ intervals.
The blue line represents the second term of the equation (7) and the red line the first term
above the second term. The peaks of the red line above the blue line represent risks of surface
condensation.

Figure 5. Case study 1, bedroom, climatic zone A3
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Figure 6. Case study 1, dining room, climatic zone A3

Figure 7. Case study 1, bedroom, climatic zone D1

Figure 8. Case study 1, dining room, climatic zone D1

Figure 9. Case study 2, bedroom, climatic zone A3

Figure 10. Case study 2, dining room, climatic zone A3
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Figure 11. Case study 2, bedroom, climatic zone D1

Figure 12. Case study 2, dining room, climatic zone D1

Figure 13. Case study 3, bedroom, climatic zone A3

Figure 14. Case study 3, dining room, climatic zone A3

Figure 15. Case study 3, bedroom, climatic zone D1
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Figure 16. Case study 3, dining room, climatic zone D1

Figure 17. Case study 4, bedroom, climatic zone A3

Figure 18. Case study 4, dining room, climatic zone A3

Figure 19. Case study 4, bedroom, climatic zone D1

Figure 20. Case study 4, dining room, climatic zone D1
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4

DISCUSSION

Results show that in all the case studies in climatic zone A3 the risk of surface condensation
is quite variable around the year, with the highest peaks of risk happening in Spring and
Autumn, much bigger than the ones in January. Being constant the factors that influence
condensation, except the outdoor conditions and the indoor temperature, this fact is explained
because the relation between outdoor absolute humidity and indoor temperature is higher at
those times of the year.
In climatic zone D1, the risk is more homogeneous around the year, only being slightly higher
in Spring and Autumn for case studies 2, 3 and 4 in the dining room.
5

CONCLUSIONS

Assessment of condensation risk must take into account multiple variables. The relation
between outdoor absolute humidity and indoor temperature is a very important factor.
Condensation risk may not only occur in January in all climatic zones, the month when
usually the assessment is conducted.
In climatic zone A3 the bigger condensation risk happens in Spring and Autumn, but not in
January how it can be derived from the method described in DA DB-HE/2. Therefore, it can
be proposed that the condensation risk analysis should be carried out over a year instead of
only in January in climatic zones where absolute humidity is high in certain times of the year.
6
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ABSTRACT
As policy makers strive to reduce the energy demands of houses by reducing infiltration rates,
an unintended consequence could be a fall in the quality of indoor air with corresponding
negative health effects at a population scale. Measuring pollutant concentrations in-situ is
difficult, expensive, invasive, and time consuming and so the simulation of indoor conditions,
using representative models of a housing stock, is a more common method of investigation.
The AIVC asserts that fine particulate matter (PM2.5) from indoor sources poses the greatest
risk to the health of occupants of dwellings. Accordingly, this paper uses a stochastic modelling
approach to assess the relative influence of several sources of PM2.5 in the housing stock of
Santiago, Chile. A single multi-zone archetype is modelled in CONTAM where model inputs
are randomly varied between known limits to produce a distribution of mean PM2.5
concentrations over the heating season weighted by the time spent in the kitchen, living rooms,
and bedrooms (PM . ). Ambient air is only exchanged by infiltration. Three sources of PM2.5
are investigated: a heater commonly found in Chile that burns wood or paraffin, the cooking
of meals, and the toasting of bread. A range of data sources are used to inform environmental,
geometric, physical, and pollutant data inputs, and a sensitivity analysis is used to rank them
by their influence on the model output.
The median PM . in Santiago houses over the heating season is predicted to be 107μg/m3:
90% credible intervals [5, 883μg/m3]. The WHO annual mean average threshold is exceeded
in 77% of houses and so they could require remediation measures to protect occupant health.
Cooking is shown to be the most important model input and so at-source interventions, such as
a range hood, may be the most appropriate.
The modelling approach can now be expanded to consider a more archetypes and pollutant
sources, to give a better indication of the uncertainty in pollutant concentrations found in
Chilean houses. The outputs can be used to inform future standards and guidelines for Chilean
houses that simultaneously focus on energy demand reduction and occupant health.
KEYWORDS
Indoor air quality, Indoor sources, Modelling, Sensitivity analysis, Fine particulate matter

1

INTRODUCTION

The disability-adjusted life year (DALY) is a measure the disease burden in a population,
expressed as the sum of the number of years lost due to morbidity and mortality. In 2016, 7%
of global DALYs where attributed to air pollution exposure (Gakidou et al., 2017). In Chile,
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air pollution exposure was ranked as the 10th greatest risk to morbidity and mortality in 2016,
with 4% of DALYs attributed (IHME, 2017).
The Commission of Social Determinants of Health states that home and work conditions are
two of many social determinants of health (WHO, 2009). People spend around 70% of their
time in their homes where they are exposed to a range of pollutants amongst which PM2.5 is
considered the most important (AIVC, 2016). Cooking is a predominant source, but in Chile,
it is common to heat houses using stoves (Narváez et al., 2016) and so these are a parochial
source of PM2.5 worthy of investigation. The most effective mitigation strategy against
occupant exposure to indoor pollutants is source control, but this is not always possible.
Therefore, it is essential to quantify the contribution of known emitters to indoor pollutant
concentrations and to test remediation measures, such as trickle vents and cooker hoods. This
is particularly important in the heating season when windows tend to be closed to save energy.
Then, in the absence of mechanical systems, infiltration is the primary source of ambient air
required for pollutant dilution.
Measuring pollutant concentrations in-situ is difficult, expensive, invasive, and time
consuming and so the simulation of changes in concentrations of indoor pollutants over time
using representative models is a common method of investigation. However, there is significant
uncertainty in the inputs to – and the outputs from – any model, and so it must be quantified
using appropriate methods, such as a probabilistic sampling framework and sensitivity analyses
(see Das et al., 2014 and Jones et al., 2015). These methods produce distributions of predictions
that show their likelihoods and can be used to inform stakeholders and guide housing policies.
The Chilean housing stock comprises >6m houses, with 37% concentrated in the Santiago
Metropolitan region. There are neither previous analyses of the Chilean housing stock nor any
significant modelling programs. Accordingly, this paper seeks to start this process by applying
a stochastic approach to model the pollutant concentrations in the Santiago housing stock
during the heating season. Here, a single pollutant type and dwelling archetype are used to
demonstrate the approach, which will be used in the future to model any number of species and
sources in any stock of Chilean dwellings. A framework is applied so that the results show
uncertainty in pollutant concentrations, and parameters that have the greatest influence on those
results are identified to inform future data gathering. Section 2 identifies the dwelling
archetype, the stochastic modelling and sensitivity analysis methods, and sources of data.
Section 3 presents the results of the simulations and discussed preliminary findings. And, in
Section 4 a sensitivity analysis is used to show those parameters that most influence model
output.
2

METHODS

The Chilean housing stock is currently being documented and a database containing the
information required to model representative houses, known as archetypes, defined in our
previous work (Molina et al., 2017). The archetypes were defined by geometry, building size,
dwelling type and construction period, values for the floor area, and the number of storeys and
number of occupants assigned to each of them. In this database, sets of 7, 19 and 46 archetypes
were found to represent 32%, 58% and 83% of the national stock, respectively. Nevertheless,
data is still limited for some parameters and so their uncertainty and relationships must to be
considered. In this section the archetype chosen for analysis is described, suitable sources of
input data are identified, and a method of obtaining distributions is given. Finally, a
methodology to test the dependence of the model's outputs on its inputs is identified.
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2.1

Modelling the archetype in CONTAM program

We previously identified the most common archetype in the Chilean housing stock (Molina et
al., 2017), which represents 9% of both the national and Santiago housing stocks; see Figure 1
(left). It is a detached single storey house with 6 rooms, with two bedrooms and two bathrooms,
a self-contained kitchen, and a living-dining room. All rooms are connected to a common
family room so that the living room, dining room and corridor can be consider a single volume,
to which all other rooms are connected via doors.
A generic model is developed accounting for the rooms and their characteristics using
CONTAM; see Figure 1 (right). CONTAM (Dols & Polidoro, 2015) is a multizone indoor air
quality and ventilation analysis tool that models airflows between multiple indoor zones, and
between them and the external environment. It has been extensively validated by comparing
its performance against other models, measurements in a controlled environments, and
measurements in field studies (Das et al., 2014). The volumes, floor areas, and number of the
rooms are constant, but the airflow path parameters are all variables and are amended using
bespoke software to manipulate the CONTAM project file before a model is simulated,
following (Das et al., 2014); see Section 2.1.1. By systematically varying each CONTAM input
and running multiple simulations, the models are used to quantify uncertainty; see Section 2.3.
In order to generate a single concentration value for each house, the concentrations in the
kitchen, bedroom, and living room are weighted by time spent in each zone using a 10:45:45
ratio, following Hamilton et al. (2015), to give a room weighted indoor PM2.5 concentration
averaged over the heating season, PM . (μg/m3).

Figure 1: House layout (left) and CONTAM model (right).

2.1.1

Airflow Paths

The rooms are represented by a multi-zone model connected by airflow paths, such as windows
and doors and air leakage paths. The indoor spaces are predominantly naturally ventilated and
so the dominant drivers are the wind and temperature differences between zones and the
ambient environment. Extractor fans are located in the kitchen and bathrooms and operate
when cooking or showering, respectively. Windows and doors are modelled by one-way power
laws; see Das et al. (2014). All facades are assumed to be uniformly porous, following Jones
et al. (2013), and so air leakage paths are placed at the floor, ceiling, and the centre height of
each wall. To simulate a “worse-case” scenario, windows are considered to be closed during
the winter season. Internal doors are modelled using a rectangular section with a discharge
coefficient of 0.78 when closed and using a two-way two-opening flow model when open.
Bedroom doors are open except at night, and kitchen door is closed except when cooking. Party
walls are assumed to be impermeable.
The only vent in the models is in the kitchen, an opening for combustion gases. The section of
the opening is 100cm2, which complies with the current standard, DS No 66 (SEC, 2007), for
rooms with a cooker range hood.
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2.2

Inputs and Sources of Data

Data inputs to CONTAM describe the local environmental and physical properties of the house,
and the contaminant sources and sinks. A range of data sources are used to inform these inputs,
such as Chilean national surveys (INE, 2003; CASEN, 2015), Chilean building permit database
(INE, 2016), and local weather data (Meteotest, 2017). Other sources from the literature
describe cooking and common Chilean heaters (CENMA, 2011). A summary of input values
and sources of information are shown in Table 2.
2.2.1

Environmental Inputs

Census data (INE, 2003) describes the national housing stock and gives a location. The nearest
weather station to each archetype is selected from the Meteonorm meteorological database
using Meteonorm 7 software (Meteotest, 2017). A weather file containing the data for a
statistically representative typical year at Santiago is created and converted into the CONTAM
format using bespoke software.
The wind speed is scaled according to the local terrain and dwelling height (see Section 2.2.2)
using a standard power law formula (BSI, 1991). The four BSI terrain types and the local wind
pressure shielding coefficients (see Section 2.2.2) of Deru and Burns (2002) are mapped to the
six BSI terrain types with format BSI{Deru & Burns}: city{very heavy}; urban{heavy};
suburban{heavy}; rural{moderate}; country with scattered wind breaks{light}.
CONTAM is not a thermal model and so the internal air temperature must be specified. There
are no reported measurements of indoor air temperature for Chilean houses in the literature. In
the absence of knowledge, we follow a distribution of temperatures based on UK houses (Jones
et al., 2015) and test the influence of this parameter on predictions in Section 4.
The heating season is between June 21st and September 21st.
2.2.2

Geometric and Physical Inputs

Building geometry parameters are given in Table 2. Air leakage paths are modelled using a
power law whose coefficient is informed by measurements of air leakage reported as an Air
(m3/h/m2). There are only a limited number of
measurements in Chilean
Permeability,
in 187
houses. A national research project (Citec UBB & Decon UC, 2013) measured
houses using the blower door test; see Table 1 and Figure 2. The data does not conform to any
known distribution and so inverse cumulative distribution functions are developed using
Piecewise Cubic Hermite Interpolating Polynomials, following Jones et al. (2015). The
dimensionless flow exponent, , is not reported by Citec UBB & Decon UC (2013) and so is
assumed to be a Gaussian random variable with a mean
0.65 and standard deviation
0.08, following Sherman & Dickerhoff (1998) and Jones et al. (2015).
Wind pressure coefficients are defined for the vertical surfaces. The algorithm of Swami &
Chandra (1987) gives a normalized average wind pressure coefficient for long-walled low-rise
dwellings and is a function of the angle of incidence of the wind (for wind direction see Section
2.2.1), local sheltering, and the block aspect ratio (Table 2). The coefficient is then scaled to
account for local shielding (Section 2.2.1).
2.2.3

Pollutant Inputs

In this study, changes to indoor PM2.5 concentrations are attributed to cooking and the use of a
heater commonly found in Chilean houses. They are generally fuelled by kerosene, paraffin,
LPG, propane, and butane gases, and wood, although data is only available for wood and
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paraffin. CONTAM requires an emission rate and a deposition rate, and because the sources
are not used constantly, an emission rate schedule is also required.
External sources of PM2.5 are not considered. Indoor PM2.5 emissions from cooking activities
are modelled using three studies that report and for the emission rates of several different
cooking methods and meal types (Dacunto et al., 2013; He et al., 2004; O'Leary & Jones,
2017). A cumulative distribution was generated by sampling values of emission rates following
those distributions with equal probability. A bootstrapping technique was used to increase the
sample size until its
and
differed less than 0.01%, giving
2.66 mg/min and
4.94mg/min. A second cooking source was taken from O’Leary & Jones (2017) who
present a distibution of emission rate from the cooking of toast with
0.22 mg/min and
0.06mg/min. Although it is a specific cooking method, the data is robust and specifically
developed for stochastic analysis, making it worthy of investigation. The cooking is sampled
from an inverse cumulative distribution functions and toasting emission sources is a Gaussian
random variable. All cooking occurs in the kitchen.
The PM2.5 deposition rates onto surfaces can also be considered a Gaussian random variable
with
0.39h-1 and
0.16h-1, which have been widely used; see Hamilton et al. (2015), Das
et al. (2014), and Milner et al. (2014).
The CASEN (National Socio-Economic Characterisation) survey (CASEN, 2015) data gives
information on the type of heating system, and fuel used (where a system is present) by region.
There are six common types of heaters that burn gas (no emissions), paraffin and wood whose
PM2.5 emission rates have been measured by CENMA (2011). Therefore, the probability of
presence of a heater can be estimated, and the emission rate is a constant determined from the
fuel type and measurements. The heating time follows the same schedule every day, with a
constant start time of 7am. The heater is located in the living room.
Table 1: Air Permeability at 50Pa,
(m3/h/m2), and air change rate at 50Pa,
(Citec UBB & Decon UC, 2013) n=187.
3

2

[m /s/m ]
[h-1]

Min

Max

Median

Mean

SD

1.3
1.6

37
44.6

5.7
5.0

7.6
7.81

6.38
7.81

(h-1).

Figure 2: Left: Air leakage @50Pa.
Right: empirical CDF of Q50 data. (Data source: Citec UBB & Decon UC, 2013)
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Table 2: Environmental, geometric, physical and source-related inputs, and their variability in these simulations.
Input

Unit

Range Value
or PDF assumed

Data or source of information

Ceiling Height
Floor area ; Volume

m
m2 ; m3

2.4
86.6 ; 207.8

Permeable surface area

m2

205.1

Chilean building code.
f(archetype). Aggregated data from
INE (2016).
f(archetype). Floor is considered as
solid.

Relative North
Wind Speed at dwelling, u

º
m/s

U[0,359]

Internal Temperature,

ºC

N(21.5,2.5)

Block Aspect ratio
(Width:Depth)

-

U(0.1,0.99)

Air Permeability,

m3/h/m2

eCDF* shown above

Citec UBB & Decon UC (2013).

Airflow exponent,

-

N(0.651,0.77)

Sherman & Dickerhoff (1998).

Geographic Region

-

Metropolitan region

-

Dwelling location

-

Weather file

-

Santiago

Heater type

-

Wood, paraffin, gas, no fuel.

f(coordinates of the capital region,
coordinates of the monitoring
station). Data obtained from
Meteonorm software.
f(Region, fuel type) Fuel type used for
heating. The proportion of the stock
using each heater type is assumed
from a national survey. CASEN 2015
question v35b (CASEN, 2015).

Heating hours

h

15.25

f(Weather file, internal temperature)

Geometric and physical
inputs

f(Dwelling location, wind speed at
weather station)
Jones et al. (2015)

Environmental inputs

f(Urban : rural) ratio. Obtained from
location data in CENSUS 2002 (INE,
2003), Variable 5.1.

Source- related inputs
Emission rate from Heaters

mg/min

Type 1 = 0mg/min (gas);
Type 2 = 0mg/min (gas);
Type 3 = 0.29mg/min (Paraffin);
Type 4 = 0.14mg/min (Paraffin);
Type 5 = 0.15mg/min (Paraffin);
Type 6 = 0.05mg/min (Wood);
Type 7 = None.

Emission rate from cooking
meals

mg/min

eCDF*

He et al. (2004), Dacunto et al.
(2013) and O'Leary & Jones (2017a)

Toasting bread

mg/min

N(0.22,0.06)

Unpublished data (O’Leary, 2018)

PM2.5 Deposition Rate

h-1

N(0.39±0.16)

Ozkaynak et al. (1996)

f(Heater type). CENMA (2011).
According to the type of heater.

*Empirical cumulative distribution CDF.

2.3

Stochastic Sampling Method

The sampling method follows that described in Das et al. (2014) and Jones et al. (2015). There
are eight direct inputs to the CONTAM model: 10 sets of these are chosen at a time using a
Latin Hypercube. Each set is applied to CONTAM to predict PM . (see Section 2.1) during
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the heating season. The total sample size increases incrementally according to the number of
sets, which is chosen to minimize calculation time. After each set of predictions are made, the
mean ( ) and standard deviation ( ) of the whole sample is calculated and used to decide if a
stopping criterion has been met. The total number of samples is deemed adequate if the change
in and from one set of 10 samples to the next is less than 0.1%. The stopping criterion is
chosen to reflect the lower limit of accuracy of a good Indoor Air Quality (IAQ) sensor.
2.4

Sensitivity Analysis Methods

A sensitivity analysis is used to test the dependence of PM . on the inputs to the CONTAM
model. Here we follow the method of Jones et al. (2015) and a full description is found in the
reference. The method tests for linearity (Kendall’s , Pearson’s r product moment, linear
regression), monotonic (Spearman’s  rank correlation coefficient, rank-transformed
standardized variables), and non-monotonic (Kolmogorov-Smirnov) relationships between the
inputs and outputs. The Kruskal-Wallis quantile tests are not included here for brevity. All
inputs are ranked according to the magnitude of the resultant correlation or regression
coefficient. A fundamental assumption is that all tested inputs are independent of each other,
and so any that are themselves correlated are combined.
3

RESULTS AND DISCUSSION
Table 3: Summary of PM . .
Statistical
measure
Mean,
Stand. Dev.,
Minimum
5th centile
25th
Median
75th
95th
Maximum

.

[µg/m3]
223
324
1
5
29
107
253
883
2,837

Figure 3: Predicted probability density and cumulative distribution
for weighted concentrations averaged over the heating season, PM . .

Convergence was reached with
1,070 samples (107 sets of 10 samples), giving a sample
223µg/m3 and
324µg/m3; see Table 4. This is double the number of samples required
by Das et al. (2014), but their convergence criterion was a less rigorous 0.2% change in and
. Following their criteria would have led to a similar number of samples.
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Figure
3:
Predicted
probability
density
and
cumulative
distribution
for weighted concentrations averaged over the heating season, PM . .
shows the predicted Probability Density function (PDF) and Cumulative Distribution Function
(CDF) of PM . in the Santiago archetype during the heating season. It shows that the WHO
annual and 24-hour mean limits of 10µg/m3 and 25µg/m3 for PM2.5 concentrations are exceeded
in 87% and 77% of the houses, respectively. However, the WHO thresholds and PM . are not
identical statistics and so a direct comparison is not possible. Nevertheless, Figure 3 suggests
that a majority of this archetype are insufficiently ventilated to adequately dilute the PM2.5.
Therefore, additional purpose provided ventilation is required to mitigate the health risks
associated with acute and chronic exposures to indoor PM2.5. Although the values of PM . are
weighted by the mean concentrations in 3 rooms, they give an indication of the concentrations
that people are exposed to in the house during the heating season. However, occupants who
spend more time in a room where a source is located will have a greater risk of exposure.
Furthermore, these concentrations are most likely to affect those who spend the most time at
home, particularly the elderly and children, and their carers. Finally, we assume prescriptive
occupancy habits, and so if they differ, such as by leaving the kitchen door open during
cooking, the distribution of PM . may also change. The ratios used to weight PM . are based
on expected occupancy of different rooms, but other ratios would give different PM . . They
could be improved by understanding occupant behaviour in Chilean houses.
There is a need to compare the predictions against measurements made in-situ. There is a
program that aims to monitor IAQ parameters (including PM2.5) in around 300 houses,
sponsored by the Chilean government. This data has not yet been processed, but could be used
to corroborate the assertions made here in the future.
Figure 3 is a useful tool that Chilean policy makers could use to make informed decisions about
appropriate ventilation rates in dwellings, although it would be better to have modelled more
archetypes in a wide range of locations to give greater confidence in the predictions; this
archetype only represents 9% of the Santiago stock. It may also be important to consider other
pollutant types. Therefore, this method will be scaled up to consider these variables in the near
future.
Distributions of air change rates are not presented here for brevity, although they are required
for comparison against known rules-of-thumb and can be used to estimate heating loads, house
and stock energy demands, running costs, and carbon emissions. These outputs will be added
to the post processing framework in the near future.
3.1

Sensitivity Analysis
Table 4: Sensitivity of outputs to inputs, rank of key model inputs. 1 is the highest rank.
Bold indicates a statistical significance correlation or coefficient at 5% level of confidence (p≤0.05).
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Input

Kendall’s τ
rank

Pearson’s r
Rank

Spearman’s 
rank

Linear
regression
rank

KolmogorovSmirnov
rank

Block Aspect ratio

9

6

9

6

7

Orientation [º]

10

9

10

9

10

Permeability Q50 [m3/h/m2]
Flow exponent n
Deposition rate PM [h-1]
Emission rate, toast [µg/m3]
Emission rate, cooking [µg/m3]
Emission rate, heater [µg/m3]
Wind Speed at dwelling [m/s]
[ºC]

4
5
3
8

4
5
2
8

4
5
3
8

4
5

4
6

2
8

3
9

1
2
7
6

1
3
7
10

1
2
7
6

1
3
7
10

1
2
8
5

The assertions made here are based on the assumptions made in Section 2. Accordingly, the
sensitivity analysis described in Section 2.4 is used to determine the relative importance of
inputs to CONTAM. All of the inputs are perturbed simultaneously by the Latin Hypercube
sampling method and so any interactions between them are accounted for. The ranks of each
model input are given in Table 5 where a value of 1 is considered to be the most important
because it is the analysis with the highest observed correlation or regression coefficient.
Table 5 shows that the cooking emission rate is ranked the most influential input by all tests,
and that the heater emission and deposition rates, and the air permeability are also important.
The relationships identified between these inputs and outputs were statistically significant
(p0.05). Therefore, efforts should be made to improve the quality of these inputs, particularly
the air permeability for which there is little empirical data; see Section 2.2.2. It also indicates
the relative importance of each emission source, suggesting that the most important is cooking,
and that the heater is more important than toasting. Accordingly, source control and additional
ventilation, such as high efficiency range hoods, should be applied to cooking first.
Section 2.2.1 showed that there is no knowledge of
in Chilean houses and so it is, perhaps,
reassuring that no statistically significant (p>0.05) relationships were found for any of the tests.
We note that this disagrees with the findings of Das et al. (2014) who rank
as an important
variable. The reason for the discrepancy is not clear, but may be related to the use of a window
in their CONTAM models.
4

CONCLUSIONS

This paper presents a stochastic method for predicting distributions of weighted indoor PM2.5
concentrations, PM . (μg/m3), during heating hours. It is applied to a single archetype that
represents 9% of the Santiago housing stock where fresh air is supplied solely by infiltration.
It is predicted that PM . is greater than the WHO annual average 77% of the time and so this
type of house could require remediation measures to protect occupant health.
Three sources of PM2.5 are investigated: a heater commonly found in Chile that burns wood or
paraffin, the cooking of meals, and the toasting of bread. A sensitivity analysis shows that
PM . is most influenced by the cooking of meals, followed by the heater, and then the toast.
Because it is unreasonable to expect people to cook outside in winter, additional purposeprovided ventilation, such as a range hood, is required to remove particles at their source or to
dilute them once well mixed. To mitigate against heater emissions, ventilation is required in
the short term, but safer methods of heating, such as those that use hot water or electricity, may
be needed in the long term.
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The sensitivity analysis also highlighted data shortages in key areas, such as air permeability
and internal air temperatures. Future data gathering should be focussed in these areas.
The framework developed here can be applied to model other archetypes and represent a greater
proportion of the Chilean housing stock. It can also incorporate other pollutant sources so that
their relative importance can be compared, and future weather data can be applied to investigate
the effects of climate change on dwelling energy demand and occupant health. The post
processing framework will be improved to include air change rates used to estimate energy
demands, running costs, and carbon emissions at stock level. Together, these outputs can be
used by stakeholders and policy makers to inform future standards and guidelines for Chilean
houses that simultaneously focus on energy demand reduction and occupant health.
5
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1. ABSTRACT
An implementation of a Condensation, Damp and Mould (CD&M) Strategy for the Thamesmead estate in southeast London Targeting 2000 homes.
The evidence-based strategy is designed to manage CD&M systematically and focus on homes that will not be
refurbished or replaced for some time. CD&M risk assessments and surveys are used to identify homes for a range
of interventions, including energy advice, smart heating controllers and demand-controlled mechanical extract
ventilation, in various combinations.
Evaluation of the first phase of the programme indicates that it is effective in reducing CD&M and increasing the
affordability of heating with the potential to improve health outcomes for residents. Analysis of IAQ has come
through innovative use of data from smart thermostats and evaluation of vapour pressure.

2. KEYWORDS
Smart Thermostat, Ventilation, Vapour Pressure

3. INTRODUCTION
The Thamesmead CDM Strategy is an innovative evidence-based approach to a long-standing problem. The use
of risk assessments and a comprehensive energy advice programme. The adoption of technologies such as smart
heating controllers and demand controlled continuous ventilation. The use of data collected from the smart
thermostats to provide for deeper monitoring and analysis of the CDM programme without the need for a specific
monitoring project.
By the time of writing, the CDM programme has involved more than 1000 interventions in over 250 homes. The
evaluation objectives are:
1. To evaluate the effectiveness of the programme in reducing condensation, damp and mould, draw
conclusions and make recommendations about any appropriate improvements as the programme
continues to be rolled out across Thamesmead.
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2.

To consolidate the experience of the initial pilot phase, record the lessons learned, evaluate the efficiency
and practicality of the project procedures and identify appropriate improvements.

Thamesmead provides approximately 2500 homes, mostly for rent by low-income households. The estate was
built by the Greater London Council in the 1970s and transferred to Gallions Housing Association during the
1990s. More recently, Gallions merged with Peabody, and the estate is now owned by the Peabody Group.
The estate consists of high-rise towers and medium- and low-rise blocks arranged around courtyards. The towers
contain one- and two-bedroom flats; the lower blocks contain one-, two-, three- and four-bedroom apartments.
There are over twenty different types of homes. Blocks are connected by walkways above ground level, which
provide access via lifts and stairways to hallways or access decks at each level.
Most blocks have reinforced concrete floors and flat roofs supported on columns and cross-walls. The towers
and some lower blocks are clad with pre-cast reinforced concrete panels. Some blocks have brick cladding.
Windows and external doors were originally metal- or timber-framed and single glazed, but in the medium- and
low-rise blocks most windows have been replaced with PVCu-framed double-glazed units. Insulation is poor,
consistent with standards at the time of construction; little or no insulation has been added.
The original district heating system was replaced by individual gas-fired central heating and hot water systems by
Gallions after 2000. Ventilation is provided by ‘trickle ventilators’ in window heads supplemented by intermittent
extract fans in most bathrooms and kitchens. However, many fans are not working or unused, because residents
perceive them to be ineffective, noisy and expensive to run.

4. THE THAMESMEAD CDM PROGRAMME
There is widespread fuel poverty in Thamesmead. The poorly insulated homes tend to be under-heated and
under-ventilated. Condensation, damp and mould are common. Of twenty-five dwellings surveyed between
November 2016 and February 2017 nineteen (76%) had condensation or mould in at least one room; seventeen
homes (68%) had condensation or mould in several rooms. This is the problem that the Thamesmead CDM
programme seeks to address.
The objective of the CDM programme is to manage condensation and mould and mitigate fuel poverty, in
households whose homes may not be improved for several years. The programme has three key features:
1. Risk assessment of the Thamesmead stock, using existing data, to identify the dwellings most at
risk of condensation, damp and mould.
2. Detailed surveys of medium- and high-risk dwellings to establish the sources and extent of
condensation, damp and mould, the existing provision of ventilation and the patterns of occupancy.
3. Three levels of intervention, based on the risk assessments and survey data:
a. For low-risk homes: energy advice, which is delivered by Peabody’s in-house energy
advice service; all households will receive this advice.
b. For medium-risk homes: energy advice, a smart heating controller, and where appropriate
a new heating boiler.
c. For high-risk homes: energy advice, a smart heating controller and a demand controlled
ventilation system.

5. CDM RISK ASSESSMENTS
A sample housing stock condition survey was carried out by Peabody soon after the acquisition of Gallions, and
the data have been assimilated into Peabody’s housing stock database. At the time that the pilot phase of the
CDM Strategy was initiated, data for 1382 homes were available. These data were used for an assessment of the
risk of properties suffering from condensation damp and mould. The information available included condition
data, occupancy data, Housing Health and Safety Rating System (HHSRS) assessments and SAP energy rating
assessments and some EPCs. The risk assessment were based on:
1. Vulnerability (age of occupants)
2. HHSRS Damp and Mould rating
3. HHSRS Excess Cold rating
4. SAP energy rating band
5. Occupancy ratio (occupants per bed-space)
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The scores derived from the data are summarised in Table 1, together with the weightings used to calculate an
overall CDM risk score for each home.
Table 1: Scores and weightings used in each risk assessment category
Age of
Occupants

Score

00-04 Years
05-14 Years
15-24 Years
25-34 Years
35-44 Years
45-54 Years
55-64 Years
65-74 Years
75-84 Years
85+ Years
Weighting 20%

5
4
3
2
1
2
3
4
5
5

Damp &
Mould

Score

1 - None
2 - Typical
3 - Slight
4 - Moderate
5 - Extreme
Weighting

1
2
3
4
5
50%

Excess Cold

Score

1 - None
2 - Typical
3 - Slight
4 - Moderate
5 - Extreme
Weighting 10%

1
2
3
4
5

SAP
Band

Score

A
1
B
1
C
2
D
3
E
4
F
5
G
5
Weighting 10%

Occupancy
Ratio

Score

0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0>
Weighting 10%

5
4
3
2
1
1
1
2
3
4
5

For each home, the score in each category was multiplied by the weighting factor (e.g. for 20% weighting the
score is multiplied by 2, for 50% weighting the score is multiplied by 5) and the weighted scores were added up
and divided by 10; this produced a risk score for each home, between 1 and 5. A score of less than 2.5 is
considered ‘low risk’; a score between 2.5 and 3.5 is ‘medium risk’, and a score above 3.5 is ‘high risk’.

6. CDM AND VENTILATION SURVEYS
Surveys of medium- and high-risk homes were carried out between November 2016 and February 2017 to
establish the actual incidence of condensation, damp and mould and the extent of the existing provision of
ventilation. The aim was to validate the risk assessments and allow them to be recalibrated if necessary, and to
investigate any relationship between the incidence of CDM and the provision of ventilation.
The CDM and ventilation surveys can be completed in approximately twenty minutes per dwelling. They record
the incidence of condensation, damp and mould room-by-room. Existing ventilation is also recorded room-byroom, including extract fans, wall air inlets and window air inlets (trickle ventilators). Photographs were taken to
record the extent of CDM.
No significant mould was found in homes with risk scores less than 3.5 (medium risk), except in one case (risk
score 3.3), and all the homes where mould was found in several rooms have risk scores above 3.5 (high risk).
Overall, the data from the CDM surveys suggest that the risk assessment is a reliable indicator of the likely
presence of mould, and can be used to determine appropriate interventions, provided there is a parallel process,
using complaints or observations from other surveys, to correct errors.
The presence of intermittent extract fans and trickle ventilators (window air inlets) does not make much
difference to the incidence of mould, but the presence of continuous centralised mechanical extract ventilation
(communal MEV) systems in homes such as those on The Moorings estate does. This supports the conclusion
that intermittent extract ventilation is not an effective remedy for CDM, but the installation of continuous
ventilation can be effective.

7. ENERGY ADVICE
All households in Thamesmead should receive energy advice under the CDM programme. Initial and follow-up
visits were originally planned. The advice is provided by Peabody’s in-house energy advisor, who delivered
some advice during the pilot, although it was not initially coordinated with other interventions.

8. MOULD WASHES
Homes with extensive mould are being treated with three-part fungicidal mould washes, then redecorated with
emulsion paint. The mould wash kills the mould and permeates into the plaster or plasterboard linings to inhibit
further growth.
Mould washes are thought to be effective for between two and five years, so they may mask the effects of other
measures such as insulation, more efficient heating and ventilation until the end of that period.
594 | P a g e

9. SMART HEATING CONTROLLERS
The Switchee heating controller is a new device designed for social housing. It replaces the room thermostat and
programmer, and has all the usual ‘smart’ functions: it senses occupancy and sets back the heating when the
home is unoccupied; it ‘learns’ the occupancy pattern and anticipates the demand for heat; and it controls the
internal temperature in the home to the set level. Switchee can operate autonomously, without intervention from
residents, or they can adjust the temperature via a touch-screen if they wish. The screen also displays other
information, such as whether heat is being called for and how long it will take the home to reach the set
temperature.
However, the important feature of Switchee, for the CDM programme, is that it monitors the home and makes
data available to the landlord via a GSM connection and an online ‘dashboard’. Switchee has sensors that
monitor occupancy (movement), temperature, relative humidity (RH), use of the heating system (on or off) and
the demand temperature setting. The Switchee software also calculates indicators such as how long a home takes
to heat up by 1oC and the background temperature to which the house will fall when the heating is off, and it can
flag homes that are underheated or overheated, or which have high RH levels.
The value of Switchee to the CDM programme is its ability to identify homes where there is under-heating,
under-ventilation or high RH (indicating condensation and mould risk) so that interventions can be targeted.
Switchee also allows homes to be monitored after improvements have been made, to confirm effectiveness; and
it allows energy advisors to brief themselves prior to advice visits.

10. VENTILATION
Ventilation systems are only installed in homes with high risk scores, and where surveys or inspections in
response to complaints reveal significant mould.
Good ventilation is known to reduce condensation and mould, because it removes moist, stale air ‘at source’
from kitchens and bathrooms and brings fresh external air into living rooms and bedrooms, thus reducing
relative humidity (RH) throughout the home.
However, residents often disable ventilation because they perceive it to be noisy, draughty and expensive to
operate. The CDM and ventilation surveys revealed many properties were already provided with extract fans in
kitchens and bathrooms, but most were either switched off, not working or noisy; some had never been used.
The challenge for the CDM Strategy has been to provide ventilation that is quiet, doesn’t cause draught
discomfort and is inexpensive to run.
Rickaby Thompson Associates was originally asked to review ventilation options on behalf of the housing
provider and to develop a performance specification. A wide range of options was considered.
Since there is no published retrofit ventilation standard, Rickaby Thompson Associates considered the minimum
ventilation rates required by Building Regulations Approved Document F (ADF) for new dwellings, and recent
ventilation research carried out for the Ministry of Housing, Communities and Local Government (MHCLG),
and concluded that the ADF minimum ventilation rates would be inadequate in Thamesmead. The ventilation
performance specification recommended to and adopted by the Thamesmead CDM team is as follows:







Continuous mechanical extract ventilation, centralised (cMEV).
Minimum whole-house ventilation rates in background and boost modes consistent with ADF, but with:
o an increase of 20% over the published extract air flow rate values,
o the additional capacity to deliver rates consistent with ADF with and increase of 50%, if
required.
Calculation of minimum ADF ventilation rates based on occupancy of two persons per bedroom, or
three persons in a one-bedroom home.
Demand controlled ventilation (DCV): ventilation rates controlled by RH sensors so that they are
continually matched to the ventilation requirement, eliminating both under-ventilation and overventilation.
In all homes where ventilation has been provided the internal doors have been under-cut to provide 10
mm air gaps, permitting a net flow of air from living spaces and bedroom to kitchens and bathrooms,
from where it is extracted.
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11. CONCLUSIONS
Table 2 shows the numbers of completed interventions of each type up to the end of June 2018. Many homes
have received several measures. The number of homes with completed interventions up to June 2018 is 256;
installations continue.
Table 2: Numbers of completed Thamesmead CDM interventions up to June 2018
Interventions
(to June 2018)

Measure
Energy advice visit

186

Switchee smart heating controller

149

Cavity wall insulation

229

Boiler replacement

15

Mould wash

242

New Aereco demand-controlled ventilation system

168

Upgraded ventilation system (The Moorings)
Total

68
1057

The initial Switchee data review focussed on the period for one month before and one month after the
completion and commissioning of the ventilation system, in each case, All the homes were occupied during these
periods and all were heated intermittently (typically at least twice each day) with demand temperatures set
between 20oC and 21oC (one home was frequently heated to 24oC). The data reveal that before the installation of
ventilation systems internal relative humidity (RH) typically ranged between 40% and 65%, with frequent
occupancy-related peaks above 60% RH for 30% of the time (increasing the risk of condensation on cold
surfaces) sometimes lasting for long periods. After installation of the continuous demand-controlled ventilation
systems RH typically ranged between 40% and 50%, and occupancy-related spikes in RH were reduced not only
in size (usually to not more than 55%) but also in duration (typically 3% of the time over a typical month), as the
ventilation systems detected the rises in RH and increased the ventilation rates to bring the RH levels down.
Homes in which internal RH is controlled below 60% should not suffer significant condensation and mould.
Thus, the initial data review suggested that the risk of condensation and mould in the sample homes has been
substantially reduced, if not eliminated. It should be noted that this effect is observed even though very few of
the homes in the data sample had yet received energy advice. However, none of the homes were considered to be
under-heated.
To better determine the effect of the ventilation intervention, further analysis of the data was performed using
differential vapour pressure. In the pilot study two properties were reviewed.
Chart 3 Weekly mean vapour pressure differential trends for one of the properties
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The data using weekly averages are given in an example chart 3. The original conditions of the dwellings are
indicated in blue, with vapour pressure excess (VPX or ΔVP) plotted on the y-axes, which represents the average
for that week. The size of the bubble represents the range between the 10th and 90th percentiles.
The orange bubbles indicate the period where, from this data, it can be estimated that the ventilation systems
would have been commissioned.
The orange dotted line shows how the vapour pressure excess trend decreases, as the ventilation becomes
operational. It should be noted that some of this downward trend will relate to seasonal variance, i.e. vapour
pressure excess will decrease as the external conditions become warmer.
A data period of approximately two weeks between the ‘original condition’ and ‘vent operational’ has been
removed from the chart for clarity. The data from these periods contained wider ranges of vapour pressure
excess compared to other weeks, and it is possible that these wide variances related to when the ventilation
systems were being installed (i.e. external doors being kept open for longer than normal for trade access).
An alternative illustration of the vapour pressure excess conditions is shown in chart 4. The daily mean %RH is
now plotted on the vertical axis, and the size of the bubble is for the vapour pressure excess. It can be seen in this
property that the size of bubble (VPX) reduces toward the end of February. This is the same period as the
ventilation being commissioned. Not only does the VPX reduce, but so also the %RH.
Chart 4: Shows the daily mean %RH with bubble size showing vapour pressure excess for one of the properties

Indoor temperatures, relative humidity, and, therefore, vapour pressure excess, is strongly influenced by external
meteorological conditions. In analysing the vapour pressure excess, thresholds need to be applied to determine if
the excess conditions internally are likely to be the source of a problem. However, the moisture classifications
published in existing standards (e.g. BS 5250: 20111) may be too conservative, i.e. moisture production is lower
than the standard assumes. This is illustrated in chart 4, which applies more rigorous thresholds for vapour
pressure excess, plotted against the external temperatures. Thresholds for humidity class 2 (offices and shops)
and class 3 (dwellings) are taken from BS5250. However, the blue banded area is the average data taken from
1600 English dwellings (Ridley, et al2): the blue band is being proposed as an average class for a dwelling,
which is more in line with class 2 (offices and shops). Persistent conditions above the blue area (or class 2) , i.e.
into and above class 3 will significantly increase the risk of condensation and mould occurrences.
Chart 4 includes 2-months post installation of the ventilation system in another property. These are shown as
dots (blue for November 2017 and orange for December 2017).The dots each represent the average VPX per
hour per day for the month represented. It is clear from this data that the ventilation system is able to provide a
consistent environment (close clustering of data) with the VPX spanning class 2 and the lower class 1 (storage
buildings – area below class 2 on chart 4), i.e. moisture conditions being maintained significantly below mould
condensation risk.
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Chart 4: Shows mean hourly vapour pressure differential against external temperatures for one property

Using the raw data to create chart 4, a regression analysis was additionally performed to understand how,
typically the internal conditions would be maintained with the new ventilation and the occupants usual use of
heating. This analysis was done by normalising the vapour pressure excess conditions for external winter
standard day conditions of 5°C, 80%RH. The regression results show that the internal environment conditions in
this property have favourable vapour pressure excess of 0.23 kPa (e.g. upper boundary of class 1), whilst the
temperature was at 18.5°C and 51% RH on an average winter’s day
The Thamesmead CDM programme is experimental, and some aspects have proved more difficult to implement
than others. Based on the data available for the interventions completed-to-date, the programme is effective in
eliminating condensation and mould.
The CDM surveys have shown that the risk assessment process is a good method for identifying homes at risk of
condensation and mould, using existing data. However, it is not completely accurate, and should continue to be
supplemented and validated by surveys. Residents’ complaints also identify high-risk homes. The CDM surveys
have also shown that intermittent extract ventilation, especially with noisy or poor-quality fans, is not an
effective remedy for CDM.
Since condensation risk is related to occupancy and residents’ behaviour, it is important that even households in
low-risk homes receive energy advice. Boiler replacement and improved heating controls are effective in
improving heating efficiency, reducing residents’ fuel costs and helping them to avoid under-heating. Demandcontrolled continuous ventilation is effective in reducing internal relative humidity (and thus reducing the risk of
CDM), but initially it proved expensive and difficult to install in Thamesmead, because of the concrete
construction and the presence of asbestos. The installation process has become easier, as standard configurations
have been developed for each type of home, and installation processes have been fine-tuned.
The Switchee device is probably a little more effective than any other heating controller, if used properly, in
helping to control CDM, but its ability to operate autonomously provides a benefit in homes where the residents
are unwilling or unable to engage with the problem. The monitoring facility that the Switchee device provides is
a powerful tool for the landlord: it enables homes at risk of CDM to be identified and targeted, energy advice to
be customised to households’ circumstances and behaviour, and the effectiveness of interventions to be
monitored. This facility supports the case for Switchee to be installed across the Thamesmead stock, even in
apparently low-risk homes.
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ABSTRACT
Carbon dioxide included in exhaled breath is often used as a tracer gas when estimation of ventilation
aspect in buildings with occupants is performed. Indoor carbon dioxide concentration is also adopted evaluation
of ventilation commonly. It is needed for these investigations to grasp occupants’ carbon dioxide production rate
accurately.
In previous studies by the authors (2014, 2016), equations for calculating carbon dioxide production rate
based on Japanese subjects' exhaled breath data obtained by using Douglas bag method have been shown. These
equations, whose variables are occupant’s height & weight, gender, age and Met, have been validated by measuring
concentration of carbon dioxide in ventilated single zones with occupants.
This paper describes about investigated results of accuracy using one of the equations. Moreover, aiming
at improving the precision in estimating indoor carbon dioxide concentration, estimation of Met value utilising
wearable triaxial accelerometer or pulse rate monitor is examined and shown experimental results.

KEYWORDS
Ventilation, Exhaled breath, Carbon dioxide concentration, Single Zone, Estimation accuracy, Activity meter

1

INTRODUCTION

Carbon dioxide included in exhaled breath is often used as a tracer gas when estimation
of ventilation aspect in buildings with occupants is performed. Indoor carbon dioxide
concentration is also adopted evaluation of ventilation commonly. It is needed for these
investigations to grasp occupants’ carbon dioxide production rate accurately.
In previous studies by the authors (Tajima 2014, 2016), equations for calculating carbon
dioxide production rate based on Japanese subjects' exhaled breath data obtained by using
Douglas bag method have been shown. These equations, whose variables are occupant’s height
& weight, gender, age and Met, have been validated by measuring concentration of carbon
dioxide in ventilated single zones with occupants. The calculation accuracy of the equations
can be improved if occupant’s Met value, which is generally substituted for designed value or
referenced value, is estimated more accurately. Hence this paper describes about investigated
results of calculating accuracy of indoor carbon dioxide concentration utilising activity meters.
2

METHODOLOGY

In order to improve the precision in estimating indoor carbon dioxide concentration
using occupants’ exhaled breath, the following 2 investigations are executed in this study.
(1) Accuracy tests for estimation accuracy of Met value
Occupants’ Met value is one of the most important elements for calculating indoor
carbon dioxide concentration. In previous studies on accuracy check in calculating indoor
carbon dioxide concentration by the authors, Met values were set as referenced value (e.g.
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ASHARAE, 2013/ SHASE, 2010) determined by visual judgement. By obtaining Met value
utilising a wearable activity meter or a pulse rate monitor, accuracy of occupants’ Met value is
checked by comparing with Douglas bag method in this study.
(2) Accuracy tests for estimation of carbon dioxide concentration in ventilated rooms
Measurement of indoor carbon dioxide concentration in ventilated single zone are
handled aiming at accuracy check of calculated concentration by using proposed equation for
occupant’s carbon dioxide production rate. Occupants’ Met values are obtained by measuring
devices also in the measurements.
3

ESTIMATING EQUATION FOR CARBON DIOXIDE PRODUCTION RATE
Occupants’ carbon dioxide production rate which is investigated based on Japanese
subjects’ exhaled breath are given as equation (1) (Tajima, 2014) and equation (2) (Tajima,
2016) which is revised from equation (1). Japanese body surface area AD is given by equation
(3). The age coefficient Ca, which was determined by using data given by Ministry of Health,
Labour and Welfare of Japan, is shown in Table1. In these previous studies, compared with
carbon dioxide production rate shown in JIS (Japanese Industrial Standard Committee, 2010)
or ASTM D6245-12 (ASTM, 2012), the indoor carbon dioxide concentration using the
equations showed the closest value to the measured value within the Met value was 3. Figure 1
represents the relationships between the estimated value using the equation (1) & (2) and
measured value obtained by Douglas bag method. The R2 of the equation (2) is 0.8525 and
higher than equation (1). Therefore, equation (2) can be considered that it is reliable expression
for estimating Japanese carbon dioxide production rate.
1.589

10

94.4

1.601

10

60.63

0.007246

.

83.9

21.0

149.7

(1)
(2)

.

(3)

Where:
Pco2 is the carbon dioxide production rate [m3/h]
AD is the body surface area [m2]
Met is the metabolic rate [-]
(See Table1)
Ca is the age coefficient
CG is the coefficient of gender Female 0, Male 1 (For equation (1))
Female 0.73, Male 1.00 (For equation (2))
Cg is the gender factor
H
is the height [cm]
W
is the body weight [kg]
Table1： The ratio of basal metabolic rate and basal metabolic rate by age
Age

Basal Metabolic Rate［kcal/day］（Ratio of Basal Metabolic Rate Ca）
Male

Female

18-29

1520（1.00）

1110（1.00）

30-49

1530（1.01）

1150（1.04）

50-69

1400（0.92）

1100（0.99）

70-

1290（0.85）
1020（0.92）
The ratio of the basal metabolic rate is based on the value of 18 to 29 years old
The grey part in the table represents the subjects’ age and gender in the validation
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Carbon Dioxide Production
Rate Mesarment Value [m3/h]

0.07
0.06

Estimation
Eq (2) ()

0.05

R² = 0.8525

R² = 0.8087
Estimation(古)
Eq (1)

0.04
0.03
0.02
0.01
0.00
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Carbon Dioxide Production Rate Calculated Value [m3/h]

Figure 1: Measured and calculated carbon dioxide production rate

4

ACCURACY TESTS FOR ESTIMATION ACCURACY OF MET VALUE

Accuracy check in measurement of Met values of wearable devices are executed by
comparing with the value measured by Douglas bag method.
4.1

Measurement of Met Value
Two wearable devices for measuring Met value shown in Table 2, Photo 1 and Photo 2
are used. The activity meter which employs triaxial accelerometer can directly measure Met
value. The pulse rate monitor measures pulse rate, therefore additional conversion into Met
value is required. Moreover, Met values considered to be correct were obtained by using
Douglas bag method, whose measuring instruments are shown in Table 3. The experimental
conditions are shown in Table 4. Table 4 also contains referenced Met values (ASHRAE, 2013/
Ainsworth, 2011).
Table 2: Wearable devices for measuring Met
OMRON
Active style PRO
HJA-750c
MIO ALPHA
Measurement range Pulse Rate
53PBLK-INT
30 - 220 beat
* An additional conversion into Met value is required

Measurement Range: ±6G
1.0-18.0 METs (0.1METs Notch)

Activity meter
Pulse rate monitor*

Photo1: Activity meter

Douglas bag
Gas analyser

Photo2: Pulse rate monitor

Table 3: Testing instruments for Douglas bag method
TAKEI
Volume: 100L
TK-11288
CO2
NDIR 0-5/10/20 vol%
HORIBA
O2
zirconia process 0-5/10/25 vol%
PG-240
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Action
Seated, Quiet
Writing
Office
Typing
Activities
Filing, Seated
Wash Dishes
Desk Wiping
Home
Activities Washing Windows
Vacuuming
2.0 mph
(3.2 km/h)
Walking
3.0 mph
(on level
(4.8 km/h)
surface)
4.0 mph
(6.4 km/h)

Table 4: Experimental conditions
Referenced Value
Activity
CPA*
period
ASHRAE
METs
Code
1.0
1.0
07010
1.0
5 minutes
1.3
09040
1.1
1.2
2.0
11763
1.8
05041
2.3
05032
4 minutes
2.0 - 3.4
3.2
05022
3.3
05043

3 minutes

Number of
Subjects
15
7
10
15
11
14
11
11

2.0

2.8

17152

11

2.6

3.5

11792

13

3.8

5.0

17220

12

* CPA: The 2011 Compendium of Physical Activities

Results and Discussion
Totally 130 subjects in 10 actions experimental results were obtained. Measurement
results of Douglas bag method is shown in Figure 2. Figure 2 describes referenced value also.
Figure 3 describes the standard error of Met values. Meta(mean) reparents mean value obtained
by activity meter. Metbpm represents calculated value by substituting heart beat rate into
subject’s personal equation like as shown in Figure 4 or 5. CPA (Ainsworth, 2011) and
ASHRAE (ASHRAE, 2013) are referenced values.
The activity meter method shows totally most accurate. The standard error of Met value
using the activity meter is 0.03. The pulse monitor method requires slightly complicated
arrangement which needs personal relational expression of pulse rate and Met value. The
personal expressions include individual differences shown in Figure 4 and 5. The referenced
values show relatively correct results totally in Figure 3, however some actions such as
vacuuming or walking have larger error. Therefore, the activity meter method is recommended
to estimate Met values with relatively small error.

Met [-]

4.2

8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0

ASHRAE

国立栄養
CPA

CPA: The 2011 Compendium of Physical Activities
Figure 2: Met value obtained by Douglas bag method and referenced value
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Standard Error [-]

0.5
0.4

Metbpm
Metbpm

Met
Meta（
Ave）
a(Mean)

CPA
METs-ta

ASHRAE

0.3
0.2
0.1
0.0

Figure 3: Standard error of Met value
5.0

Subject A y = 0.0805x - 4.6941

Met [-]

4.0

R² = 0.9303

Subject B y = 0.0751x - 6.1465

3.0

R² = 0.8884

2.0
1.0
0.0
0

30

60

90

120

150

Pulse Rate [bpm]

Figure 4: Pulse Rate and Met Value (larger R2)
5.0

Met [-]

4.0

Subject C y = 0.0617x - 3.8421
R² = 0.2655

3.0
2.0
1.0
0.0
0

30

60

90

120

150

Pulse Rate [bpm]

Figure 5: Pulse Rate and Met Value (smaller R2)

5

ACCURACY TESTS FOR ESTIMATION
CONCENTRATION IN VENTILATED ROOMS

OF

CARBON

DIOXIDE

5.1

Experimental
As shown in above, utilising activity meter shows most accurate estimating result of
Met value. Hence, calculating accuracy in indoor carbon dioxide concentration of ventilated
rooms which are considered as single zone is handled with utilising the activity meter.
Measurement conditions are shown in Figure 6 and Table 5. The experimental was carried out
with four occupants wearing the activity meter. The measurement interval was set as 10 seconds.

Figure 6 Experimental condition
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Table 5: Condition of experimental measurement in single zone
Case
A-1
A-2
A-3
A-4
A-5
A-6
A-7
A-8
A-9
A-10
A-11
A-12

Ventilation Rate*

Measurement Period

Activity

30 minutes

Seated, Quiet

60 minutes

Seated, Quiet/Study
Typing

80m3/h

Filing, Seated
30 minutes

Study
Desk wiping
Vacuuming
Walking
* Number of occupants is four, (20m3/h･person)

5.2

Results and Discussion
Totally 12 cases and 2318 points indoor carbon dioxide concentration data were
obtained. Calculated results of indoor carbon dioxide concentration by equation (4) using
equation (2) with Met values measured by activity meter as production rate PCO2 are compared
with referenced values. The Met values are determined by not only mean value but also
instantaneous, mode and median value. Measured and calculated indoor carbon dioxide
concentrations are shown in Figure 7, 8 and 9 as examples. The RMSE of estimated indoor
carbon dioxide concentrations are shown in Table 6. The standard error of estimated indoor
concentrations is shown in Figure 10.
The calculated results include using referenced values approximately agree with the
measured value shown in Figure 7 and 8. However, In Figure 9, the calculated result using
referenced value has a certain error. The standard errors of calculated concentrations are totally
small as less than 2.0 ppm shown in Figure 10. Especially using both Meta(mean) and
Meta(Instantaneous) , the standard errors are both 1.0. These results suggest that calculation
method using equation (2) can give accurate indoor carbon dioxide concentration and can
ensure more correct calculation results utilising the activity meters.
∑

(4)

Where
Ci is the concentration of carbon dioxide of target room [m3/m3]
Co is the concentration of carbon dioxide of outdoor [m3/m3]
Qio is the ventilation rate [m3/h]
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Carbon Dioxide
Concentration ［ppm］
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Figure 7: Measurement and Calculation Result of Indoor CO2 Concentration (A-1)
Carbon Dioxide
Concentration ［ppm］
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Figure 8: Measurement and Calculation Result of Indoor CO2 Concentration (A-3)
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Figure 9: Measurement and Calculation Result of Indoor CO2 Concentration (A-6)

Table 6: Measurement Result of Met Value and Carbon Dioxide Concentration
RMSE of CO2 Concentration [ppm]
Meta
Meta
Referenced
value
Mean
Mode
Median
Instantaneous Mean Mode Median
A-1
1.03
1.0
1.0
12.0
15.3
15.9
12.0
12.0
1.0
A-2
1.04
1.0
1.0
20.7
15.6
14.6
20.7
20.7
A-3
1.0/1.3*2
1.05
1.0
1.0
17.1
12.5
13.6
22.7
22.7
A-4
1.07
1.0
1.0
30.5
34.6
34.2
43.9
43.9
1
1.1*
A-5
1.04
1.0
1.0
13.3
21.6
21.6
28.0
28.0
A-6
1.64
1.5
1.6
82.7
28.2
25.6
43.3
30.2
1
1.2*
A-7
1.29
1.2
1.2
13.7
5.7
3.5
13.7
13.7
A-8
1.18
1.0
1.1
16.3
11.5
13.6
35.5
22.2
1.3*2
A-9
1.33
1.0
1.2
5.7
8.3
7.8
40.0
13.0
A-10
2.3*2
2.28
2.4
2.3
19.4
15.0
16.9
33.5
19.4
A-11
2.3/3.2*2
2.57
2.8
2.6
34.9
32.3
30.3
14.0
36.4
A-12
1.7*1
2.29
2.3
2.3
133.5
58.3
58.1
57.3
57.3
Meta: measured by activity meter, *1: ASHRAE HANDBOOK. *2: The 2011 Compendium of Physical Activities
Met

Case

Referenced
value

606 | P a g e

Standard Error [ppm]
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Figure 10: Standard Error of Indoor Carbon Dioxide Concentration

6

CONCLUSION
In order to improve the precision in estimating indoor carbon dioxide concentration
using occupants’ exhaled breath, accuracy tests for estimation accuracy of Met value and
accuracy tests for estimation of carbon dioxide concentration in ventilated rooms have been
executed.
From the experimental results on estimation accuracy of Met value, the Met values
obtained by a wearable triaxial accelerometer (activity meter) give the closest values to the
values by Douglas bag method. Based on totally 130 subjects and 10 actions data, the standard
error of estimated Met value using the activity meter is 0.03.
From the experimental results on estimation of carbon dioxide concentration in
ventilated rooms, calculation method using equation (2) can give accurate indoor carbon
dioxide concentration and can ensure more correct calculation results utilising activity meters.
Based on Totally 12 cases and 2318 points indoor carbon dioxide concentration data, the
standard error of calculated result using equation (2) with Met values obtained by the activity
meter is 1.0 ppm.
7
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ABSTRACT
Since the turn of the century, alarming data produced by the Indoor Air Quality Observatory (OQAI) have led to
changes in French legislation, including, most notably, the introduction of compulsory labelling for construction
products (decree no. 2011-321 of 23 March 2011). The suppliers of internal finishes (soft floors finishes, paints)
now aim to reduce the pollutant emissions from their products, and designers such as architects and engineering
consultancies promote a high level of indoor air quality through the careful selection of finishes materials and the
efficient design of ventilation systems.
Despite these developments, many uncertainties remain with regards to the impact of the construction steps on the
indoor air quality levels achieved in the in-use final constructed building: material and ductwork storage conditions
(exposure to moisture, dust), composition of the laying and bonding products (primary, gaskets, sealants, etc.).
At the same time, recent energy performance regulations have obliged planners to make buildings more airtight.
Although this has certainly helped to reduce energy consumption and improve users’ comfort, it poses a challenge
insofar as the management of humidity during the construction phase is concerned. Indeed, during construction,
buildings are not mechanically ventilated at all. As a result, the water vapour produced as various materials dry
(especially concrete) cannot be expelled. It is no coincidence that industry experts and professional bodies
(Construction Quality Agency) are reporting the growth of mould on various materials (insulation, drywall, paint
etc.) with greater frequency.
The objective of the CHAllenges with Indoor Air Quality during Building Construction (ICHAQAI) scientific
project was twofold: firstly, to identify and characterize the different elements that can have a detrimental impact
on the indoor air quality during construction; secondly, to propose solutions that will enable professionals to reduce
the negative impacts of construction on the indoor air quality of the future constructed building ‘in-use’.
Measurements were performed on two representative projects, including chemical and microbiological analyses
of dust sampled from ventilation ducts, and complete indoor air quality analyses after each construction stage.
Finally, remediation solutions were proposed, including ventilation products protection, and provisory ventilation
solutions for construction stages.

KEYWORDS
Indoor air, construction, humidity, fungal contamination, airtightness, volatile organic compounds, VOC, semivolatile organic compounds, SVOC, particles, measurement, recommendations
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1

INTRODUCTION

Indoor air quality is now a major public health concern. Although the entire construction
industry has become increasingly good at taking energy requirements into account, health issues
remain a little-known subject for most building professionals. In France, alarming data
produced by the Indoor Air Quality Observatory (OQAI) since the 2000s have led to changes
in legislation intended to encourage disclosures to various stakeholders. This includes the
introduction of compulsory labelling for volatile pollutant emissions in construction and
decoration products (decree of 23 March 2011(1)). Such labelling added to the development of
environmental labels has raised the construction industry’s awareness of the health impacts of
chemical contaminants.
Despite these changes, there is still some uncertainty over the impact of construction phases on
future indoor air quality: materials storage conditions (exposure to dust and humidity), potential
chemical reactions between products, the impact of humidity levels on volatile organic
compound emissions from materials, etc. If we look beyond the emissions specific to each
construction product, questions are being raised on construction processes: transportation and
storage (impact of weather conditions), construction procedures and assembly of various
products, construction sequencing and compliance with drying times, etc.
The CHAllenges with Indoor Air Quality during Building Construction (ICHAQUAI) study
examined these issues. With support from the French Environment & Energy Management
Agency (ADEME), the project brought public health researchers and construction professionals
together to meet two goals: first, to increase knowledge by researching contamination factors
specific to the construction phase, and secondly, to provide solutions for construction
professionals. The project will come to a close at the end of 2018 when a best practices guide
for construction industry stakeholders will be produced.
The various findings of the ICHAQAI project raised questions about the lack of ventilation in
buildings under construction. Natural ventilation, through open doors and windows, is the only
way that humidity and most contaminants are removed once buildings are airtight. Confinement
conditions vary, depending on the circumstances at each construction site, and pollutants may
accumulate or disorders related to excessively high humidity may arise. The first section of this
article covers these issues.
Although limiting contaminant emissions from construction materials is crucial, a regular influx
of fresh air is equally important for future building occupants. The transportation, storage,
installation and balancing stages for ventilation systems are therefore critical for ensuring highquality indoor air once buildings are in use. Specific findings on ventilation system installation
are outlined in the second section.
2

PROBLEMS ASSOCIATED WITH A LACK OF VENTILATION DURING
CONSTRUCTION
During the construction phase, no particular ventilation is provided. Once installed, the final
ventilation systems only begin operating at the very end of the construction phase. This is to
prevent any wear and tear or possible contamination of the equipment.
Once external woodwork has been installed and the building envelope is completed, all further
work is carried out in an airtight space. Air exchange only occurs through leaks in the building
envelope or if the windows are opened. Nowadays, leaks are significantly reduced due to
improvements in building energy performance (required under thermal regulations). Natural
ventilation for buildings in the construction phase varies widely, depending on the
circumstances and potential intrusion risks, employee work practices, etc. In many situations,
natural ventilation remains limited, which concentrates humidity and pollutants resulting from
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the various forms of work performed. This creates direct risks for worker health and indirect
risks for future occupants.
The ICHAQAI project monitored and measured indoor air quality during the construction
phases of two new buildings. With respect to chemical contaminants, concentrations of volatile
organic compound emissions (VOCs) varied substantially depending on the type of work
carried out. Continuous measurement, carried out using electronic metal-oxide microsensors
(Hager Services Fireflies measuring station), revealed that using ventilation systems is
effective: for each building, the start of the ventilation system just before delivery significantly
reduced total VOC concentrations (see Figure 1). Furthermore, a comparison could be made
between both work sites, which had very different aeration conditions and construction
sequences. On the second site, windows were regularly opened by workers, and the activities
did not overlap: the total VOC concentrations had been 75% fewer compared to the first site
which was confined and with tighter deadlines. Special attention to air change conditions on
construction sites could therefore have a substantial impact on worker exposure to chemical
contaminants. Because some porous materials (textiles, acoustic insulation, wood panels)
adsorb and desorb VOCs, improved air change during the construction phase may also result in
cleaner air for future occupants.

Figure 1 – Changes in Total Volatile Organic Compound (TVOC) Concentrations

Building confinement during construction can also lead to disorders caused by high humidity
levels. Many tasks carried out during the construction phase produce water vapour. Once
building envelopes are airtight, if there is no ventilation during the construction phase, this
water cannot escape, providing ideal growing conditions for the mould that is naturally present
in the environment. When fungal contamination is detected in a work site (such as on drywall
– see Figure 2), it is rarely dealt with appropriately. Drywall is typically sponged clean with
bleach and then painted. Since the material is porous, the mould remains and may reappear
when the building is in use. Replacing the affected drywall would be the most effective solution,
with obvious economic and operational consequences.
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Figure 2 – Mould growth on drywall during the construction phase

The REX Bâtiments Performants(2) study, led by Agence Qualité Construction with support
from the PACTE Programme, ADEME and the French government, helped identify mould
growth on new construction and renovation sites. This programme, which began in 2010, has
been implemented in more than 1,000 buildings in France. The reasons for mould growth
varied, depending on the circumstances. Mould sometimes appeared on visible surfaces, and in
these cases it was generally treated before the buildings were delivered. Sometimes the growth
occurred on non-visible materials (behind wall panels). In both cases, there remains a possibility
that mould could grow, resulting in persistent health hazards when the building is in use. Once
the building is operational, conditions such as excess humidity and insufficient air exchange
could cause any pre-existing mould on porous materials to re-emerge.
The ICHAQAI project measured temperature and humidity on two new-building construction
sites, starting from the phase when the building becomes airtight until it is accepted. On both
test sites, an analysis of relative humidity variations revealed periods in which indoor humidity
was greater than outdoor humidity. In general, humidity levels within buildings were high
(always higher than 70%), even when weather conditions caused outdoor humidity to plunge.
Periods in which linings and partitions were installed had indoor humidity levels that were
particularly conducive to mould growth (see Figure 3). Measurements taken through impaction
analysis at this stage of the construction project confirmed these changes.

Figure 3 – Changes in relative indoor and outdoor humidity levels
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The ICHAQAI project worked to identify sources of humidity in buildings during construction.
This research highlighted the variety of possible causes: evaporation of water from the drying
of concrete, masonry components, paint and fillers; exposure of materials to rain or humidity;
water leakage or delayed installation of stormwater drains; significant water evaporation when
installing concrete topping; etc.
Tighter construction deadlines may result in materials and products being given less time to
dry, or even in beginning finishing work too early. However, the quality risks related to
heightened humidity on work sites are real: warped wood (timber frames, interior woodwork),
buckling of surface finishes (especially resilient flooring), cracks in paint finishes, deterioration
of thermal performance if insulation is exposed to humidity, mould growth on materials
containing cellulose or other bio-utilizable substrates and higher VOC emissions. The impact
of relative humidity on VOC (especially formaldehyde) emissions is well documented. Huang
and al.(3) demonstrated a linear relationship between a material’s initial formaldehyde emissions
and its relative humidity exposure.
Various solutions have been proposed to stakeholders in the construction industry to reduce
risks related to excessively high humidity, including: standards of professional practice
(especially on drying times), careful storage of materials sensitive to humidity, monitoring of
hygrothermal conditions or even the use of active drying solutions for buildings (mechanical
ventilation systems specifically for use in the construction phase, heating or dehumidifying).
Any active solutions nevertheless need to be adjusted to suit the circumstances of each
construction project. While heating and dehumidification provide significant economic gains
for builders (due to shorter construction schedules), excessive drying could also result in
technical failings, such as shrinking or cracking concrete, cement and concrete toppings.
3

VENTILATION SYSTEM INSTALLATION PROCESS

Now that buildings are better insulated and more airtight than in the past, ventilation systems
have become critical for reconciling energy efficiency and indoor air quality. They help control
and optimize air exchange in order to limit energy loss. At the same time, they ensure sufficient
fresh air intake for occupants.
However, in France, installed ventilation systems have repeatedly been found to be noncompliant. According to a study published by the Indoor Air Quality Observatory in June
2009,(4) approximately 50% of houses with mechanical ventilation systems do not meet
regulatory requirements for total air extraction. According to an ORTEC(5) study carried out on
1,500 new homes between 2005 and 2009, 50% of buildings tested do not meet installation
requirements meant to ensure ventilation systems work properly. During installation phases,
professional standards are not always followed for various aspects, including: load loss
limitation, air sealant, insulation on ducts that pass through unheated areas, access to systems
and equipment, ease of maintenance, balancing and verification of air exchange rates before
delivery, etc.
Although the ICHAQAI project recognizes the absolute necessity of following professional
standards when implementing ventilation systems, the measurements were taken to assess the
risks of system and equipment contamination during construction. For example, ventilation
systems often get dusty during storage and installation, and are also exposed to substantial
humidity. This dust can become an ideal breeding ground for mould. When buildings are in
use, there is a real risk of dust backflow contaminated by semi-volatile organic compounds
(SVOCs) or by similar micro-organisms, especially if the ventilation system is also used for
fresh air intake (dual flow system).
In order to evaluate the risk of contaminants being transferred into the premises, dust was
gathered from within installed ventilation systems and, once the buildings were in use, from
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indoors. The dust settled inside ventilation ducts was collected using swabs and cloth wipes.
This dust was analysed for fungal contamination and chemicals to identify any adsorbed
SVOCs.
The dust in the indoor air was gathered using a MicroVol device, which measures particulate
matter (PM) using pre-weighed filters. After a 72-hour sampling period, the filters were sent
to a laboratory to analyse the adsorbed SVOCs.
Analysing dust from ventilation ducts revealed the presence of mould in certain samples. The
results of the adsorbed SVOC analysis are presented in the table below.
Table 1 – SVOC analysis and comparison of dust gathered inside ventilation networks and the premises

Dust sampled from inside ventilation
networks (settled inside ducts)
Presence of anthracene,
benzo[b]fluoranthene, fluoranthene,
fluorene, phenanthrene and pyrene

Dust sampled inside the premises (present
in the air)
Presence of anthracene,
benzo[b]fluoranthene, fluoranthene,
fluorene, phenanthrene and pyrene

The fluoranthene, fluorene and phenanthrene most probably came from oils and degreasing
solvents used in the factories where the ventilation ducts were produced. Except for networks
intended for use in hospitals, air ducts are not cleaned when they leave the factory, nor are they
capped to protect them during transportation and storage. The presence of these SVOCs make
it easier for dust to accumulate on duct surfaces.
Finally, with respect to SVOCs adsorbed into dust in indoor air, significant concentrations of
Triclosan were found during the delivery phase of each construction site. Triclosan is an
antibacterial and antifungal agent. It is suspected of being an endocrine disruptor and of
promoting antibiotic resistance. In a national study carried out on 285 homes(6) in 2016,
Triclosan was found in nearly all samples, and identifying where it came from proved
problematic. Therefore it would appear that Triclosan is present in construction products and
materials, since it has been found in samples taken at the end of construction. However,
Triclosan has been banned for use in the treatment of construction products and materials since
a decision made by the European Commission on 24 April 2014.(7)
4

CONCLUSIONS

With its research into factors affecting indoor air pollution during the construction phase, the
ICHAQAI study was decidedly exploratory in nature. Its findings indicate that there is a need
for increased awareness in the construction industry about potential health impacts. Future air
quality does not depend entirely on emissions related to each construction product. Instead, it
is also closely related to all project parameters, including: construction deadlines, construction
sequencing, product combinations, hygrothermal conditions, etc.
Although these measurements show that VOC concentrations quickly fall when spaces are aired
out or ventilation systems begin operating, health authorities are becoming increasingly
concerned with mould growth. Clear links have been established between respiratory
difficulties and the presence of mould in occupied spaces. We cannot rule out the possibility
that mould present in the construction phase may re-emerge when buildings are in use, if
conditions are conducive to mould growth. This observation raises questions about all
construction processes, and every participant in the construction chain is concerned, up to and
including principal contractors and decision-makers.
Finally, proper installation of ventilation systems and equipment has emerged as a key issue for
health and energy efficiency. Air quality, which does not receive much attention in the field,
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should be prioritised as much as clean potable water. That is, serious attention should be paid
to compliance with installation rules, airtightness of systems, type of caulking used, protection
and cleaning of systems before the acceptance stage.
5
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ABSTRACT
It is well known that the olfactory sensitivity changes with exposure time and concentration of odor under
continuous exposure to odor in the air. This decrease of odorous sensitivity, the increase of odorous threshold in
other words due to continuous exposure to odor is called olfactory adaptation.
The object of this study is to make an olfactory model which can be applied for predicting the olfactory sensation.
Firstly, the experiment was conducted to obtain the data of psychological response of odor intensity using a
continuous scale of odor intensity under the odor concentration with step change on time serious. Ethyl acetate
was used as the target odor.
Twelve panels (subjects) were employed for this experiment. These subjects smelled the odorous air blown out of
a duct carrying the air injected with ethyl acetate with a controlled generation rate. As a result, it was turned out
the odor intensity decreases exponentially as time due to olfactory adaptation.
Secondly, the theoretical olfactory model is constructed. This model is based on the impulse response function.
By regression analysis on the varying odor intensity, two parameters of the exponential response function are
identified. One parameter is the amplitude of response to unit impulse, and the other parameter is exponential
constant. Odor intensity can be predicted under any variation of odor concentration by this theoretical model of
response function. The accuracy of this olfactory model is examined by comparing the measured odor intensity
with predicted odor intensity under odor concentration varying with steps in time series.
Lastly, this model is applied to some typical odor concentration variations, and the possibility of controlling
ventilation rate to keep the intensity of body odor inside a room less than a certain level in order to save energy
will be noted. In addition, calculation method of varying ventilation rate to control the odor will be presented.
Additionally, the model applicability was tested under recovery process of olfactory adaptation using instantaneous
exposure of odor under recovering state with fresh air.
It is turned out that this theoretical olfactory model is quite useful to predict the odor intensity under adapting state
rather than recovering process.

KEYWORDS
Odor, Olfactory adaptation, Response function, Olfactory threshold, Odor intensity

1

INTRODUCTION

There is no doubt that the odor sensation is the most important sensation for us to judge the
indoor air quality. It is, however, olfactory adaptation prevents us from sensing the change of
indoor air quality during the stay indoors. There are many researches on the olfactory
adaptation (Ekman et al., 1967) (Cain, 1974) (Berglund, 1974) (Berglund et al., 1978)
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(Overbosch, 1986) (Osako et al. , 1991), but due to the difference of adaptation depending on
the chemical compounds and it’s concentration, there is no method to predict the odor
intensity of the people under adapted situation inside the rooms. In order to control the
ventilation rate to keep the indoor air quality to be good for occupants, a prediction method of
odor intensity is essential, but the practical method with wide applicability has not yet
provided to architectural engineers.
The authors, therefore, try to construct the practical olfactory model which can be used by
engineers to predict the odor intensity under the concentration input of an odor. For the
applicability to the varying odor concentration, the impulse response model of the increment of
odor threshold concentration is adopted, that is, the linearity of adaptation is assumed.
In this paper, the result of experiments to measure the change of odor intensity under step
change of concentration of ethyl acetate will be presented and applicability of the olfactory
model to the adaptation and recovery process will be investigated.
A part of this paper is republished from the previous paper by the authors (Yamanaka et al.,
2014).
2 EXPERIMENT FOR OLFACTORY ADAPTATION TO ETHYL ACETATE
2.1 Experimental Set-Up

Orifice flow meter
Supply fan

Diffuser
Deodorization unit

Figure 1: Experimental apparatus

0

x

L

overpowering

Panel

strong

Mass flow controller

considerably strong

Gas cylinder
(Ethyl acetate of
2976ppm)

easily perceptible

Test chamber
weak

Preparation room

odorless

In Figure 1, the outline of experimental apparatus is shown. Panel means an observer who sniffs
the odorous air from the diffuser and votes the odor intensity using a scale for evaluation (Figure
2). The voted odor intensity is normalized by the maximum value “overpowering” according
to the length on the scale. As an odor, ethyl acetate was used. The concentration of ethyl acetate
is set at 1.5 ppm, 4.0 ppm and 10.7ppm. The experiment took 30 minutes as shown in Figure 3.
There are two kind of exposures after the refreshment period, while panels are exposed to
odorless air made by deodorization unit containing activated carbon for five minutes. During
the first and second exposures, air with a couple of constant concentrations is supplied from the
diffuser to a nose of panel in turn.

1

normalized odor intensity

=

x
L

Figure 2: Scale for odor intensity

Figure 3: Time schedule of experiment
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The combinations of ethyl acetate concentration in the first and the second exposure are listed
in Table.1. Six cases are applied for the experiment. As the threshold concentration of ethyl
acetate is 0.3ppm, the concentration ratio to the threshold ranges from 5 to 36. At the time of
changing the concentration, that is, 0, and 600 seconds in Figure 3, the panel are told to stop
breathing for a while to wait the concentration becomes stable. Each panel voted odor intensity
using the scale intermittently every 30 minutes. 13 panels (7 male and 8 female students)
participated in the test one by one. The age of panels are from 20 to 23 years old with
normosmia, which is tested by 5 standard week odors (T&T olfactometer). The test was
conducted in a small chamber located outside with good ventilation.
Table 1: Cases for cousing ncentration change of ethyl acetate
Case Number
No.1
No.2
No.3
No.4
No.5
No.6

2.2

First Exposure
Concentration
[ppm]
1.5
1.5
4.0
4.0
10.7
10.7

Second Exposure
Concentration
[ppm]
4.0
10.7
1.5
0.7
1.5
4.0

Results on Odor Intensity

The result of voted odor intensity are shown in Figure 4. Odor intensities of 13 panels are drawn
in the graphs. Most of odor intensity decay exponentially in the first exposure period, and then
rapid increase can be seen in the case that the second exposure concentration is larger than the
first exposure concentration. In most cases, the large variation depending on panels is
confirmed. After around 5 minutes from the first exposure, some panels lose odor sensation,
but other panels senses odor to some extent. From a analysis of the variation pattern of
individual intensity variation, it was turned out that there are three types of panels, that is,
variation type, decay type and middle type. This individual variation is quite difficult to explain,
so the average value is important and also the target value for the olfactory model to predict.

Figure 4: Variation of odor intensity under six conditions
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2.3

Olfactory Adaptation Model Based on Impulse Response Function

Here, with a purpose of constructing an olfactory model to predict the odor intensity taking
account of olfactory adaptation, the following theory are presented. At first, it is assumed that
Weber-Fechner’s law is consistent even under the adaptation process.
Using Weber-Fechner’s law, the following Equation (1) can be written.
C(t )
I(t )  kc log 10
Cth0  Cth(t )
(1)
Here, I(t ) is normalized odor intensity at time t, C(t ) is the concentration of odorous compound
at time t, Cth0 is the threshold concentration of target odor, Cth(t ) is the increment of threshold
concentration, and kc is a constant.
From Equation (1), Equation (2) can be written.

I(t )  kc log 10 C(t )  kc log 10 Cth0

(2)
In Figure 5, the relationship between the concentration of ethyl acetate and odor intensity is
shown using the initial odor intensity data at the initial time at 0 of the first exposure. From the
regression line, the value of kc and Cth0 were identified as 0.321 and 0.411[ppm] for ethyl
acetate.
*
If Cth(t ) is defined as an impulse response function for unit impulse at time of zero, Cth(t ) can
be calculated from the following Equation (3).

Cth(t ) 



*
C(t )Cth(t
d
)

(3)
From some trials by means of various functions, the exponential decay function is turned out
*
to be quite valid to fit the calculated odor intensity to the measured odor intensity. Cth(t ) is
0

,therefore, defined as follows (see Figure 6).
*
Cth(t
  e  t
)

(4)

Here,  and  are constants suitable for the kind of odor. If  and  are known, odor
intensity in time series can be calculated using Equation (5).

I(t )  kc log 10

C(t )
Cth0 


0

C(t )  e   d

(5)

Figure 5: Relationship between ethyl acetate concentration and odor intensity
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Cth
Unit pulse input
Change of olfactry threshold
*
C th t  = Cth t  : Responce function

Cth0

0

Cth0

0

t

Time

Figure 6: Relationship between ethyl acetate concentration and odor intensity

Predicted normalized odor intensity

Using the data of the first exposure, the least square method was applied to obtain the most
appropriate values of  and  were identified. As a result of identification, 2.03 103 [1/s] for
 and 5.38 103 [1/s] for  were obtained.
The correlation between measured normalized odor intensity and predicted normalized odor
intensity is shown in Figure 7. As a coefficient of determination of 0.885 was obtained, the
validity of the model parameters are considered to be confirmed.

Measured normalized odor intensity

Figure 7: Comparison between measure odor intensity and predicted odor intensity during the first exposure of
ethyl acetate by means of olfactory adaptation model based on impulse response function

By using identified value for values for four constants ( kc =0.321, Cth0 = 0.411[ppm],  =

2.03 103 [1/s] for and  = 5.38 103 [1/s] for the first exposure), the calculated odor

intensity and the measured odor intensity were shown in Figure 8.
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Figure 8: Relationship between ethyl acetate concentration and odor intensity (Model calculation and
Experimental Value)
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From Figure 8, odor intensity obtained by model calculation is almost following the measured
odor intensity change, and especially the error in the first exposure is less than that in the second
exposure. The reason of this tendency seems that the all the parameters were identified using
the data in the first exposure.
3

EXPERIMENT FOR OLFACTORY ADAPTATION AND RECOVERY OF
INDIVIDUAL PANEL

Another experiment was conducted to investigate the applicability of the olfactory model
presented in the last chapter. As time schedule was shown in Figure 9, not only the adaptation
process but also recovery process was examined. In the last 12 minutes, each panel was exposed
to intermittent 10 second exposure of 7.5 ppm of ethyl acetate every 1 minute during odorless
exposure for 12 minutes. This change of concentration was controlled by mass flow controller.
In the first part of the test, shot time exposures of three concentrations were given to panels to
know the relationship between concentration and odor intensity. In this experiment, the
olfactory model was applied to individual odor intensity of each panel, in addition to the average
value of all panels. The number of panels was five (two males and three female students whose
age are from 19 to 21 years old).

Figure 9: Time schedule of experiment

Normalized odor intensity

Figure 10 shows the relationship between the concentration of ethyl acetate and normalized
odor intensity from the votes at the intermittent exposures of 10 seconds during odorless air
exposure shown in Figure 9. As is seen in Figure 10 and 11, the values of model parameters,
kc , Cth0 ,  and  are not the same as previous experiment introduced in the last chapter. It
means that enough number of panels will be needed to identify the valid value of parameters.
It is not certain that the 13 panels in the last chapter were enough or not to apply the model to
wide usage of the prediction of changing odor intensity. Generally speaking, more than tens
of panels might be necessary to determine the model parameters. It can be said that the further
research to get data from many panels will be needed.

Concentration of ethyl acetate [ppm]

Figure 10: Relationship between concentration of ethyl acetate and normalized odor intensity
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Normalized odor intensity

Normalized odor intensity

In Figure 11, the calculated odor intensity using identified values of model parameters were
drawn in each graph. The calculated odor intensity is in good agreement with the measured
data, but it seems that it is difficult to apply this model to recovery process. One reason is the
difference of the time needed for the odor sense to recover under odorless air exposure.
Recover process seems to be faster than adaptation process. The number of data is not enough
to reach a conclusion, but the further research will be needed to examine the applicability of
the olfactory model based on the impulse response function to the recovery process of
olfactory adaptation.

Figure 11: Relationship between ethyl acetate concentration and odor intensity

It is, additionally, turned out that the concentrations of ethyl acetate in this experiment (Chapter
3) were doubtful, because the sampled test airs were analysed in some company and the
concentration value of about half of intended concentration. The model parameters in this
chapter might be wrong, but the concluding remarks are not affected by these concentration
errors.
4

CONCLUSIONS

From the experiments and investigation on the characteristics of olfactory adaptation and
recovery process, the following remarks were concluded:
1) The decay process of odor intensity under adaptation depends on the individual, but the
average value of odor intensity decays exponentially.
2) The olfactory model based on Weber-Fechner`s law and impulse response function is valid
to predict changing odor intensity under adaptation process using identified model
parameters derived from the experimental data.
3) In the recovery process of olfactory adaptation, there is large discrepancy between odor
intensity calculated by the olfactory model and measured value by the experiment with 6
panels. The necessity of further research with a large number of panels is confirmed.
5
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ABSTRACT
In order to better address energy and indoor air quality issues, ventilation needs to become smarter. A key smart
ventilation concept is to use controls to ventilate more at times it provides either an energy or IAQ advantage (or
both) and less when it provides a disadvantage. This would be done in a manner that provides improved home
energy and IAQ performance, relative to a “dumb” base case. This paper highlights that a favourable context exists
in many countries, with regulations and standards proposing “performance-based approaches”. The article gives
an overview of such approaches in five countries, in the U.S and in Europe (France, Spain, Belgium, The
Netherlands). The common thread in all these methods consists in using at least as metrics, the exposure to an
indoor generated parameter, very often the CO2, and the condensation risk. As the result, demand-control
ventilation strategies (DCV) are widely and easily available on the market, with more than 20-30 systems available
in some countries.
This article is a short version of the Journal article: Guyot, G., Walker, I.S., Sherman, M.H., 2018. Performance
based approaches in standards and regulations for smart ventilation in residential buildings: a summary review.
International Journal of Ventilation 0, 1–17. https://doi.org/10.1080/14733315.2018.1435025.
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1

INTRODUCTION

Energy-efficient homes require rethinking the ventilation and the air change rates, because of
their increased impact on thermal losses. For these high performance homes, envelope
airtightness treatment becomes crucial (Erhorn et al., 2008) and should be combined with
efficient ventilation technologies.
Indoor air quality is another major area of concern in buildings which is influenced by
ventilation. Because people spend most of the time in residential buildings (Klepeis et al.,
2001),especially in their bedrooms (Zeghnoun et al., 2010), and60-90% of their life in indoor
environments (homes, offices, schools, etc.) (Klepeis et al., 2001; European Commission, 2003;
Brasche and Bischof, 2005; Zeghnoun et al., 2010; Jantunen et al., 2011), indoor air quality is
a major factor affecting public health. Logue et al. (2011b) estimated that the current damage
to public health from all sources attributable to IAQ, excluding second-hand smoke (SHS) and
radon, was in the range of 4,000–11,000 μDALYs (disability-adjusted life years) per person per
year. By way of comparison, this means the damage attributable to indoor air is somewhere
between the health effects of road traffic accidents (4,000 μDALYs/p/yr) and heart disease from
all causes (11,000 μDALYs/p/yr). According to the World Health Organization (WHO, 2014),
99,000 deaths in Europe and 81,000 in the Americas were attributable to household (indoor) air
pollution in 2012. Health gains in Europe (EU-26) attributed to effective implementation of the
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energy performance building directive, which includes indoor air quality issues, have been
estimated at more than 300,000 DALYs per year.
Today we ventilate our buildings to provide a healthy and comfortable indoor environment,
with attention to health, moisture and odour issues. Indoor pollutant sources include outside air,
occupants and their activities, and the furnishings and materials installed in buildings.
As the list of identified indoor pollutants is long and may still increase, it has been impossible
to create definitive IAQ metrics for standards and regulations governing residential buildings
(Borsboom et al., 2016). Consequently, IAQ performance-based approaches for ventilation at
the design stage of a building are rarely used. Instead, prescribed ventilation rates have been
used, assuming that at the same time they would control human bio-effluents, including odors,
they would control also any other contaminant as well (Matson and Sherman, 2004). As a result,
standards and regulations, such as ASHRAE 62.2-2016 and others in Europe
(Dimitroulopoulou, 2012), often prescribe ventilation strategies requiring three constraints on
airflow rates:
1. A constant airflow based on a rough estimation of the emissions of the buildings, for
instance one that considers size of the home, the number and type of occupants, or
combinations thereof;
2. Minimum airflows (for instance during unoccupied periods);
3. Sometimes also provisions for short-term forced airflows to dilute and remove a source
pollutant generated by activities as cooking, showering, house cleaning, etc.
In order to conciliate energy saving and indoor air quality issues, interest in a new generation
of smart ventilation systems has been growing for 25 years. Thanks to “performance-based
approaches”, such systems must often be compared either to constant-airflow systems
(“equivalence approaches”) or to fixed IAQ metrics thresholds.
This paper provides a review of performance-based approaches used in 5 countries around the
world for the assessment of smart ventilation strategies.
2

SMART VENTILATION AND DEMAND-CONTROLLED VENTILATION (DCV)
DEFINITIONS

The key smart ventilation concept is to use controls to ventilate more at times it provides either
an energy or IAQ advantage (or both) and less when it provides a disadvantage. The
fundamental goal of this concept is to reduce ventilation energy use and cost while maintaining
the same IAQ level as with a continuously operating system, or better (Durier et al., 2018).
The concept of “Demand-controlled ventilation (DCV)” is a specific subset of smart
ventilation. Such strategies have been widely used in scientific literature and in materials
associated with available technologies over 30 years. Different definitions of DCV are
available. According to the IEA Annex 18, DCV denotes continuously and automatically
adjusting the ventilation rate in response to the indoor pollutant load (Mansson et al., 1997).
(Limb M.J, 1992) defines a DCV strategy as “a ventilation strategy where the airflow rate is
governed by a chosen pollutant concentration level. This level is measured by air quality
sensors located within the room or zone. When the pollutant concentration level rises above a
preset level, the sensors activate the ventilation system. As the occupants leave the room the
pollutant concentration levels are reduced and ventilation is also reduced. Common pollutants
are usually occupant dependent, such as, carbon dioxide, humidity or temperature”.
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A recent meta-analysis of 38 studies of various smart ventilation systems with control based on
either CO2, humidity, combined CO2 and TVOC, occupancy, or outdoor temperature shows
that ventilation energy savings up to 60% can be obtained without compromising IAQ-even
sometimes improving it (Guyot, Sherman, Walker, 2017). However, the meta-analysis did
include some less-than favorable results, with energy over-consumption of 26% in some cases.
The concept of “smart ventilation” being more recently developed in the LBNL is another
subset of smart ventilation. It was developed in order to control fans to minimize energy use
(Sherman and Walker, 2011; Walker et al., 2011; Turner and Walker, 2012; Walker et al.,
2014). This smart ventilation concept uses the equivalent ventilation principle (Sherman and
Walker, 2011; Sherman et al., 2012) further developed in the paper, to allow for modulation of
ventilation airflows in response to several factors, including outdoor conditions, utility peak
loads, occupancy, and operation of other air systems (Figure 1).
Ventilation energy savings were estimated to be at least 40% by studying diverse climates (16
California climate zones), various home geometries and values for envelope airtightness to give
a good representation of the majority of the Californian housing stock. This reflects absolute
energy savings between 500 and 7,000 kWh/year per household with a peak power reduction
up to 2 kW in a typical house (Turner and Walker, 2012).

Figure 1 : Simulated controlled whole-house ventilation fan (continuous exhaust) with RIVEC and other
household fan operation during the winter, source : (Sherman and Walker, 2011)

3

PERFORMANCE-BASED
VENTILATION

APPROACHES

TO

RESIDENTIAL

SMART

A number of ventilation standards and national regulations have progressively integrated an
allowance for smart ventilation strategies and/or DCV systems in residential buildings.
Simultaneously, progressively energy performance regulations include the opportunity to claim
credit in energy calculations for savings from such systems. Already in 2004 in the United
States a federal technology alert concluded that the HVAC systems in buildings should use
DCV to tailor the amount of ventilation air to the occupancy level, for energy and IAQ reasons
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(Federal Technology Alert, 2004). Some years later, an update to the ventilation standard
ASHRAE 62.2 (ANSI/ASHRAE, 2013) allowed the use of smart ventilation technologies. To
the best of our knowledge, smart ventilation systems cannot get an energy credit in calculations
specific to each state at the moment. In Europe, several countries enable the use of DCV systems
in ventilation codes, including Belgium, France, Spain, Poland, Switzerland, Denmark,
Sweden, the Netherlands, Germany (Savin and Laverge, 2011 ; Kunkel et al., 2015 ; Borsboom,
2015). The corresponding energy regulations are more or less recent.
Smart ventilation and/or DCV systems must generally prove their IAQ performance through a
performance-based approach, in order to comply with the ventilation regulation and get a credit
in the energy-performance regulatory calculation.
Pushed by the international movement toward nearly-zero energy buildings, smart ventilation
system success is not about to end. In Europe, two recently published directives n°1253/2014
regarding the eco-design requirements for ventilation units and n°1254/2014 regarding the
energy labelling of residential ventilation units (European Parliament and the Council, 2014)
are moving toward a generalization of low-pressure systems, DCV systems and balanced heat
recovery systems at the 2018 horizon. According this second directive, for central- and localDCV systems, it should be possible to use a correction factor of 0.85 and 0.65, respectively, in
the energy consumption calculation performed specifically for this labelling.
Given these opportunities, DCV strategies have been used at massive scale, notably in France
and in Belgium, for more than 30 years. August 1st 2016, 23 DCV systems in France, 34 in
Belgium, 37 in the Netherlands have received an agreement. Most of them are CO2 or humiditybased strategies.
IAQ performance-based approaches could be used in many ways. Each country uses different
indicators, calculated with different methodologies and compared to different thresholds. The
common thread in all of these methods is the use at a minimum, of the exposure to a pollutant
generated indoors (very often the CO2) and condensation risk. A minimum airflow rate for
unoccupied periods is also often required.
Table 1 gives an overview of the described performance-based approaches further described in
(Guyot et al., 2018).
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The manufacturer for
each DCV system shall
pass through an
agreement procedure
The designer of the
building, of the base of
information given by the
manufacturer

The manufacturer for
each DCV system shalls
pass through an
agreement procedure

The person involved in
EP-calculation
and
manufacturer for each
DCV system

Spain
(<2017)

Belgium
(< 2015)

Belgium
(since 2015)

Spain
(future)

France

The manufacturer,
specifier or designer is
supposed to certify that
the calculation meets the
requirements.
The manufacturer for
each (humidity) DCV
system shall pass through
an agreement procedure

Person in charge

USA and
Canada
(ASHRAE
62.2 2016)

Country

An advanced equivalence method
has been performed by (Caillou et
al., 2014) on all the systems having
an agreement.

No-more existing.

Multizone modelling with
CONTAM, t =5 min, conventional
entry data both deterministic and
stochastic

A performance-based approach for
all ventilation systems is going to be
implemented, using a software and
conventional data at the design stage
of each building

Multizone
modelling
with
CONTAM, t =40 s, Conventional
entry data

Multizone modelling with
MATHIS, t =15 min,
Conventional entry data

Ventilation Equivalence
method
Single zone modelling, t<1h,
constant pollutant emission rate

1/CO2 cumulative exposure indicator E’950
2/Monthly average RH> 80% on critic thermal
bridges from December 1st to March 1st
3/Exposure to a tracer gas emitted in toilets and
in bathrooms
They must be at least equal that the worst
performing reference system.
No-more existing.

Per room, over the heating period:

Per room, over the year:
1/ Yearly average CO2 concentration < 900 ppm
2/ Yearly cumulative CO2 exposure over 1600
ppm E1600 < 500,000 ppm.h
Per room, over the year:
1/ Yearly average CO2 concentration < 900 ppm
2/ Yearly cumulative CO2 exposure over 1600
ppm E1600 < 500,000 ppm.h

2/Number of hours TRH>75% <600 h in kitchen,
1000 h in bathrooms, 100 h in other rooms

1/CO2 cumulative exposure indicator E2000 <
400,000 ppm.h

Per room, over the heating period:

No specifically defined pollutant
Yearly average relative exposure R<1
At each time-step Ri<5

Calculated IAQ indicators

Published
conventional
energy saving coefficients can
be used directly in the EPcalculation. They depend on
the sensing type, type of
spaces and the regulation type

An energy saving coefficient
freduc is extrapolated and can
be implemented in the EPcalculation

Yearly average ventilation
airflow could be implemented
in the EP-calculation

Yearly average ventilation
airflow could be implemented
in the EP-calculation

Average equivalent exhausted
airflow (m3/h) can be
implemented in the EPcalculation

No

Credit in EP-calculation

Table 1: Overview of performance-based approaches to residential smart ventilation

Minimum airflows over 10% of the
minimum constant airflow for each
room. An intermittent ventilation is
allowed if the average on 15 minutes
enables to comply with this 10%.

The minimum airflow during
unoccupied periods is set to 1.5 l.s-1
in each room.

Switch off not allowed, minimum
airflow is 10-35 m3/h according to
the number of rooms in the building

Can be null if the total airflow rate
equivalence is required over any 3hour periods

Minimum airflow
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The
Netherlands

The person involved in
EP-calculation (standard
approach)
OR
the manufacturer for each
DCV system (equivalence
approach)

Even if correction factors are given
in the standard, a complementary
equivalence approach can be
performed, using the multizone
pressure code COMIS, in a semiprobalistic approach
Per person, over the heating period :
Cumulative CO2 exposure over 1200 ppm:
LKI1200 < 30,000 ppm.h

Either,
correction factors given in the
standard for quite a few DCV
systems, are used directly in
the EP-calculation,
Or,
Correction factors from the
equivalence procedure can be
used.

A function of the number of type of
occupants

4

CONCLUSIONS

With the smart ventilation strategies, including demand-controlled ventilation (DCV)
strategies, the concept consists in using controls to ventilate more at times it provides either an
energy or IAQ advantage (or both) and less when it provides a disadvantage. This can be done
in a manner that provides improved home energy and IAQ performance, relative to a “dumb”
base case.
This paper shows that a favourable context exists in many countries for development of such
strategies and that as a result smart ventilation strategies, such as demand-control ventilation
strategies, are widely and easily available on the market. The paper gives an overview of the
regulations and standards proposing “performance-based approaches” in five countries to
promote the use of smart ventilation strategies. The common thread in all of these methods is
the use, at a minimum, of the exposure to a pollutant generated indoors (very often the CO2)
and condensation risk. As a result, more than 30 compliant DCV systems are available in
countries such as Belgium, France and the Netherlands.
This review highlights the need in smart ventilation design for a common metric, associated to
a common evaluation method and why not a common threshold.
This article is a short version of the Journal article: Guyot, G., Walker, I.S., Sherman, M.H.,
2018. Performance based approaches in standards and regulations for smart ventilation in
residential buildings: a summary review. International Journal of Ventilation 0, 1–17.
https://doi.org/10.1080/14733315.2018.1435025. They are part of the project called “Smart
Ventilation Advanced for Californian Homes” further developed in (Guyot, Sherman and
Walker., 2017). This report includes a literature review on the suitability of common
environmental variables (pollutants of concern, humidity, odours, CO2, occupancy) for smart
ventilation applications, the availability and reliability of sensors, the description of available
control strategies. Next, a meta-analysis of 38 studies on smart ventilation used in residential
buildings, develops the energy and indoor air quality performances, data on the occupant
behaviour and the relevance of automatically control ventilation system and on the suitability
of a multizone approach for ventilation. Finally, this report summarizes ongoing developments,
including research into IAQ metrics and feedback on the lack of quality in ventilation
installations.
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ABSTRACT
Traditionally, occupancy-based ventilation controls have only ventilated when occupants are present – usually
based on measurements of CO2 and/or humidity. These indictors may be fine for pollutants released directly by
occupants, such as bioeffluents, or by their activities, such as cooking and cleaning. However, they do not
account for pollutants not associated with occupancy, such as formaldehyde from building materials and
furnishings. In this study we examined how occupancy-based ventilation controls could account for these other
pollutants using the relative exposure approach for variable ventilation. A real-time control was used for exhaust
and balanced fans, three occupancy schedules and two different pollutant emission assumptions using the
REGCAP ventilation and residential energy simulation program. The simulations were performed for a
prototype high performance home compliant with U.S. Department of Energy Building America Zero Energy
Ready program requirements in the 15 climate zones defined by the U.S. DOE. Median ventilation energy
savings were between zero and 26% of ventilation-related energy use depending on the occupancy schedule,
climate, fan type and emission assumptions. Occupancy-based control savings increased for balanced ventilation
fans, reduced emissions during unoccupied periods, and longer unoccupied times. Accounting for pollutant
emissions during unoccupied times significantly reduces the energy savings for occupancy-based controls.

KEYWORDS
Ventilation, controls, occupancy, emissions, pre-occupancy flush out, energy

1

INTRODUCTION

While residential smart ventilation controls (SVC) that maintain equivalence with ventilation
standards are a relatively new concept, the notion of controlling ventilation airflows based on
occupancy is well established and relatively commonplace in commercial and institutional
buildings. Typically, this is referred to as demand controlled ventilation (DCV), and it relies
on measurement of carbon dioxide (CO2) concentrations and/or relative humidity in the
occupied space. This strategy implicitly assumes that either: 1) carbon dioxide and other
human bioeffluents are the only pollutants that need to be controlled, or 2) all other sources of
indoor pollutants are correlated to occupancy. Systems are controlled to a low level or turned
off completely during unoccupied periods, which allows the build-up of contaminants that are
not bioeffluents or related to human activity in the space (e.g., formaldehyde, many VOCs,
contaminants of outdoor origin, etc.). For example, Hesaraki & Holmberg (2015) showed that
for unoccupied periods exceeding 4-hours in a new home, VOCs rose to unacceptable levels.
In their review of CO2-based DCV, Emmerich & Persily (2001) underline the limitations
inherent in using CO2 because of its inadequacy as an overall indicator of IAQ, especially for
pollutant emissions from sources other than occupants, such as building materials and
furnishings. In addition, some contaminants related to human activities can be emitted in the
home when occupants are no longer present, e.g., cleaning chemicals and their reaction
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offspring (Destaillats et al. (2005)). The main objective of this work was to account for
pollutants emitted when dwellings are unoccupied in occupancy-based ventilation controls.
The ventilation strategies explored in this study used real-time IAQ ventilation controls based
on relative dose and exposure. These controls are an implementation of the equivalent
ventilation principle (Sherman et al. 2011a; and Sherman et al. 2012) that allows a timevarying ventilation rate to give the same dose and exposure to a generic continually emitted
pollutant as a continuously operating constant ventilation rate. Our controls use the same
relative exposure calculations found in ASHRAE Standard 62.2-2016 (ANSI/ASHRAE
(2016)), based on original work by Sherman et al. (2012). Note that the ASHRAE Standard,
and our simulations, assume that kitchen and bath fans are used as source control to remove
contaminants related to cooking and bathing (i.e., moisture, odour and cooking byproducts ,
such as NO2, particles, VOCs).
This study builds on this previous work by using simulations to develop real-time control
strategies based on relative dose and exposure to examine the potential energy savings based
on changes in ventilation when a home is unoccupied. These control strategies calculate a
relative dose and exposure based on continuously emitted pollutants and a time-varying
ventilation rate, and they control the dose and exposure such that the annual average is less
than or equal to one (i.e., the same exposure as for a continuously operating ventilation
system). This study also included simulations where emissions are reduced to half the
occupied rate when unoccupied.
2

SIMULATIONS

The REGCAP simulation tool was used to predict the ventilation and energy performance. It
combines detailed mass-balance models for ventilation (including envelope, duct and
mechanical flows), heat transfer, HVAC equipment and moisture. The details of this model
have been presented elsewhere (Walker, 1993; Walker & Sherman, 2006; Walker, Forest, &
Wilson, 2005), along with validation summaries of house and attic air, mass and moisture
predictions. REGCAP is implemented using a one-minute time-step to capture sub-hourly fan
operation and the dynamics of cycling HVAC system performance and to allow for dynamic
time-based controls. REGCAP combines natural infiltration with mechanical air flows from
the house ventilation system that is the subject of the ventilation controls, as well as kitchen,
bathroom and dryer exhausts flows.
All simulations used a single-story, 200 m2 (2,153 ft2) home with three bedrooms, two
bathrooms and four occupants. The homes are compliant with the energy and performance
specifications of the U.S. DOE Zero Energy Ready Home program. These include thermally
efficient envelopes (RSI 2.3-4.43 walls), high performance HVAC equipment (80 to 94
AFUE heating, SEER 13 to 18 cooling) and airtight construction (1.5 to 3 ACH50), with the
various performance requirements varying by US DOE climate zone. All DOE climate zones
1-8, including marine, moist and dry were simulated—15 in total. Three idealized occupancy
patterns were simulated: (1) 1st shift was unoccupied from 8 am to 5 pm on weekdays, (2) 3rd
shift was unoccupied from 9 pm to 6 am on weekdays, and (3) an extended 1st shift pattern
was unoccupied from 8 am to 10 pm, with two additional two-hour absences each weekend
day. All scenarios were run with both an exhaust and a balanced IAQ fan. Exhaust fan cases
were tested with two pollutant emission assumptions: (1) fullAEQ, assumes continuous
emissions every hour of the day, and (2) halfAEQ, assumes emissions are cut in half during
unoccupied periods. The auxiliary fan operation aligned with mealtimes and sleep hours with:
40 minutes per day clothes dryer (71 L/s (150 cfm)), 40 minutes per day kitchen fan (10-min
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breakfast and 30-min dinner events, 47 L/s (100 cfm)), and four 20-minute bath fan events
(24 L/s (50 cfm)). The air flows from the auxiliary fans are included in the calculations of
ventilation rate for the home but are not included in the control systems or in estimates of
relative dose and exposure. More details on these simulations can be found in Less and
Walker (2018).
In each scenario, we simulated two baseline (no ventilation controller) cases: (1) with no IAQ
fan, and (2) with a minimally compliant, continuous fan sized to meet the ASHRAE 62.22016 ventilation standard. The energy attributed to meeting the ASHRAE ventilation standard
was the difference in total annual HVAC energy consumption between these two cases. The
energy savings for occupancy-controlled cases were calculated by subtracting the total HVAC
energy consumption for the smart control cases from the ASHRAE 62.2-2016 baseline.
Fractional ventilation energy savings were calculated by dividing the savings by the energy
required to meet the ASHRAE standard.
The smart control cases must have larger IAQ fans than the continuous fan baseline cases.
When the ventilation rate is reduced during unoccupied hours, the relative exposure increases,
and a larger fan is needed to reduce it back below one when occupants return home. In this
study, we have over-sized the ventilation fans by a factor of two. For longer absence times (1st
shift extended), this was not sufficient and controllers failed to maintain annual equivalence
during occupied hours, so we increased fan over-sizing to a factor of 2.5 for those cases.
2.1

Real-time Control Strategies

The basis of real-time control is to calculate relative dose and exposure periodically, based on
the combined infiltration and mechanical fan airflows. In these simulations we used a
calculation time period of one minute. This captures the operation of the auxiliary fans and
allows for short time scale operation of the ventilation system. The control turns on the
ventilation system when either relative dose or exposure are greater than one during occupied
periods. This approach has been used previously in the “RIVEC” controller developed by
Sherman & Walker (2011) and Turner et al. (2014). To avoid short cycling (that in a real
system would lead to poor fan longevity), the decision to turn the ventilation fan on or off is
made every ten minutes. When the home is unoccupied, the controller turns on the ventilation
system when relative exposure is greater than five, as required by ASHRAE 62.2-2016 and is
based on the acute to chronic concentration ratios for pollutants of concern (Sherman et al.
(2011b) and Sherman et al. (2012)). This is done to avoid acute exposures upon occupants
returning to the home. During unoccupied periods, the relative dose is no longer calculated,
and is fixed at its last occupied value. Exposure continues to be calculated during both
occupied and unoccupied periods. When occupants return home, relative dose is calculated
again and rises above one in response to the high relative exposure (up to 5). The controller
must then bring relative exposure and relative dose below one by ventilating the house at a
higher rate. We refer to this as the ‘recovery period’. The duration of the recovery period is
dependent on the ventilation system air flow, unoccupied duration, and natural infiltration
rate.
3

RESULTS AND DISCUSSION

The median air exchange rates and relative exposures calculated over all climates and
occupancy patterns are summarized in Table 1. Occupancy controls save energy by reducing
the overall ventilation rate, while maintaining equivalent exposure during occupied hours.
The best controllers will use the least airflow to provide equivalent occupied exposure. These
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results show that the occupancy controls reduced the air exchange rates relative to the
baseline cases, by between 4 and 12%. For comparison, a traditional DCV control that simply
turns the fan off while unoccupied would reduce ventilation by roughly 38% (9-hours / 24hours). Reductions in air exchange were greatest in cases where emissions are reduced during
unoccupied times. For all smart control scenarios, the relative exposures for occupied periods
are less than or equal to one – showing that these controls are effectively controlling exposure
and demonstrating compliance with the ASHRAE 62.2-2016 ventilation standard. Low
ventilation and high exposure occurs in the unventilated case that was run to isolate the
energy use due to ventilation the air exchange.
Table 1: Median values for annual average air exchange rate and relative exposure.
Case
No IAQ fan
Baseline
Occupancy
controller

Fan Type
None
Exhaust
Balanced

Unoccupied
Emissions
Full
Full
Full

Air Exchange
(ACH)
0.102
0.340
0.358

Relative Exposure
4.959
1.005
0.999

Exhaust

Full

0.326

1.001

Exhaust
Balanced

Half
Full

0.298
0.328

0.996
1.007

Figure 1 shows the ventilation energy savings for each combination of climate zone,
occupancy pattern, and combination of fan type and emissions assumptions. Median
ventilation energy savings across climate zones varied from 0 to 26% depending on fan type
and emission assumptions. Overall, ventilation energy savings are quite low for occupancybased smart ventilation controls, with some 1st shift exhaust fan full emission cases even
increasing energy consumption. Savings increased somewhat for the balanced fan cases and
for the cases where emissions were halved during unoccupied periods. Savings are higher in
the 3rd shift vs. the 1st shift occupancy pattern. The extended 1st shift pattern has the greatest
savings of all, showing that greater unoccupied periods lead to increased savings. The greatest
percent savings are in the hot climates (DOE CZ 1 and 2), while all other climate zones have
fairly consistent percent savings.
These results can be explained by considering diurnal temperature patterns and their
correlation with occupancy. Overall, the 3rd shift pattern had increased energy savings,
because the ventilation fan is turned off during cold nighttime hours, whereas the 1st shift
pattern turns the fan off during the mildest daytime hours. The 3rd shift pattern then has
increased ventilation during mild daytime hours, while the 1st shift has increased ventilation
during the cold evening and nighttime hours. These patterns provide a predictable heating
benefit in the 3rd shift and a heating penalty for 1st shift. The opposite is true of cooling, where
the 1st shift pattern provides a notable benefit. This cooling benefit in the 1st shift is why
savings were highest in the cooling dominated locations.
Relative to the exhaust fan cases with full emission rates, both the balanced fan cases and the
half emission rate cases had greater reductions in the average ventilation rate and increased
energy savings. Balanced fan airflows add linearly to natural infiltration (exhaust fans are
sub-additive), which means they provide increased ventilation rates, but they also provide
greater decreases in ventilation when turned off by a smart controller. The increased impact of
turning off a balanced IAQ fan led to greater reductions in airflow and increased energy
savings. The half-emission scenarios also reduced the total airflow required to maintain
equivalent exposure during occupied periods, because the peak exposure to the occupants was
reduced, and the duration of the over-ventilation recovery period was less than with the higher
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emission assumption. This reduced recovery period is illustrated in Figure 2 where we see
that the recovery period of increased ventilation is cut more than in half, as is peak exposure.
Martin et al. (2018) reported similarly low energy savings from EnergyGauge simulations of
occupancy-based ventilation controls, at 28 kWh/year (1% of consumption). They noted that
savings were limited due to low thermal loads during the daytime hours when the home was
unoccupied, as well as to the small differences in whole house airflows when the exhaust fan
was on vs. off, due to sub-additivity of exhaust fans with natural infiltration. Walker et al.
(2017) estimated that DCV technologies can save anywhere from 0 to 60% of ventilation
energy use, based on an exhaustive review of 38 studies in residences dating back to the
1980s. They note that differences in smart controls, reference cases and metrics limit the
ability of compare between studies.

Figure 1: Annual percent reduction in the ventilation energy use for each climate zone, occupancy pattern and
combination of fan type and emission assumptions. Median savings indicated for each category.
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Figure 2: Time-series plot of relative exposure in a Baltimore home, comparing the recovery period with full
emissions (fullAEQ, red line) and emissions that are halved during unoccupied periods (halfAEQ, blue line).
Unoccupied period highlighted in grey, Half AEQ recovery period in pink, and Full AEQ recovery period in
green.

4

CONCLUSIONS

Traditionally, occupancy controlled ventilation systems simply turn off ventilation during
unoccupied times to achieve energy savings. However, this fails to account for pollutants
emitted during those unoccupied times (e.g., formaldehyde from building materials and
furnishings). This study used equivalent exposure-based smart ventilation controls to include
pollutants emitted during both occupied and unoccupied times to ensure that occupant
exposure was the same as for a system that continually ventilated the home. This is an
important issue because saving energy by increasing exposure is not an acceptable energy
savings strategy. Simulations across a wide range of climates showed that accounting for
pollutants emitted during unoccupied periods drastically limited the reductions in average
ventilation rate to between 4 and 12%, compared with the theoretical 38% reduction from
turning a ventilation fan off for nine out of 24-hours. As a result, ventilation energy savings
were small for occupancy-controls that account for emissions during unoccupied hours. This
implies that future research should investigate the difference in pollutant emissions between
occupied and unoccupied times.
Savings varied by occupancy pattern, with increased savings if the home is unoccupied at
night due to diurnal patterns of outdoor temperature. More unoccupied hours led to greater
savings. For the most common occupancy pattern, where the home is unoccupied during
normal working hours, average savings over all climates was close to zero for an unbalanced
fan and 7% for a balanced system. Cooling dominated locations had the highest fractional
savings. Balanced fans had increased energy savings, due to their direct additivity with
natural infiltration. Similarly, scenarios that assumed pollutant emissions were cut in half
during unoccupied times had increased energy savings to an average of 11% for a typical
occupancy pattern.
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ABSTRACT
Design of ventilation systems in Belgium is currently based on the Belgian Standard NBN D 50-001:1991. This
regulation is more than 25 years old, and is not anymore suited to new technologies developed in the frame of
increasing energy performance of buildings and its associated ventilation systems. This standard defines four
classic ventilation systems, going from A (natural ventilation) to D (double-flux ventilation eventually with heat
recovery). One of its main shortcomings is that it does not consider demand controlled ventilation (DCV) systems.
For example, there are no requirement in the current standard on the type of detection appropriate for the living
spaces. Carbon dioxide (CO2) is usually considered as a good tracer for human occupation.
This paper presents the experimental and numerical investigation that have been performed in a pre-normative
project whose objective is to evaluate the relevance of detection based on humidity for DCV systems in the living
spaces.
Experimental measurement have been carried out in 26 dwellings in Belgium during more than 1 year.
Temperature, humidity, CO2 concentration have been monitored with a 5 minutes time step in 4 rooms and outside
for each building. Measurement also took place in several meeting rooms in office buildings.
The analysis of the data showed no evident link between CO2 concentration, usually considered as reliable
indicator of human occupancy, and relative humidity. Same analysis has been performed with absolute variables
(volume and mass concentrations). When considering the difference in absolute humidity between inside and
outside, correlations are stronger. They are even stronger when looking at time derivatives of humidity and CO2.
On basis of this dataset, the direct correlation between CO2 and RH does not seem sufficient to consider it as a
relevant detection mean for DCV systems in living spaces. However, the analysis of the variations show that there
is clearly a link between the two.
Next to experimental data analysis, DCV strategies have been evaluated through simulation with CONTAM
software. The target was to compare RH based detection systems with CO2 detection systems and constant flow
systems. Various strategies and control algorithms have been tested. At equivalent air quality, direct control on the
RH level does not achieve significant flow reduction compared to a constant flow ventilation. An alternative
algorithm based on 24h moving average of RH shows significant flow reduction compared to constant flow or
direct RH regulation while keeping high IAQ. This is only a theoretical demonstration, and should be demonstrated
and/or fine-tuned in practice.

KEYWORDS
Demand Controlled Ventilation, Relative Humidity, Data Analysis, Multi-zones Simulation
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1

INTRODUCTION

In the context of the global warming and the increasing energy performance of buildings,
demand controlled ventilation (DCV) is becoming one of the most spread techniques to
reduce the ventilation heat loss of the buildings, alone or combined with other techniques like
heat recovery ventilation. It also decreases fans energy consumption in the case of mechanical
ventilation.
Design of ventilation systems in Belgium for residential buildings is currently based on the
Belgian Standard NBN D 50-001:1991 which is more than 25 years old and not anymore
adapted to current technologies. While demand controlled ventilation is authorized in this
standard, it does not give any indication on how to implement DCV. For example, there are
no requirement in the current standard on the type of detection appropriate for the living
spaces.
Carbon dioxide (CO2) is usually considered as a good tracer for human occupation. This
tracer is widely used for DCV in practice or in technical or research publication. Another
common alternative is the presence detection. Relative Humidity (RH) is also often
considered for DCV applications but in different ways depending on the country and/or the
authors.
In Belgian practice and regulation [1], RH detection is mostly used for DCV of the so-called
“humid-spaces” (bathroom, laundry, kitchen, etc.) and not for the living spaces. The practice
in Netherlands is very similar to the one in Belgium, as [2] stays that “RH is no appropriate
indicator to assess the presence of people in living spaces … the moisture production of
people it too small and the absorption capacity of materials too big … to adequately regulate
in the presence of people”. On the contrary, RH based DCV in living spaces is widely used
[4] and studied in various projects [5] in France.
The present work has been carried on in the frame of a pre-normative project whose objective
is to develop the scientific background for a future revision of the Belgian Standard, including
DCV aspects. The purpose of this paper is to analyze the relevance of RH based DCV to
insure IAQ in the living spaces.
2

ON SITE MONITORING – DATA ANALYSIS

In the first part of this work, monitoring data of existing buildings has been analyzed to
identify how strong is the link between moisture and CO2, the latest being considered as a
relevant indicator of human presence and human-related pollutants.
Monitoring data were available for 25 residential buildings and a few meeting rooms in office
buildings.
2.1

Analysis of the residential buildings

The 25 residential buildings considered in this paper were part of the CALE (“Construire
Avec L’Energie”) program, a volunteer program aiming at energy efficiency of buildings that
took place from 2004 in the Walloon Region (Belgium) before the first EPB regulations. Most
of the buildings were equipped with double-flux heat-recovery ventilation systems.
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For these buildings, measurements took place during almost two years in the living room, 2
or 3 sleeping rooms and outside at immediate proximity of the building. All measurements
were carried out with Netatmo Weather Stations NWS01 with a frequency of 5 minutes.
Measured variables were CO2 concentration (ppm), RH (%) and temperature (°C).
In the present analysis, we do not have any information on the control of the ventilation
system and will only analyse raw measurement data. We computed the Pearson’s correlation
coefficient (linear correlation coefficient) for various variables combinations:
 CO2 and RH
 CO2 and moisture content
 CO2 and additional moisture content compared to exterior
 CO2 time derivative and RH time derivative
The data have been analysed for the living room and the main bedroom of each building on
different periods (whole year or per season).
CO2 vs. RH
Overall, the analysis of the measurement data has shown a weak correlation between CO2 and
RH. Figure 1 and Figure 2 show scatter plots for the living room of 2 out of the 25 buildings.
If there is some correlation on the first one, the correlation is almost zero for the second one.
A separate analysis for the winter (not presented in detail here) show that the coefficient
correlation are generally slightly higher than on the whole year basis. The correlation
coefficients have been computed for all 25 buildings, and the results are summarized in table
Table 1.

Figure 1: CO2 vs. RH for living room of one of the residential
buildings – A moderate linear trend is visible. While the
maximum CO2 levels are close for every season, the related RH
are clearly different.

Figure 2: CO2 vs. RH for living room of one of the residential
buildings – The difference in RH values is clearly visible
between the seasons, but there is not linear trend at all between
the two variables.

CO2 vs. Moisture content
As we try to correlate the concentration of two “pollutants” due to human presence, it is more
meaningful to use absolute quantities (mass or volumes concentration) than RH (in %), which
is impacted by the indoor temperature. As the temperature was also measured during the
monitoring, the moisture content [g/kg] has been recomputed. An identical analysis as with
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the RH has been performed. Results are not presented in detail here, as the correlation
coefficients are not very different from the ones from the previous section.
Table 1: Analysis of correlation (linear correlation coefficient) bewteen CO2 and RH for 25 residential buildings.
Altough there is a correlation for some of the buildings, the analysis of the 25 buildings show that the correlation
is not obvious or even inexisting. Limiting to the winter period improves a little bit the correlation.
Correlation
coefficient statistic
Average
Standard deviation
Maximum
Minimum

Living room – all
year
0.05
0.14
0.38
-0.15

Main bedroom –
all year
0.09
0.14
0.36
-0.29

Living room –
winter
0.07
0.19
0.43
-0.27

Main bedroom –
winter
0.20
0.13
0.54
0.01

CO2 vs. additional moisture content compared to exterior
In the previous paragraph, the moisture has been used rather than RH to eliminate the effect
of inside temperature. However, the absolute moisture content is strongly impacted by the
exterior climate. On the contrary, the exterior CO2 concentration is less variable. We tried to
correlate the indoor CO2 concentration with the difference in moisture between interior and
exterior (in g/kg). Results of this analysis are summarized in Table 2. The average
correlations were significanty higher than for CO2 vs. RH correlations. However these
correlation coefficients remained low (lower than 0.4) and variable (minimum values close to
0 or even negative values).
Table 2: Analysis of correlation (linear correlation coefficient) bewteen CO2 and addiontal moisture for 25
residential buildings. Average correlation are significanty higher than for CO2/RH, while still quite low in the
absolue.
Correlation
coefficient statistic
Average
Standard deviation
Maximum
Minimum

Living room – all
year
0.32
0.13
0.54
0.00

Main bedroom –
all year
0.39
0.13
0.57
0.12

Living room –
winter
0.33
0.12
0.59
0.09

Main bedroom –
winter
0.28
0.13
0.52
-0.04

CO2 time derivative vs. RH or moisture time derivative
Previous example show that “variations” (between exterior and interior) of contaminants are
more correlated than absolute values. In the same order of idea, a similar analysis was
performed using time variations (derivatives) of CO2/RH and CO2/moisture content
Note that the derivatives had to be computed on smoothed signal for two main reasons:
 The noise in the measurement;
 The relatively weak variation of relative humidity combined with the accuracy of the
RH measurement (0.01). This gives a stair step signal hardly usable as such to
compute time derivatives.
The applied smoothing and the resulting derivatives are illustrated on a two days period in
Figure 3 and Figure 4.
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The scatter plots and correlation coefficients between the time derivatives are illustrated in
Figure 5 and Figure 6, and results on the 25 buildings summarized in Table 3.
Using time derivatives of CO2 and RH or moisture content showed significantly better
correlations than using absolute values of CO2 or humidity. The correlation coefficients were
between 0.4 and 0.6 on average. However, the correlation remained poor in some cases as
shown by the low minimum values in Table 3.

Figure 3: Example of smoothed time signal from raw data –
CO2 concentration on the left y-axis, RH (%) on the right yaxis. Measurement frequency of 5 minutes. Both signals have
been smoothed using polynomial interpolation.

Figure 4: Time derivatives corresponding to Figure 3 smoothed
signal.

Figure 5: Correlation between CO2 and RH time derivatives for
one of the residential building on the 2015-2016 Winter months.

Figure 6: Correlation between CO2 and Moisture content time
derivatives for one of the residential building on the 2015-2016
Winter months.

Table 3: Analysis of correlation (linear correlation coefficient) bewteen CO2 time derivative and RH or moisture
(x) time derivatives for 25 residential buildings for the Winter 15-16 period (Dec, Jan, Feb). Average correlation
bewteen 0.4 and 0.6, i.e. much higher than correlations between the absolute values.
Correlation
coefficient statistic

Living room

Main bedroom

Living room

Main bedroom

Average
Standard deviation
Maximum
Minimum

0.42
0.15
0.66
0.05

0.46
0.13
0.73
0.20

0.58
0.10
0.81
0.35

0.44
0.16
0.66
‐0.02
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2.2

Analysis of meeting rooms in office buildings

The same path as for residential buildings has been followed for 4 meeting rooms located in
two different office buildings in Brussels area. The results are presented only for one of the
four (room “LOZ-4”), but the other rooms showed similar trends. The scatter plot for the 4
pairs of variables are given in Figure 7 to Figure 10 for a winter period. One can draw similar
conclusions as for the residential buildings. Note that for the summer period (not presented
here), little to no correlation is to be observed for any of the 4 data pairs.

Figure 7: Room "LOZ-4" - CO2 vs. HR for winter
2017-2018.

Figure 8: Room "LOZ-4" - CO2 vs. moisture content
for winter 2017-2018.

Figure 9: Room "LOZ-4" - CO2 time derivative vs.
HR time derivative for winter 2017-2018.

Figure 10: Room "LOZ-4" - CO2 time derivative vs.
moisture content time derivative for winter 20172018.

2.3

On site monitoring - Conclusion

From the data analysis of on-site monitoring in residential and office buildings, the
conclusions is that RH level [%] only is not a reliable indicator of human presence in
comparison to the CO2 concentration as reference. The absolute values (moisture content,
g/kg) seems slightly better correlated to the CO2 reference, but the correlation remains very
weak. Using the additional moisture content compared to exterior gave better results. The best
correlations were found using time derivatives of RH or moisture content compared to CO2.
In the context of DCV, the question is how these parameters (additional moisture content
compared to exterior, or time derivative of RH or moisture content) could be used to operate
properly a ventilation system and how effective are these type of detection compared to CO2
or presence detection.
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3
3.1

MULTI-ZONE SIMULATIONS
Purpose of the simulations

In parallel to the on-site monitoring analysis, a multi-zone simulation model has been set-up
with the CONTAM software to assess the performance of RH-based regulation strategies
compared to other reference strategies to insure the IAQ in the living spaces.
3.2

Model and hypotheses

The reference model used is a single floor dwelling with 3 bedrooms, i.e. designed for 4
occupants. The considered system uses mechanical supply in living and sleeping rooms and
mechanical extraction in service rooms. The analysis will focus on the living room and the
main bedroom, where the air quality will mainly be affected by
 The local pollutant source and wall buffering;
 Outdoor climate;
 Ventilation flow rate and DCV strategy.
The pollutant emissions used for this analysis are listed in Table 4.
Table 4: Pollutant sources per person in the simulation model.
Pollutant

Pollutant emission
– awake

Pollutant emission
– asleep

16
55

10
40

CO2 (l/h)
H2O (g/h)

The reference occupancy profile used in this analysis is illustrated graphically in Figure 11.
The weather file is the reference file from the Uccle (Brussels) meteorological station, and the
considered period is the heating season (October to April included). The nominal flow are 100
m³/h for the living room and 50 m³/h for the bedroom (i.e. 25 m³/h per person).

Figure 11: Reference occupancy profile used in living
and main bedroom.

Figure 12: Comparison of DCV strategies with
reference curve. In this example case, the DCV strategy
(blue dot) gives IAQ equivalent to constant flow of 70%
(of nominal), while the average flow over the period is
only 60% of the nominal.
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3.3

IAQ criteria and reference curve

The used IAQ criteria for the analysis is the cumulated CO2 exposure above 1000 ppm
(absolute using 400 ppm outside). Its mathematical expression is given in equation (1).
1000

1000

(1)

The total exposure was computed for constant flow going from 50% to 100% of the nominal
flow. The efficiency of each DCV strategy was evaluated by comparing the average flow of
the DCV strategy over the whole period (i.e. proportional to ventilation loss) to the “constant
flow” giving the same IAQ. The rationale is illustrated in Figure 12.
3.4

Types of controls

Various controls strategies were used in the analysis:
 CO2 proportional: linear flow variation from Qmin for CO2min and Qmax for CO2max
 RH proportional: linear flow variation from Qmin for RHmin to Qmax for RHmax (in
‘living’ spaces)
 Moving average: see below.
The ‘moving average’ control is defined by (detection in living space):
.

(2)

With:
 Kp and C the constants of the proportional controller on RH (implicitly defined by
minimum flow and RH thresholds)
 RHma the relative humidity averaged on the last 24 hours
 Kma an arbitrary gain for the moving average term
This moving average term is expected:
 To change little or nothing when there is no occupancy since RH will stay close to RHma;
 To add a steady state flow when humidity is higher than “normal”, which is a sign that
there is possibly an occupation;
 The “normal” is defined as the moving average on last 24 hours so that its evolution is
slow but is adapted to the exterior climate with a time constant of 1 day.
The values used for the three types of controllers are given in Table 5, Table 6 and Table 7.

Table 5: Threshold and relative flow rate for CO2 linear control in living spaces.

Flow rates
Regulation
CO2‐1
CO2‐2
CO2‐3

Qmin
0.1
0.1
0.3

Qmax
1.0
1.0
1.0

CO2 thresholds [ppm]
CO2 min
CO2 max
400
1000
400
900
400
800
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Table 6: Threshold and relative flow rate for RH linear control in living spaces.

Flow rates
Regulation
RH‐1
RH‐2
RH‐3
RH‐4
RH‐5

Qmin
0.1
0.1
0.3
0.3
0.5

RH thresholds
Qmax
1.0
1.0
1.0
1.0
1.0

RH min
0.5
0.4
0.4
0.35
0.35

RH max
0.9
0.6
0.6
0.65
0.65

Table 7: Threshold, relative flow rate and controller constant for the moving average control in living spaces.

Flow rates
Regulation
MA‐1
MA‐2
MA‐3
MA‐4
MA‐5
MA‐6

3.5

Qmin
0.3
0.3
0.5
0.5
0.3
0.1

Qmax
1.0
1.0
1.0
1.0
1.0
1.0

RH thresholds
RH min
RH max
0.35
0.7
0.35
0.7
0.35
0.7
0.35
0.7
0.35
0.7
0.35
0.7

Kma
10
15
10
15
25
25

Results and discussion

Only living room results are presented, but the results are very similar for the main bedroom.
Comparison of the different strategies for the reference occupancy are presented in Figure 7,
Figure 8 and Figure 9. The best strategies in terms of IAQ of each type have been applied on a
case with additional occupancy (with 5th occupant), see Figure 10. We draw the following
conclusions:
 At equivalent IAQ, linear flow rate regulation based on RH detection give little flow
rate reduction compared to constant flow rate ventilation. Furthermore, the resulting
IAQ is not close to nominal flow or CO2 reference;
 The proposed moving average technique gives significant improvement, and allow
reaching better IAQ, close to the CO2 reference.

Figure 13: Results of CO2 DCV strategies for
reference occupancy profile.

Figure 14: Results of RH DCV strategies for
reference occupancy profile.
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Figure 15: Results of moving average DCV strategies
for reference occupancy profiles.

Figure 16: Results of several strategies for overoccupancy (5th person in the living room).

At this stage, it is important to recall that the purpose of the analysis was not to develop a new
control strategy based on RH, but to verify if RH could be a relevant control parameter for
DCV in living spaces. The answer is not straightforward. Linear control based on RH does
not seem more efficient than constant flow regulation, while the alternative algorithm seems
much better.
4

GENERAL DISCUSSION AND CONCLUSIONS

The target of this paper was to analyse the relevance of humidity-based regulation for the
demand-controlled ventilation of living spaces in buildings.
From the on-site monitoring analysis performed on 25 residential buildings and a few meeting
rooms, we tried to identify how humidity-based indicators are correlated with CO2
concentration, generally accepted as a good indicator of occupancy. The conclusions of the data
analysis are:
 Relative humidity alone is not a good indicator of human presence, as its correlation
with CO2 is generally very weak. Correlation of CO2 with absolute humidity (moisture
in g/kg) is barely better.
 When looking at humidity variations (in time) or differences (between inside and
outside), the correlations with CO2 are stronger. The clearest correlation is the one
between CO2 time derivative and absolute moisture time derivative.
The simulations performed with the CONTAM software reinforce these conclusions:
 Linear control of ventilation flow rate based on RH leads to worse IAQ than reference
CO2 control. At equivalent IAQ, the flow reduction is about a few percent compared to
a constant flow rate regulation.
 An example control logic based on RH moving average gives flow rate reduction and
IAQ close to the CO2 reference. This control logic implicitly makes use of the stronger
link between CO2 and humidity variations emphasized in the data analysis.
The main conclusion is that RH as such seems to be a poor control variable for the detection of
people using demand controlled ventilation, especially compared to CO2. Alternative
algorithms based on RH could have some potential, but it should be confirmed in practice since
RH variations have small amplitude and the practical accuracy of sensors may limit the
efficiency. Of course, these issues do not arise with a simulation model.
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ABSTRACT
Night-time ventilation is a natural cooling technology, in which cold ambient air is used to cool indoor spaces.
This literature review analyses how recent studies have defined the effectiveness or efficiency of night-time
ventilation. Most studies used the similar indicators related to heat removal, energy saving, cooling demand
reduction, and thermal comfort. However, there were significant differences between the definitions of
performance of night-time ventilation, both in terms of criteria of judgement and methods of analysis. This
review shows that the assessment of night-time ventilation effectiveness or efficiency should be determined
according to the task of the ventilation system, such as removal of heat, provide better thermal comfort. The
objective of this article is to review the scientific literature on night-time ventilation indicators to identify and
categorize the most suitable indicators for performance assessment. The analysis results form a basic framework
regarding the application and operation of night-time ventilation.

KEYWORDS
Night-time ventilation; Performance indicators; Review

1 INTRODUCTION
Overheating in buildings and need for cooling is emerging as a challenge both at the design
stage and during operation in most buildings, which leads to high energy consumption in the
building sector. Night-time ventilation – meant as combined effect of both natural or
mechanical ventilation at night, and building thermal mass – can be seen as a promising
passive cooling concept to reduce cooling loads (Ramponi, Angelotti, & Blocken, 2014). The
basic concept of night ventilative means cooling the building structure during the night-time
period and provide a heat sink for the following occupied time. The efficiency of night
cooling depends on the thermal properties of buildings and on the local climate conditions, i.e.
night-time wind speed and temperature swing of the ambient air (N. Artmann, Jensen, Manz,
& Heiselberg, 2010).
According to the previous research, four methods can be utilized to assess the performance of
night ventilation, which are field study, chamber study, simulation study, and development of
mathematical models (A. Landsman, 2016). Liddament summarized the evaluation
parameters for ventilation efficiency based on air change efficiency and contaminant removal
effectiveness (Liddament, 1996). Cao reviewed the index of different ventilation performance
and air distribution system (Cao et al., 2014). However, as the night-time ventilation mainly
focuses on the cooling effect for the building sector, no framework for night ventilative
cooling performance evaluation has been developed so far. This is a major barrier for the
application and the further development of the technologies related to night-time ventilation.
Therefore, this paper summarizes the most commonly used indicators for assessing night
ventilation.
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2

FEASIBILITY
OF
BOUNDARY
CONDITION
FOR
NIGHT-TIME
VENTILATION
Night ventilative cooling is dependent on the availability of suitable external conditions to
provide cooling. It is also influenced by the building type and its thermal characteristics,
which determine the cooling ability of night-time ventilation.
Initially, analyses of the heat storage efficiency and the cooling potential should be carried out
in relation to the application prospect of the night-time ventilation. As climatic conditions,
building with different levels of thermal mass, use patterns, internal load levels react
differently to the external climate conditions, the climate analysis cannot abstract from
building characteristics and use.
2.1 Heat storage efficiency
Because heat gains and night ventilation periods typically do not coincide in time, heat
storage is essential for effective night cooling, and thus a sufficient amount of thermal mass is
needed in the building. In order to satisfy the thermal comfort criteria, the building thermal
capacity needs to be sufficient to accumulate the heat gains from daily solar radiation and the
internal load from people and equipment within an acceptable temperature variation, which
can provide enough heat sink for the night ventilative cooling (Nikolai Artmann, 2008). In the
European Standard prEN 15251 (EN 15251, 2007), the temperature ranges for thermal
comfort are given in three categories: A) 2 K, B) 3 K, and C) 5 K, while in the ASHRAE
Standard 55 (ASHRAE, 2013) the acceptable temperature range for thermal comfort is from
5K (PPD: 10%) to 7K (PPD: 20%). Therefore, the heat storage efficiency ηh – defined as the
ratio of the heat storage in building elements Qhs and the daily heat gains Qhg – can be
calculated as:
c A(T  T )
Q
h  hs = dyn n , j n ,k
(1)
Qhg
Qhg
where Tn, j and Tn,k are the average building element temperature at daytime j and k
respectively, A is the building elements area (m2). The dynamic storage capacity of the
building elements cdyn (kJ/m2K) can be calculated by European standard EN ISO 13786 (EN
ISO 13786, 2007). The heat storage efficiency of building elements is an important
precondition for the application of night cooling. However, the effectiveness of night-time
ventilation also depends on other parameters such as climatic conditions (ambient temperature)
and ventilation air change rate.
2.2 Cooling potential
Cooling potential for night-time ventilation is defined as the ability of the outdoor air flow by
ventilation at night to reduce or remove the absorbed heat during daytime and/or the energy
consumption by mechanical cooling in buildings, while maintaining a comfortable thermal
environment. Artmann put forward a method to calculate the climatic cooling potential for
night-time ventilation based on degree-hour approaches which rely on indoor and outdoor
temperature gradients on an hourly basis (N. Artmann, Manz, & Heiselberg, 2007). The
method assumes the thermal capacity of the building mass is sufficiently high, and therefore all
the exceeding internal gains can be stored in the building mass. The International Energy Agency
(IEA) Annex 62 project experts utilized Artmann’s method in another form to calculate the
cooling potential of ventilative cooling with regard to the building envelope thermal properties,
occupancy patterns, internal gains, and ventilation needs (Belleri, Avantaggiato, Psomas, &
Heiselberg, 2017). The cooling potential can be calculated as follows:
H  C p (Ti  max  To )
NCP 
(2)
3600
Ti  max  0.33  Trm  18.8  K
(3)
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where NCP is the night-time cooling potential (W/m2-h-1), which means how much the
internal gains (W/m2) can be offset with the airflow of 1 h-1. H is the floor height (m), ρ is the
air density (kg/m3), cp is the specific heat of air. Ti-max, To and Trm are the upper operative
temperature limit of the comfort zone, outdoor dry bulb temperature, and outdoor running
mean temperature respectively. K means the constant depending on required comfort category.
For EN 15251, K=2 for comfort category I, K=3 for comfort category II, and K=4 for comfort
category III.
In order to reinforce the night ventilative cooling potential, the night outdoor air temperature
should be low. Generally, mechanically driven ventilation is used during occupancy hours and
naturally driven ventilation is activated at night time to increase the cooling potential;
however, it would increase the energy consumption for fan operation.
3 PERFORMANCE INDICATORS FOR NIGHT-TIME VENTILATION
When assessing the performance of night cooling, the first step is to determine under which
conditions the strategy is to be analyzed. Once the conditions have been chosen for
comparison, a suitable performance assessment method should be selected. As to the previous
studies, the following conditions were usually compared: air conditioned vs. free-floating,
fan-assisted ventilation vs. natural ventilation, only daytime ventilation vs. night-time
ventilation, full day ventilation vs. nighttime ventilation, no ventilation vs. nighttime
ventilation, and low thermal mass vs. high thermal mass.
The performance of night ventilation can be quantified by the thermodynamically cause
(energy balance) and by its cooling effect (room temperature): this paper sorts the night
ventilation performance: 1. Heat removal effectiveness, 2. Energy efficiency, 3. Reduction in
cooling energy use, 4. Thermal comfort improvement. Heat removal efficiency quantifies the
effectiveness with which internal heat is removed. Energy efficiency means how much
cooling energy is provided. Reduction in cooling energy use represents the energy saving for
the daytime mechanical cooling. Thermal comfort improvement means the reduction of
uncomfortable thermal comfort during the occupied time.
3.1 Heat removal effectiveness
Heat removal effectiveness includes heat removal efficiency and temperature reduction
efficiency, which both represent how much heat can be removed by night ventilation. For
temperature reduction caused by night cooling, the most commonly used evaluation indicators
include the reduction of the maximum indoor air/operative/surface temperature and the indoor
average air/operative/surface temperature. Slightly more complex is the daily maximum
damping, which is the difference between the peak indoor and outdoor daily air temperatures,
and the daily indoor temperature, which represents the range of the difference between the
indoor maximum and minimum air temperatures in a specific day, can be used for assessment.
3.1.1

Heat removal efficiency

The indicator of heat removal efficiency is the ratio of indoor heat removed by night air Qn to
the night cooling potential NCP (W/m2-h-1) multiple floor area S (m2) and air change rate
ACH (h-1), which can be calculated as follows:
te

H 

Qn
te

 NCP  S  ACH
ts

 m

c (Ti (t )  To (t ))dt

air p



ts

te

 NCP  S  ACH

(4)

ts

m air , cp

are the airflow rate (kg/s) and specific heat capacity (kJ/kg. ) respectively. Tin
where
and Tout are air temperatures at the inlet and outlet of the room, respectively. NCP is the nighttime ventilation cooling potential (W/m2-h-1), S is the indoor room floor square (m2), ACH is
the air change rate (h-1). ti and tf represent the start and end time of the night-time ventilation
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period (h). In order to reinforce the heat removal efficiency, it is important to position the air
inlets in a cool environment (shaded side of the building). Furthermore, supplementary natural
cooling solutions like ground cooling (earth to air heat exchange) or evaporative cooling to
reduce the ambient air inlet temperature might be necessary. Besides, the building should be
well-designed with well-balanced glass area in the facades, efficient solar shading, and
exposed thermal mass to enhance the heat transfer between cool air with interior surface.
3.1.2

Ventilation effectiveness for heat removal

An indicator with regard to the temperature distribution within the building is defined as the
ventilation effectiveness for heat removal εt (Awbi, 1993), which depends on air distribution
method (mixing or displacement ventilation), difference between inlet and outlet air
temperatures, airflow rate, and location of internal heat source. The ventilation effectiveness
for heat removal can be calculated experimentally or numerically for each ventilation strategy,
which is defined as follows:
T T
 t  out in
(5)
Tm  Tin
where Tout and Tin are the outlet and inlet air temperatures respectively, while Tm is the mean
occupied zone temperature. In general, the εt is smaller than 100% for mixing night
ventilation, while bigger than 100% for displacement night ventilation. Obviously the higher
the value of the indicator, the more effective the removal of heat is.
3.1.3

Temperature efficiency

The temperature efficiency originated from the measurements mainly depends on the
ventilation concepts and the airflow rate, which can be described as follows (N. Artmann et
al., 2010):
T T
T  out in
(6)
Tsurface  Tin
where Tout and Tin are the outlet and inlet air temperatures respectively, and Tsurface is the
average building indoor surface temperature. Artmann found that the temperature efficiency
indicator was almost constant during each experiment (excluding the first hour) and for
various inlet air temperatures. The value of this indicator for mixing ventilation decreases
slightly with the increasing airflow rate, while for the efficiency for displacement ventilation
decreases obviously. Same as in 3.1 Heat removal effectiveness, η <1 for mixing ventilation
whereas >1 for displacement ventilation.
3.1.4

Temperature difference ratio

The indicator of temperature difference ratio (TDR) was put forward by Givoni and verified
by good results to judge the efficiency of different passive cooling systems that include the
night-time ventilation (Givoni, 1992). TDR can be expressed as follows:
T
 Ti ,max
TDR  o ,max
(7)
To ,max  To ,min
where To,max and To,min means maximum and minimum ambient temperatures respectively,
and Ti,max represents the maximum building indoor temperature. The denominator is the
ambient temperature swing whereas the numerator is the difference between the outdoor and
indoor maximum temperature. For a building with natural night ventilative cooling, the TDR
can be expressed as a percentage that is smaller than 1. The higher the value of TDR, the
larger temperature difference between the outdoors and indoors, and more cooling, which
means the better the cooling performance of the night-time ventilation.

654 | P a g e

3.1.5

Decrement factor and daily time lag

In order to characterize the thermal behavior of the building envelope with natural night
ventilation, two dynamic factors – decrement factor (f) and time lag (φ) – originating from the
heat wave propagating through the external wall in a whole day (24h) are put forward. The
decrement factor is the ratio of temperature amplitude of the inner and outer surface, whereas
the time lag is the time difference between the outer and inner surface maximum temperature
(Gagliano, Patania, Nocera, & Signorello, 2014). The two indicators can be calculated as
follows:
f 

Tsi ,max  Tsi ,min
Tso ,max  Tso ,min

(8)

   (Tso ,max )   (Tsi ,max )
(9)
where Tsi and Tso are the inner surface and outer surface temperatures respectively, while
τ(Tso,max) and τ(Tsi,max) mean the time when the temperature of the outer and inner surface
reach their maximum. The subscript max and min represents the maximum and minimum
respectively. The lower the value of φ, the longer the time shift and more peak load shave by
night ventilation. Moreover, the higher the value of f, the more cooling effect provided by
night ventilative cooling.
Following Gagliano’s principle, Landsman substituted the inner surface and outer surface of
external wall temperature with the indoor air temperature and outdoor air temperature
respectively to express the decrement factor and time lag for buildings caused by night
cooling (J. Landsman, Brager, & Doctor-Pingel, 2018). The expression for new factors can be
shown as follows:
f'

Ti ,max  Ti ,min
To ,max  To ,min

(10)

 '   (To ,max )   (Ti ,max )

(11)
where Ti and To are the indoor and outdoor air temperature respectively. The tendency of f’
and φ’ are same with it of f and φ.
3.2
3.2.1

Energy efficiency
Coefficient of performance

One of the most commonly used indicators of the energy efficiency of night ventilative
cooling is the coefficient of performance (COP), which is the ratio of the cooling energy
delivered into the building to the auxiliary electric consumption by mechanical machines
during night period (Pfafferott, Herkel, & Jäschke, 2003). COP can be calculated as follows:
te

 m

c (Ti (t )  To (t ))dt

air p

COP 

ts

te

 Pe (t )dt

(12)

ts

where m air , cp are the airflow rate (kg/s) and specific heat capacity (kJ/kg. ) respectively. Ti(t)
represents indoor air temperature, To(t) means ambient temperature, and Pe is the electric
power of fan, ti and tf represent the start and end time of night-time ventilation period (s).
According to the expression, the higher the temperature difference between inside room and
ambient at night due to the reduction of ambient temperature, the higher the COP for nighttime ventilation performance. On primary energy demand level, the value of COP should be
high enough to compete with mechanical cooling and other free-cooling technologies such as
evaporative cooling. In addition to the careful planning process, advanced control algorithms
are needed to ensure that the COP value remains as high as possible (Vidrih, Arkar, &
Medved, 2016). However, the COP just provides a rough evaluation of thermal performance
of night-time ventilation, the efficiency cannot be quantified.
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3.2.2

Potential energy efficiency index

The potential energy efficiency (PEE) is the ratio of energy removal Qn to the corresponding
electric energy of the mechanical fan Qf to better symbolize the energy removal efficiency by
night-time ventilation as it is necessary to take the mechanical ventilation into consideration
when high air change rate are provided (Blondeau & Spe, 1997). PEE can be calculated as
follows:
te

Q
PEE  n 
Qf

 m

c (To (t )  Tout (t ))dt

air p

ts

(13)

te

 Pe (t )dt
ts

In contrast to the COP, the energy removal provided by night ventilation was calculated by
the difference between ambient air temperature To and exhaust air temperature Tout. Blondeau
found that the value of PEE increases when the temperature difference between ambient air
and indoor air increases, which can be considered as the driving potential of the energy
removal. Even if the value of PEE could be very high (more than 3), attention should be paid
in the comparison with other scenarios, because the high value of PEE could be obtained by a
better tuning of the night ventilation system which may lack optimization for the fan and its
regulation mode.
3.2.3

Daily average cooling efficiency

The daily average cooling efficiency (DACE) is the ratio of useful cooling to the energy
consumed, originating from the method of the European Seasonal Energy Efficiency Ratio
(Monodraught, 2012), which means the ratio of the effective cooling energy to the energy
input to the cooling plant over a year. The DACE for night-time ventilation coupled with
active thermal mass system: hollow core (shown in Figure 1)+PCM system (embedded in
aluminum sheeting and honey comb) can be calculated as follows (Whiffen, Russell-Smith, &
Riffat, 2016):

Figure 1: Pilot scale hollow core thermocouple and air network arrangements

DACE 

Quseful ,cooling
Qenergy ,consumed



q

slab

  qPCM   qair   Qwall ,transfer

Q

AC

  Q fan

(14)

where Quseful,cooling is the useful cooling energy (kWh) provided by active thermal mass
system, Qenergy,consumed is the energy consumption (kWh) during occupied hours. qslab, qPCM and
qair are the useful cooling energy provided by slab, PCM, and night ventilation at time j
respectively, while Qwall,transfer means the building heat loss through the wall, which can all be
calculated by:
qn , j  mn c p ,n (Tn , j  Tn ,k )
(15)
where mn is the mass of corresponding material (kg), cp,n specific heat capacity of
corresponding material (kJ/kgK), while Tn, j and Tn,k are the average material temperature at
time j and k respectively. The average slab temperature was chosen to represent the
temperature of slab approximately, while the temperature difference for air was between the
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average building indoor temperature at time j, and the inlet air temperature from slab at the
previous time k. Because there are phase change processes for PCM, the specific heat
capacity of PCM is not constant, which the effective heat capacity Ceff (J/kgK) was put
forward to consider the identical properties for both liquid and solid phases (Darkwa &
O’Callaghan, 2006). Ceff can be expressed by Gausian equation as follows:
ceff (TPCM ,i )  cs  ae

0.5(

TPCM ,i Tmelt
b

)2

(16)

where TPCM,i is the PCM temperature ( ), cs is the heat capacity in solid state (kJ/kgK), a is
the latent heat factor (kJ/kg), Tmelt is the melt temperature ( ), and b is the melting width
factor (standard deviation, function of purity) ( ).
Qwall,transfer, based on the wall properties and the difference between average building indoor
air temperature and ambient temperature, can be calculated as follows:
Qwall ,transfer ,i  U wall Awall (To ,k  Troom ,k )
(17)
2
2
where Uwall means the heat transfer coefficient (W/m K), Awall means the wall area (m ), while
the To,k and Troom,k mean the ambient and building indoor air temperature respectively.
The denominator air conditioning consumption QAC and fan consumption Qfan for DACE can
be monitored by electric meters during the operation period. Because each cooling energy
component was concluded during the occupied period, the DACE only represents the
occupied efficiency. Different with 3.2.1 COP, this indicator not only accounts for the direct
cooling effect of night ventilation but also takes the cooling effect of PCM and slab provided
by night ventilative cooling and heat loss through wall into consideration.
3.2.4

Ventilative cooling seasonal energy efficiency ratio and Ventilative cooling advantage

Both the seasonal energy efficiency ratio (SEERVC) and the ventilative cooling advantage
(ADVVC) refer to the performance of a particular part of the ventilative cooling system
(Heiselberg, 2018). SEERVC evaluates the energy efficiency of whole ventilative cooling
system by the ratio of the cooling demand reduction and the mechanical ventilative cooling
system electrical energy consumption, which can be calculated as follows:
SEERVC 

scen
Qtref
,c  Qt ,c
Qel ,v

Qel ,v  P  n  H
ref
t ,c

(18)
(19)

scen
t ,c

are the cooling demands of the scenario without and with ventilative
where Q and Q
2
cooling (kWh/m ) respectively, and Qel,v is ventilation system electrical energy consumption.
For mechanical ventilation system, P is the insert power (W/(m3/h)), n is the ventilation rate
(m3/h), and H is the operation time cooling (h). The higher the value of SEERVC, the more
benefit the ventilative cooling provides. However, when the value of SEERVC is negative, it
means that ventilative cooling has an adverse effect on the overall cooling demand. When the
value of SEERVC is positive but lower than 1, it means that the cooling demand reduction is
lower than the electric energy consumption by ventilation system, while when the value of
that is higher than 1, the situation is on the contrary.
The ventilative cooling advantage (ADVVC) was defined by the ratio of difference cooling
energy use and energy consumption for ventilation, which can be expressed as follows:
ADVVC 
ref

Qelref,c  Qelscen
,c
Qel ,v

(20)

scen

where Qel ,c and Qel ,c are the cooling system electrical energy consumption of the scenario
without and with ventilative cooling (kWh/m2) respectively, and Qel,v is ventilation system
electrical energy consumption. The meaning value of ADVVC is similar with that of SEERVC.
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3.2.5

Cooling effectiveness factor

The indicator of cooling effectiveness factor, defined as the ratio of cooling energy provided
by the night ventilation with solar chimney (SC) to the total solar radiation incident on the
glazed surfaces of the SC (Koronaki, 2013). CEF can be calculated as follows:
m

CEF 

 (m
j 1

air , j

C p (Ti , j  To , j )
n

A ( I k )

(21)

k 1

where m and n are the duration of night ventilative cooling hours and the daytime hours with
solar irradiance (h). m air , j means the hourly average air mass flow rate at night (kg/s), Cp
represents the mean specific heat of air at constant pressure (J/kgK). (Ti,j−To,j) means hourly
air temperature difference between indoor and ambient during j-hour of the night ( ), A is the
SC glazed surface area (m2), and Ij means solar irradiance incident upon a glazed surface
(W/m2), during k-hour of the day. The higher the CEF, the better the cooling effect of night
ventilation.
3.2.6

Life cycle efficiency ratio

A new indicator based on the effects of the whole life cycle named life cycle efficiency ratio
(LCER) has been addressed to evaluate the environmental benefit of ventilative cooling with
different thermal inertia system. LCER both takes the embodied impacts and operational
impacts which are usually accumulated to assess the life cycle impact of a building (Brambilla,
Bonvin, Flourentzou, & Jusselme, 2018). This indicator originated from SEERVC
methodology, which compares the operational savings of a scenario analyzed with the
referenced ones and weights the difference of embodied impact of the two scenarios. LCER
can be calculated as follows:
LCER 

OI ref  OI
EI  EI ref

(22)

where OI and EI are the operational impacts and embodied impacts of the scenario analyzed
respectively. The subscript ref represents the reference scenario. LCER can be assessed by
three parts: cumulative energy demand (CED) (MJ-eq), non-renewable cumulative energy
demand (CEDnr) (MJ-eq), and global warming potential (GWP) (kgCO2-eq). The
corresponding energy indicators can come from the process-based LCI database such as
KBOB database, and the emissions can be calculated based on the impact assessment method
described in IPCC 2007 (IPCC, 2007). According to the expression of LCER, the higher the
value, the greater the life cycle benefits. When the value of LCER is lower than 1, it means
that the benefits from the scenario analyzed are smaller than the reference one, while when
the value of LCER is negative, meaning that the operational savings are smaller than the
embodied impacts.
3.3

Reduction in cooling energy use

3.3.1

Cooling requirements reduction

The indicator of cooling requirements reduction (CRR) means the ratio of cooling demand
reduction of a scenario with night-time ventilation and the cooling demand of the reference
scenario without night-time ventilation, which can calculate cooling effectiveness of any
mechanical or natural night ventilative cooling scenario, can be calculated as follows:
CRR 

scen
Qtref
,c  Qt ,c
Qtref
,c

(23)

ref
scen
where Qt ,c and Qt ,c mean the cooling demand of the reference scenario and the analyzed
scenario with ventilation respectively. It can be easily calculated by results from building
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energy simulation, experiments, and empirical formulas for a reference scenario such as a
mechanically cooled building and an analyzed scenario such as a building with mechanical
cooling at daytime and natural ventilation at night.
The value of CRR can range between a negative value and +1. If the value of CRR is negative
or 0, it means that the night ventilative cooling system does not reduce the cooling
requirements, while if the value is positive or 1, which means that the ventilative system
reduces the cooling requirements or even eliminate the cooling requirements for the scenario
with night cooling.
3.3.2

Cooling load reduction efficiency

A method based on the principle of “Balance Point Temperature” was put forward to calculate
the energy contribution of night-time ventilation to the cooling load of a building and was
verified by data from an extended and detailed simulation with TRNSYS software
(Asimakopoulos, 1996). This method makes it possible to calculate both the energy required
to cool a building to acceptable comfort conditions with night-time ventilation and to
calculate the energy contribution of a building with night-time ventilation in comparison with
a conventional air conditioned building. The energy reduction due to the night ventilation QNV
can be written as follows:
mc NDD
QNV 
(24)
DAY
where
 S j  1 if T0＜Tngh
NDD=  (Tngh  T0 ) S j 
(25)
 S j  0 if T0≥Tngh
m represents the average night ventilation rate at night, c means the air specific heat, NDD is
the abbreviation of night degree days and DAY is the daytime period in hours. Tngh is the
average indoor temperature of the building without night-time ventilation. The equation for
Tngh originated from the energy balance of the indoor air at night can be written as follows:
h AT  ma cTon
Tngh  in k
(26)
hin A  ma c
where
Tk  f1 (Ti  Ton )
(27)
hin is the internal heat transfer coefficients, A is the total internal surface of the building, ma is
the night inflation flow rate of the building without night-time ventilation. Tk is the function of
the indoor temperature Ti and the average night-time ambient temperature Ton. At last, f1 is a
coefficient for the average temperature of the thermal mass, which was set as 0.5. The total
energy losses due to the night ventilation QNVL can be written as:
QNVL  3600mcNDD
(28)
There are two checks for the QNVL, one is the comparison between QNVL and the maximum
possible stored energy MCMAX which is defined as:
MCMAX   ( M iCi )(Tngh  Ton )  0
(29)
If the MCMAX < QNVL, then the cooling degree hours (CDD) should be adjusted
appropriately by f2 (suggested 0.8) which is a coefficient for the heat transfer efficiency
between the wall and the indoor air, and the degree to the night-time ventilation coupled with
thermal mass. The NDD should be calculated as follows:
f MCMAX
NDD  2
(30)
QNVL
The second check is the comparison between QNVL and the cooling load of the building
without night-time ventilation Qcm, defined as:
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Qcm  3600 k CDD(Tb )

(31)

where

Qs  Qin
(32)
k
CDD(Tb) are the cooling degree hours on the hourly value of the balance temperature Tb for a
day or a month respectively. Qs means the critical part of solar “gains” absorbed by the
building through transparent and opaque elements (W) and Qin means the critical percentage
of the internal gains (W). If the Qcm< QNVL, then:
Tb  Ti 

f 3 Qcm
(33)
QNVL
where f3 is a coefficient calculated by the occupancy pattern, and the thermal mass of the
building, expressing the cool energy stored in the building for the occupied period on the
following day. For heavyweight buildings, f3 can vary between 0.8 and 1 as a function of the
occupancy pattern and for buildings occupied at least 10 hours per day (Baker, 1987).
Then the daily or monthly cooling load of the building with night-time ventilation Qcnv can be
calculated by:
Qcnv  3600 k CDD(Tbvn )
(34)
where
Q  Qin  QNV
Tbvn =Ti  s
(35)
k
 S j  1 if T0  Tbvn
CDD(Tbvn )   (T0  Tbvn ) S j 
(36)
 S j  0 if T0≤Tbvn
Tbvn and CDD(Tbvn) are the balance temperature and daily or monthly modified cooling degree
hours for buildings with night-time ventilation respectively. According to the above building
cooling load reduction contributed by night-time ventilation, the cooling load reduction
efficiency f can be calculated as:
(Q  Qcnv )
f  cm
(37)
Qcm
NDD 

3.4
3.4.1

Thermal comfort improvement in daytime
Percentage outside the range

A straightforward and simple indicator named percentage outside the range (POR) was first
put forward by ISO 7730 (ISO, 2005), which accumulated the percentage of occupied hours
when the simulated or actual thermal comfort parameters (e.g. PMV, operative temperature
Top, dry resultant temperature Tres) exceeded the specified comfort range in corresponding
standards (Carlucci & Pagliano, 2012).
Oh

POR 

 ( wf  h )
i

t 1

Oh

 hi

i

(38)

t 1

where wfi is a weighting factor depending on the comfort range, hi represents the occupied
hours. POR can not only be applicable to Fanger or adaptive comfortable models, but also to
CIBSE overheating criteria (G. J. CIBSE, 2002)(G. A. CIBSE, 2006). If the PMV, operative
temperature Top or dry resultant temperature Tres exceeds the corresponding comfort range, the
wfi would be 1, or the wfi would be 0.
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3.4.2

Degree-hours criterion

A simple way of overheating degree hours above 26 (ODH 26) during the occupied period
are often utilized to evaluate the thermal comfort of night-time ventilation (N. Artmann,
Manz, & Heiselberg, 2008). A maximum 10% of working hours with an indoor operative
temperature over 26 is acceptable with respect to the German standard DIN 4108 (DIN V
4108-6, 2003).
Different with the POR, the degree-hours criterion (DhC) can be calculated by the time when
the actual operative temperature surpasses the specified range during the occupied hours
multiplied with a weighing factor.
Oh

DhC   ( wf i  hi )
i 1

(39)

where weighting factor wfi is a function of how many degrees the range has been exceeded
and can be calculated by the difference between actual or calculated operative temperature Top
and the lower or upper limit Top,limit of a specified comfort range. If the comfort range is
expressed in terms of PMV, the comfort operative temperature range has to be translated by
making assumptions on clothing, metabolic activity, air velocity, relative humidity, etc.
3.4.3

Long-term percentage of dissatisfied

In case of compliance demonstration, a concise indicator is recommended to summarize the
building performance in terms of thermal comfort. Previous studies identified the long-term
percentage of dissatisfied (LPD) index as the optimal index to evaluate comfort conditions
(Carlucci & Pagliano, 2013).
T

LPD( LD) 

Z

  p
t 1 z 1
T

z ,t

Z

 LDz ,t  ht 

  p
t 1 z 1

z ,t  ht 

(40)

where t and T are the counter for time step and last progressive time step of the calculation
period respectively, while z and Z are the counter and total number of zones respectively. pz,t
is the zone occupation rate at a certain time step, LDz,t is the likelihood of dissatisfied inside a
certain zone at a certain time step, and ht is the duration of a calculation time step.
The Likelihood of dissatisfied (LD) means the severity of the deviations from a theoretical
thermal comfort objective, given certain outdoor and indoor conditions at specified time and
space location. According to different reference comfort model, the LD can be calculated as
follows:
0.4734T  2.607

EN
LDAdaptive


ASHRAE
LDAdaptive
 ALD 

op
e
0.4734Top  2.607
1 e

e

2
0.008Top
0.406Top 3.050

0.008T 2 0.406T 3.050

op
op
1 e
0.03353 PMV 4 0.2179 PMV 2
 PPD  100  95

(41)
(42)

(43)
where ΔT is the absolute temperature difference between the indoor operative temperature
and the optimal comfort temperature calculated accordingly to the European or ASHRAE
adaptive model. In addition to the use of Fanger analytical model, the LD is equal to PPD.
LDFanger

3.4.4

Discomfort over-temperature time percentage and weighted discomfort temperature index

In order to evaluate the thermal performance of night-time ventilation in maintain acceptable
temperature level inside the building, two discomfort indexes of discomfort over-temperature
time percentage (DTP) and weighted discomfort temperature index (DI) are defined (Corgnati
& Kindinis, 2007). The DTP index is percentage of discomfort time where the indoor
temperature higher than the comfort temperature upper limit that is fixed at 28 during the
occupancy period, while the DI index is the discomfort weighted on the distance of calculated
operative temperature from the acceptable temperature interval, can be defined as follows:
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DI= wi (Ti  Tcomf ,sup )

(44)

wi =(Ti  Tcomf ,sup )

(45)

DI= (Ti  Tcomf ,sup )
(46)
where wi is the weight factor, Ti is the indoor air temperature, and Tcomf,sup means the upper
comfort temperature limit. The two indicators integrated with the indoor air temperature
profiles and the frequency distributions are appropriate tool to evaluate the performance of
night-time ventilation.
2

4 DISCUSSIONS
Table 1 shows a graphical summary of the applicable conditions of the aforementioned
indicators. Some indicators are more suitable for the simulation analysis, because they can be
easily calculated by post processing outcomes of building energy simulation runs of a
reference scenario (e.g. mechanically cooled building) and a ventilative cooling scenario (e.g.
natural night cooling and daytime mechanical cooling). Therefore, it is particularly suitable to
compare different design scenarios and drive design decisions. Whereas, other indicators are
more suitable for the experiment analysis, since some data is easier to obtain in the field
studies. In addition to experiment studies, thermal comfort improvement indicators are much
more prevalent than energy efficiency indicators, probably because the indoor condition data
is easier to obtain than energy data which is a challenge to be directly measured (A.
Landsman, 2016). The rest of the indicators are both applicable in field and simulation
studies, which are widely used in the assessment of night ventilative cooling.
Family of indices
Heat removal
effectiveness

Energy efficiency

Reduction in cooling
energy use
Thermal comfort
improvement in
daytime

Table 1: Summary of applicable conditions for each indicator
Indicator name
Simulation
Heat removal efficiency
√
Ventilation effectiveness for heat removal
√
Temperature efficiency
Temperature difference ratio
√
Decrement factor and daily time lag
√
Coefficient of performance
√
Potential energy efficiency index
√
Daily average cooling efficiency
√
Ventilative cooling seasonal energy efficiency ratio √
Ventilative cooling advantage
√
Cooling effectiveness factor
Life cycle efficiency ratio
√
Cooling requirements reduction
√
Cooling load reduction efficiency
√
Percentage outside the range
√
Degree-hours criterion
√
Long-term percentage of dissatisfied
√
Discomfort over-temperature time percentage and √
weighted discomfort temperature index

Experiment
√
√
√

√

√
√
√
√

5 CONCLUSIONS
A set of performance indicators for night ventilative cooling is summarized to see the
different definitions of effectiveness or efficiency of night-time ventilation and their influence
on operation and performance. The heat storage efficiency of thermal mass and climatic
cooling potential determines the ability of night cooling ability to a great extent. The
performance indicators of night ventilation can be sorted into four categories: heat removal
efficiency, energy efficiency, reduction in cooling energy use, and thermal comfort
improvement. According to the application conditions of the night ventilation systems,
appropriate performance indicators should be chosen in order to evaluate design goals and to
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provide means for the measurement or simulation of the progress of the design towards those
goals. It should be noted that the performance of night ventilation could not be represented
well by a single indicator, because it needs a combination of different types of indicators.
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ABSTRACT
The early design stage of a building is decisive for describing the concept of the HVAC system. Designers and
practitioners can adjust and optimize the design during this stage as it provides them with enough resilience to
adapt new changes. In practice, a well-defined optimization process is essentially required in order to achieve the
project’s goals within a reasonable time span. These goals vary from one project to another, and sometimes they
require a comprehensive study to identify the factual and stochastic parameters and their impact on the design.
This paper presents a workflow process to design three Heating, Ventilation, and Air-Conditioning (HVAC)
systems for a modern Swedish office building focusing on operational energy use and Indoor Air Quality (IAQ)
indices. The workflow follows a bottom-up approach starting from analysing the building’s requirements, then
defining multiple concepts for the HVAC system, and eventually, quantifying the systems’ performance by the
means of comparative study. The three HVAC concepts included in this study are; airborne constant air volume
(ON/OFF), airborne Variable Controlled Ventilation (VAV), and hydronic system integrating Active Chilled
Beams (ACB). The first two systems rely solely on air as heating and cooling medium, while the ACB system
requires water circuit and primary fresh air to provide the necessary induction. All three systems are designed to
maintain a certain limit of operative temperature that varies depending on season and occupancy schedule.
Furthermore, the design criteria states that all systems must achieve a good indoor climate with low sound levels
and air speeds in the occupied zone. The study shows that all three systems have an operational energy use under
the limits prescribed by the Swedish building regulations. However, a significant reduction in the size of air ducts
and operational energy use can be achieved when implementing an ACB system when compared against ON/OFF
and VAV systems. This reduction in energy use comes in the expense of relatively higher operative temperatures
during the occupied summer periods, as lesser amount of air is supplied to the zone. This increase in temperatures
is correlated with higher performance loss in office tasks performed by the building occupants. An optimization
of the ACB system is suggested in order to compensate the performance loss by lowering the thermostat control
point of the ACB’s. This scenario would increase the cooling energy use compared to the base case, but, at the
same time, ensures an overall reduction in comparison with ON/OFF and VAV systems.

KEYWORDS
energy use, IAQ, optimization process, task performance
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1

INTRODUCTION

The decisions made during the early design stage are highly important to ensure a smooth
process that achieves the desired goals during the lifetime of a project. Bragança et al
(Bragança, Vieira, & Andrade, 2014) discussed the influence of a well-planned project that
includes sustainable criteria on the reduction of both negative impacts and project cost increase.
This study aims to provide a well-defined process that includes all parties involved in building
projects. The process emphasizes on the importance of understanding the needs from each
person involved in the project. This would serve the purpose of reaching to collective-optimal
decisions, while avoiding uncertainties regarding the design criteria. The study also highlights
the possibility to include different proposals during the early design stage, and how a final
decision could be made based on qualitative and quantifiable measures.
2

METHODOLOGY

The reference building used in this study is shown in Figure 1. The modern Swedish office
building is divided into six thermal zones where each has an occupancy pattern based on the
suggestion of (Halvarson, 2012). These occupancy patterns are utilized in the operation of the
HVAC system, where the control strategy of the mechanical system relies on both temperature
and occupancy sensors.

Ground floor

First floor

Second floor
Open & cellular offices

Meeting rooms

Training room

Dining

Relax zone

Halls

Figure 1: Conceptual view of the office building together with the thermal zones separation.

A process to define clear objectives during the early design stage is suggested by the authors of
this study, see Figure 2. The process ensures an agile workflow that involves all parties included
the early design stage. Starting from the needs prescribed by the building owner, moving to the
architect who designs the building envelope and interior circulation, up to the HVAC engineer
responsible for designing and steering the mechanical systems. The suggested process provides
more flexibility to adapt new changes that occur at any time during the early design stage. In
this study, the first step in the process focuses on the architectural model where the building
envelope has an average U-value that complies with the latest regulations of the Swedish
building code BBR (Boverkets byggregler, 2018). Once the thermal zones have been
designated, each zone is appointed to an occupancy pattern to define sources of internal heat
gains. The second step is to integrate the occupancy patterns with the logic of the temperature
control strategy. For example, for an office zone that is occupied at 11:00 hours, the zone is
maintained at an operative temperature not exceeding 26 °C and 22 °C in summer and winter
periods, respectively. On the other hand, when the office is not occupied, the mechanical system
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is regulated by a setback operative temperature of 28 °C and 18 °C in summer and winter
periods, respectively. The advantage of the setback temperatures is to avoid high thermal
powers when the zone is occupied after vacant periods, as seen on the first occupancy day after
weekends and holidays. Subsequently, the three suggested HVAC concepts are defined in terms
of operating schedules, required air volumes for fresh air according to Standard BS EN
15251:2007 (British Standards Institute, 2007), and required air and water volume flow rates to
achieve the desired zone temperatures. The ON/OFF system has two operating modes, the first
of which is to supply the maximum air volume when the building is occupied, the second mode
supplies only the hygienic flow when the building is unoccupied. The VAV and ACB varies
the air and water volume flow rates, respectively, according to the occupancy pattern. Later,
the three systems are designed and simulated in order to assess the performance of each system
in terms of energy use and IAQ. Energy modelling and indoor climate simulations are carried
out using TEKNOsim software (Lindab AB, 2018). CADvent (Lindab AB, 2018) is used to
design and draft the HVAC system. lindQST (Lindab AB, 2018) is a web application for
product selection and indoor climate simulations of rooms integrated with products. The task
performance in office environment is calculated according to the equation provided by
Seppänen et al (Seppänen, Fisk, & Lei, 2006) as shown in Equation 1.

Figure 2: An overall process for optimizing the building design during the early design stage.
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Finally, the output of each software is generated and the results are analysed, where the
maximum allowed sound level should not exceed 30 dB(A), and the air velocity in the occupied
zone should be below 0.2 m/s.
P = 0.1647524·T – 0.0058274·T² + 0.0000623·T³ – 0.4685328

(1)

Where:
P is productivity relative to maximum value
T is room operative temperature in °C
3

RESULTS

The design of the three HVAC systems is shown in Figure 3. It can be seen that the first two
system, ON/OFF and VAV systems, require larger ductwork in order to deliver the necessary
air volumes for heating and cooling. This demands a bigger space in the suspended ceiling to
ensure a non-exposed ductwork. Furthermore, these two systems have a bigger size for air
handling unit. Hence, bigger size of cooling and heating coils is required to treat the air to the
desired supply conditions. On the other hand, the ACB system has the smallest duct and air
handling unit size, where all of the ducts are circular. The circular ducts yields to lower pressure
drop in the system, and consequently lower specific fan power. In addition, the ACB system
becomes much more beneficial in large multi-story buildings, where it can have more stories
for the same building height when compared against ON/OFF and VAV systems.

ON/OFF system

VAV system

ACB system

Supply

Extract

Exhaust

Outdoor inlet

Air handling unit

Diffusers/silencers/dampers/chilled beams

Figure 3: Cross section of the three HVAC systems superimposed on the building.
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The hourly operative temperatures in offices during occupancy periods have been exported
from TEKNOsim software and converted into a relative performance using Equation 1. Figure
4 shows the relative performance for a given system on the Y-axis, and the relative performance
of ACB system on the X-axis. The ACB system is believed to have the best task performance
when compared to the other two systems. This is why the task performance of the ACB system
is used as a reference case. The values in Figure 4 are sorted in an ascending order, where the
maximum performance of 1.0 occurs at a temperature of 21.75 °C. The ON/OFF system,
represented in circles, has a best-fit regression line with a value of 0.9563 in comparison to the
performance of ACB system. This means that the ACB system provides a better IAQ with
temperatures that correlate to higher performance from the occupants. On the other hand, the
VAV system, represented in triangles, shows a lower value for the best-fit regression line with
a magnitude of 0.8948. The lower performance in VAV system corresponds to the fact that the
system varies the supplied air volume according to the occupancy pattern. This leads to more
temperature fluctuation in offices, as the system requires more response time to reach the
desired indoor temperatures. The blue circle in Figure 4 represents the relative performance of
the ON/OFF system in proportion to the relative performance of the ACB at a given time point.
It can be seen that when the relative performance of the ACB system equals to 0.990, the relative
performance of the ON/OFF system is 0.982. This trend is valid through all time points within
the occupancy periods. The same trend is observed when looking at the yellow circle, where it
has a relative performance of 0.990 and 0.954 for ACB and VAV systems, respectively.
Relative performance
1.00
0.99

ON/OFF sytem
VAV system

y = 0.8579x + 0.1409
R² = 0.9563

0.98
0.97
0.96

y = 1.8027x - 0.8072
R² = 0.8948

0.95
0.94
0.93
0.96

0.97
0.98
0.99
Relative performance of ACB system

1.00

Figure 4: Variance of relative performance proportional to the relative performance of ACB system.

Figure 5 shows the relative energy of the three systems. All three systems have an operating
energy use below the limits prescribed by the Swedish building regulation. The ON/OFF system
corresponds to the highest energy use in comparison to the other two systems. Thus having a
relative energy use of 100 %. The reduction in total energy use for VAV and ACB systems in
comparison to the ON/OFF system is 50 % and 67 %, respectively. The ACB systems is the
only system that requires a pump to circulate the water flow into the cooling and heating
batteries in the chilled beams. A slight increase in the cooling energy related to the ACB system
can be observed. This is due to the optimization of this system to lower the operative
temperatures in offices to avoid higher task performance loss. In this optimization process, the
ACB is regulated by a lower thermostat control point in comparison to the base case. This gives
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the opportunity for the chilled beam to operate in a wider time span. Therefore, the chilled
beams play a major role in decreasing the surface temperature in offices due to their combined
effect of radiative and convective cooling. Hence, the operative temperature perceived by the
occupants is decreased.
Relative energy use / %
100

Heating energy
Cooling energy
Fan energy
Pump energy

80
60
40
20
0
ON/OFF

VAV

ACB

Figure 5: Relative energy use of the three systems.

4

CONCLUSIONS

The paper suggested a process to be implemented during the early design stage of buildings.
The process facilitates the role of all parties included in the building project. Those parties are
for example; architects, HVAC designers, and property owners. By following a well-defined
process, the project was flexible enough to adapt new changes in the design, in addition to
avoiding extra costs once the execution phase gets started. The study provided three alternatives
for the HVAC system for a modern Swedish office building; ON/OFF system, VAV system,
and ACB system. The ACB system proved to have the least amount of space required for the
installation of the system, when compared against ON/OFF and VAV systems. All three
systems had an energy use that complied with the latest Swedish building regulations. A more
detailed distinction between the three systems was carried out by evaluating the relative task
performance of the occupants in each system. The ACB system had the lowest energy use and
provided the office environment with the best operative temperatures that led to higher relative
performance, when compared against the other two systems. This fact would contribute
significantly to a better IAQ perceived by the occupants, as well as reducing the energy costs.
5
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ABSTRACT
Mechanical ventilation is vital in modern homes to insure adequate indoor air quality. However, builders,
homeowners and policy makers may perceive best practice as a risk, especially if invoked during peak outdoor
thermal conditions which may compromise comfort and energy use. In North America, ASHRAE Standard 62.22016 defines best practice, yet ventilation code specifications vary internationally. Although enthalpy heat
recovery is advocated in efficient home design, taking advantage of the natural daily and seasonal temperature
and humidity cycles can provide further comfort and energy reduction advantages.
We describe a smart ventilation system which uses the simple idea of modulating outdoor air depending on
departure of prevailing weather from desirable indoor comfort conditioning. The system uses outdoor
temperature and moisture based control. The main principle is to shift ventilation from time periods that have
large indoor-outdoor temperature and moisture differences to periods when these differences are smaller and
their energy and comfort impacts are expected to be less. Fan flow rates are reduced when the outside
temperature and moisture falls outside of optimum levels, yet overall air exchange is maintained to ensure
chronic and acute exposure to pollutants remains relative to best practice. Online weather and smart thermostat
data can be used as control inputs, so no specific measurement devices are needed.
Using the smart ventilation scheme demonstrated 10% average cooling season energy savings in two full-scale
identical side by side test homes in Florida. Parametric simulations show similar savings for heating and cooling
across North American and European climates demonstrating smart ventilation as a robust efficiency measure,
particularly for cooling. We posit that a weather-responsive ventilation scheme has world-wide application.
KEYWORDS
Smart, Ventilation, Energy, Savings
1.

INTRODUCTION
Whole-house mechanical ventilation is a critical component to a comprehensive strategy for good indoor
air quality (IAQ). Smart ventilation controls (SVC) help reduce risk factors by optimizing mechanical ventilation
operation to reduce the heating and/or cooling loads, potentially improve comfort while maintaining IAQ
equivalence according to ASHRAE Standard 62.2 (Sherman, Walker, and Logue 2012).
Previous studies by Lawrence Berkeley National Laboratory (LBNL) have incorporated smart ventilation
strategies that included the effects of other fans operating in the home as well as passive ventilation systems
(Sherman and Walker 2011). These studies included development of a ventilation model to include control
algorithms and IAQ calculations suitable for evaluating performance of variable ventilation rate systems. LBNL
used these simulations to develop a smart ventilation algorithm based on a temperature threshold (Less, Walker,
and Tang 2014). Recently, LBNL simulations have been used to investigate the effect of smart ventilation
control on indoor relative humidity (RH) (Less and Walker 2016). Until now, no prior published research on lab
or field testing of smart ventilation control systems has been available.
LBNL work on ventilation equivalence for intermittent ventilation systems was adopted by ASHRAE
Standard 62.2-2016 in the form of Appendix C. This provides a procedure to calculate pollutant exposure
resulting from varying ventilation rates, relative to a continuous rate, and termed “relative exposure” (RE).
Averaged exposure over a chosen time period achieving a value of 1.0 dictates that exposure to pollutants is
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equivalent to a continuously operating mechanical ventilation system. At no time can a time-varying ventilation
system produce an RE that exceeds five times the baseline.
In Europe, ventilation standards vary from one country to the next, but tend to be somewhat greater than
that shown by ASHRAE Standard 62-2 (Kunkel et al., 2015). Demand Controlled Ventilation (DCV) schemes
have been widely advocated as a method to achieve energy-related savings, although often not with a weatherresponsive scheme attached to methods to improve IAQ. Tight construction and ERV’s are commonly used.
2

A SMART VENTILATION ALGORITHM
This paper describes a mathematical weather-responsive algorithm for SVC that varies mechanical
ventilation airflow through interpretation of current and historical outdoor temperature and absolute humidity
(W). The algorithm optimizes delivery of mechanical ventilation airflow on a daily cycle to minimize sensible
and latent load impacts. Simulations were conducted to tune the algorithm with differing flow targets and
seasonal adjustment factors:
1. Maximize heating and cooling energy savings compared to continuous ventilation,
2. Maintain similar indoor RH, and
3. Achieve equivalent RE with respect to ventilation standards.
In all locations globally, optimizing ventilation according to outdoor temperature appears desirable.
However, in central Florida as well as other humid locations, outdoor moisture levels are a legitimate concern for
ventilation since outdoor dew points are frequently above 21.1°C.
To account for these factors, the algorithm examines the preceding 24-hour period and compares the
recursively weighted hours with the current hour and seeks to minimize the sum of the square deviations from
multiple targets: difference between indoor and outdoor temperature and difference between indoor and outdoor
W, along with user selected importance weighting for each parameter (X).
∆ ∗

∆

∗

(1)

where
ΔT (°C)
XT
ΔW (g/m3)
XW

=
=
=
=

(indoor temperature) – (outdoor temperature)
delta temperature weight
(indoor moisture) – (outdoor moisture)
delta moisture weight

The time weighted RSS (Average (RSS1:RSS23)/RSS24) becomes a multiplier to adjust total ventilation
flow (mechanical + natural), which is proportional to RE. There may be other constraints to ventilation (e.g.
occupancy) that could be optimized with this multi-parameter optimization approach.A simulation tool was
developed to test the algorithm using typical meteorological year (TMY3) weather data.
Similar results were seen in multiple climates with either forward or backward differency schemes, leading
to the conclusion that the seasonal shape of the typical or average daily weather pattern is likely more predictive
of variable ventilation savings than are short term periods. Therefore, to enhance potential for savings, seasonal
adjustment factors were determined iteratively using the simulation tool to ensure the RE target is achieved. The
adjustment factors considered include changes to the target ventilation flow and flow overrides based on outdoor
temperature and moisture:
Hourly Fan Flow = (Target Fan Flow * (Average (RSS1:RSS23)/RSS24)

(2)

Where flow targets vary as follows:

Cooling period target if outdoor temperature > given threshold

Heating period target if outdoor temperature < given threshold

Floating period target if outdoor temperature is in between cooling and heating thresholds
3.

PHASE I SCHEME DESCRIPTION AND RESULTS
Parametric simulations were conducted to arrive at an optimized set of parameters to later test in the
laboratory (Table 1). The logic for the chosen flow targets for Phase I were cooling energy savings focused: the
maximum floating season flow target was set at the capacity limit of the fan, the Standard 62.2 continuous fan
flow value for the laboratory building was assigned for Florida’s limited heating season target, and the cooling
season target was dropped below the heating season target by 9.4 L/s. Simulation results showed temperature to
be a much greater influence on energy savings than moisture, so those parameters were weighted 2:1. The indoor
temperature target is set intentionally below a typical thermostat set point temperature as simulations showed
such a low value required to generate algorithm response that would result in cooling energy savings. The indoor
W target of 12 g/m3 corresponds to an RH of 55% at 23.9°C.
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Table 1: Phase I scheme parameters and values
Period Temp.)
Parameter
(defined by hourly outdoor
Cooling
Heating
Floating

All

Outdoor temp. range for cooling period target
Cooling period target fan flow
Outdoor temp. range for fan lockout (0 L/s)
Outdoor temp. range for heating period target
Heating period target fan flow
Outdoor temp. range for floating period target
Floating period target fan flow
Indoor temp.
Delta-temp. weight (XT)
Indoor moisture (W)
Delta-moisture weight (WW)

Phase I
Scheme Values
>22°C
26 L/s
n/a
<15.6°C
35.4 L/s
<=22°C; >=15.6°C
65 L/s (fan limit)
18°C
2
12 g/m3
1

3.1 Phase I Simulation Results
Simulation results for the smart ventilation scheme chosen for Phase I, using TMY3 Orlando weather data,
resulted in an average annual fan flow of 37.2 L/s, slightly higher than the 62.2 Standard continuous fan flow
requirement of 35.4 L/s. Hourly fan flow ranged from 8.0 L/s to the upper-limit of the laboratory fan, 65 L/s.
Total annual average ventilation rate was 38 L/s, determined hourly by adding the modified natural infiltration to
the fan component. Annual RE averaged 1.08, reaching a maximum of 2.09 for a single hour, well below the
5.00 threshold provided by the 62.2 standard. The simulation results are displayed graphically in Figure 1.
Hourly fan flow of the smart ventilation system is plotted in light blue with average daily RE in red. The black
line represents the 62.2 constant fan flow recommended for the buildings at 8.0 L/s and an associated RE of 1.00.
The plot shows two dominant seasons: cooling and floating. The smart ventilation algorithm creates a
dynamic fan response, especially from October - May with the fan frequently flowing at its maximum when
outdoor conditions are ideal, often at night. The increased floating period fan flow accommodates the restricted
cooling period flow, balancing out the annual average RE, with the goal of generating cooling energy savings.

Figure 1: Phase I smart ventilation scheme simulated hourly average fan flow and daily average RE.
Simulated seasonal differences in sensible and latent ventilation load between the constant or fixed fan
scheme and this smart ventilation scheme are presented in Table 2. Negative numbers in the table represent heat
or moisture leaving the building, positive numbers represents heat or moisture entering the building. Compared
to a fixed fan, the simulation suggests that on an hourly average, the smart ventilation scheme delivers 59 W/h
less heat (reducing cooling load) and 0.14 kg less moisture to the building in summer. On average, more heat is
also being removed during the non-summer floating hours as well, which is beneficial in the hot humid climate
and could act to further reduce cooling hours later in the day by pre-cooling the building. However, slightly more
moisture is being introduced on average by the smart ventilation system (0.055 kg/h) than with the constant fan.
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Table 2: Simulated ventilation load and fan power for the Phase I scheme and continuous ventilation.
Season/
Period

Sensible (W)
Fixed

Smart

Fan Power
(Average Watts)

Latent (kg/h)
Δ

Fixed

Smart

Δ

Fixed

Smart

Δ

Average for
Smart System
Flow
RE
(L/s)

Summera

73
15
0.59
0.85
0.71
0.14
40
28
11.62
31
Non-Summer
414
12
2.93
0.18
0.11
0.07
40
17
22.59
19
Coolingb
Non-Summer
(270)
(391)
120
(0.03)
0.5
(0.08)
40
50
(10.11)
55
Floatingb
Heatingc
(598)
(440)
(161) (0.82)
(0.61)
(0.26)
40
24
16.22
26
Annual
37
a The period between May 1 and Oct. 31.
b The hours outside of the summer period when the outdoor air temperature falls within set parameters – Cooling >22°C;
Floating ≤22°C, ≥10°C.
c The hours when the outdoor air temperature falls below 10°C.

1.22
1.30
0.76
1.27
1.08

The changes in loads were used to estimate energy savings and are shown in Table 3. These results assume
a cooling and heating system with efficiency of seasonal energy efficiency ratio 3.8 cooling COP/COP 1 (as was
present in the laboratory buildings during later experimentation), 75% sensible heat ratio, and a 20% distribution
loss.
Fan power is also converted into energy and summed annually in the Table 3. The smart ventilation scheme
saves fan energy during the cooling when flows are lower, but uses more fan energy during the heating and
especially the floating hours when flow is higher. The table shows potential for 7% annual energy savings, and
over the 183-day period defined as summer in Central Florida (May 1–Oct. 31), the Phase I system is estimated
to save 1.2 kWh/day versus the constant speed ventilation system.

Season/
Period

Table 3: Simulated space conditioning energy use for the Phase I scheme and continuous ventilation.
Sensible (kWh)
Latent (kWh)
Fan (kWh)
Total Savings
Fixed Smart Savings Fixed Smart Savings Fixed Smart Savings (kWh)
%

Summera
140
30
110
397
331
65
175
124
51
226
Non-Summer
20
6
15
21
13
8
44
76
(31)
(8)
Coolingb
Non-Summer
117
219
(102)
(102)
Floatingb
c
Heating
232
170
62
12
104
(91)
(29)
Annual
392
206
186
418
344
74
349
522
(173)
87
a The period between May 1 and Oct. 31.
b Hours outside of the summer period when the outdoor temperature falls within: – Cooling >22°C, Floating ≤22°C, ≥10°C.
c Hours when the outdoor air temperature falls below 10°C.

32
-10
-87
-12
7

3.2 Phase I Laboratory Evaluation
Experimental work was conducted in FSEC’s Flexible Residential Test Facility (FRTF), which features
two full scale, geometrically identical side-by-side residential energy research facilities as shown in Figure 2.
The slab-on-grade buildings have uninsulated concrete block walls, single pane windows, RSI-5.3 ceiling
insulation, and COP 3.8 air conditioners with electric resistance heat. Additional characteristics of the 143 m2
single-story buildings (volume = 370 m3) including details of the general instrumentation package and schedule
and methods for simulating occupancy by generating indoor sensible and latent loads are provided elsewhere
(Parker 2014). One building acted as a control, and utilized a fixed, continuous ventilation rate. The other
building varied the ventilation rate with a fan operated with a smart controller via a programmable data logger.
Air leakage across the buildings’ envelopes is controllable; however, for these experiments both buildings
were set to their “tight” condition, resulting in approximately 2.2 air changes per hour (ACH) at 50 Pa. Under
this condition, Standard 62.2 requires 35 L/s of whole-house mechanical ventilation fan flow, which was
provided to the control building continuously, on a supply basis, directly into the zone via an inline fan. The 35
L/s is determined as the fan component of total continuous ventilation required by Standard 62.2, including
natural infiltration modified by use of superposition to dictate interactive effects of the desired unbalanced
ventilation system, as described in the ASHRAE Standard.
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Figure 2: Identical buildings that comprise FSEC's Flexible Residential Test Facility.
Components of the Phase I ventilation system in each home included a centrifugal inline fan, for which the
maximum produced flow at full output was measured at 65 L/s once installed. Variation of airflow rates in the
experimental building is achieved by altering the runtime of the inline fan with the programmable data logger as
dictated by the smart ventilation algorithm. That is, the fan itself runs at its fixed, maximum speed while
operating, but runtime is varied during each 15-minute period to match the total flow called for. Temperature and
RH are measured at the entrance and exit of the ventilation duct when the fan is running. Indoor temperature and
RH measurements were taken near the thermostat and HVAC energy measurements were recorded.
One important finding during setup for the Phase I laboratory evaluation was that the outdoor air
temperature measured at the ventilation air intake under the soffit was almost always warmer than the outdoor air
temperature measured above roof height. Solar heating of the east wall under the air intake contributes to this
temperature imbalance. Ventilation air entering the building is even warmer due to fan heat and gains on the
outdoor air duct located in the vented attic. During July and August, average temperature at roof height (4.6m),
at the air intake (2.7m), and the air discharge into the building were 26.9oC, 28.6oC, and 29.1oC respectively. As
outdoor air temperature is an input to the smart ventilation algorithm, this has implications on the application of
weather station data, taken at height and supplied via an internet source, on a locally operating system.
3.2.1 Phase I Laboratory Results: 2016 Cooling and 2016–17 Floating Periods. Measured
monthly energy savings for the cooling and floating periods are provided in Table 4, and average RE, fan flow,
and indoor and outdoor conditions in Table 5. The smart ventilation algorithm delivered 36 kWh/month or 1.2
kWh/day and 5.5% cooling energy savings for this 180-day period. Results are improved slightly, to 6.2% when
fan energy is considered. Average monthly savings ranged from 1% to 17%. The smallest cooling savings were
experienced during the hottest months when air delivered by the smart ventilation system was less than that of
the control. As shown in Figure 3, during these months the AC ran nearly constantly and sometimes failed to
deliver the indoor set point temperature of 23.3°C. In August, the smart building with reduced ventilation is
better able to maintain desired indoor conditions (yellow) than the control (red).
Table 4: Measured energy use during cooling and floating periods: Phase I scheme and continuous ventilation.
Month
Cooling Energy (kWh)
Fan Energy (kWh)
Total (kWh)
(n = days of
%
Fixed Smart
Savings Fixed Smart Savings Fixed Smart Savings
good data)
Savings
Aug. (n = 21)
Sep. (n = 15)
Oct. (n = 25)
Nov. (n = 9)
Dec. (n = 31)
Jan. (n = 15)
Average

1,312
1,011
671
295
286
300
646

1,295
1,013
624
246
234
248
610

16
(2)
47
49
52
53
36

29
29
29
29
29
29
29

18
18
21
25
27
25
22

11
10
8
3
2
3
6

1,340
1,039
700
324
314
329
674

1,313
1,031
645
271
261
273
632

27
8
55
53
53
56
42

2%
1%
8%
16%
17%
17%
6.2%
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Month
(n = days of
good data)
Aug. (n = 21)
Sep. (n = 15)
Oct. (n = 25)
Nov. (n = 9)
Dec. (n = 31)
Jan. (n = 15)

3050

Table 5: Measured environmental conditions during cooling and floating periods
for the Phase I scheme and continuous ventilation.
Outdoor
Control
Outdoor
Smart
Smart Vent
Control
Smart OA Inlet
Indoor
Air Inlet
Flow
Indoor Temp.
Indoor
RE
Temp.
Temp.
Dew Pt
(L/s)
(°C)
RH%
(°C)
(°C)
(°C)
27
28
31
39
41
39

1.33
1.31
1.25
1.08
1.03
1.06

29.1
27.5
24.9
21.3
20.9
18.5

23.1
23.1
23.4
23.3
23.3
23.5

23.1
23.3
23.4
23.4
23.3
23.3

24.2
23.1
18.8
15.6
16.1
12.2

52.1%
53.1%
50.5%
50.9%
54.0%
48.3%

Int. temperature control: cooling systems at capacity

Smart Vent
Indoor
RH%
51.2%
53.9%
50.6%
53.3%
56.2%
52.8%

26
25.5
25

Interior Temperature (°C)

HVAC Power (Wh)

2550

24.5

2050

24

1550

23.5
23

1050

22.5
22

550

Smart Vent AC

21.5

Control AC

21

50

17‐Aug

17‐Aug
18‐Aug
18‐Aug
19‐Aug
19‐Aug
20‐Aug
20‐Aug
Figure 2: Measured data from August showing reduced indoor temperature generated
by the smart ventilation scheme despite air conditioners running at peak capacity.

4.

PHASE II SCHEME DESCRIPTION AND RESULTS
In effort to achieve reduced RE, better energy savings, and improved indoor comfort conditions from the
smart ventilation system, changes were made prior to the onset of the 2017 cooling season. A more powerful fan
with a maximum flow of 99 L/s (tested in situ) was installed to allow greater ventilation flow during moderate
outdoor conditions, and the simulation tool was revisited to test additional added parameters. Based on 2016
experiences, ventilation during the hottest periods with a limited cooling system capacity led to elevated indoor
temperatures that would likely not be considered favorable. Thus, a key evaluated parameter included a fan
lockout above 31°C outdoor air temperature. A complete list of the Phase I/ II parameters is in Table 6.
Period (defined by
hourly avg.
outdoor Temp.)
Cooling
Heating

Floating

All

Table 6: Phase I and II scheme parameters and values
Phase I
Parameter
Scheme Values
Outdoor temp. range for cooling period target
Cooling period target fan flow
Outdoor temp. range for fan lockout (0 L/s)
Outdoor temp. range for heating period target
Heating period target fan flow
Outdoor temp. range for floating period target
Floating period target fan flow
Outdoor W range to adjust floating period target
Floating period target adjusted for W
Indoor temp. (T)
Delta-temp. weight (XT)
Indoor moisture (W)
Delta-moisture weight (XW)

>22°C
26 L/s
n/a
<15.5°C
35 L/s
<=22°C; >=15.5°C
65 L/s (fan limit)
n/a
n/a
18°C
2
12 g/m3
1

Phase II
Scheme Values
>22°C
35 L/s
>=31°C
<15.5°C
35 L/s
<=22°C; >=15.5°C
99 L/s (fan limit)
>=15g/m3
35 L/s
18°C
2
12 /m3
1
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4.1 Phase II Simulation Results
Simulation results for the Phase II smart ventilation scheme with TMY3 Orlando weather data suggested 45
L/s average annual fan flow, an increase from that of the Phase I smart ventilation scheme of 37 L/s. Total
annual ventilation averaged 46 L/s. Along with the increased flow, results suggested an improved annual RE,
which averaged 1.01 and reached a maximum of 3.63 for a single hour, still below the 5.00 threshold suggested
by Standard 62.2. The Phase II Scheme simulation results are displayed graphically in Figure 4.
Simulated seasonal differences in the sensible and latent ventilation loads between the constant fan and the
Phase II smart ventilation scheme are presented for summer in Table 7. This simulation suggests the revised
smart ventilation scheme reduces sensible cooling load by 97 W/hr and moisture load by 0.04 kg/h.

Figure 4: Phase II smart ventilation scheme simulated hourly average fan flow and daily average RE.
The Phase II ventilation loads and fan power are converted into energy impacts as shown in Table 8. The
power use of the larger fan increased from 59 Watts to 114 Watts in the Phase II scheme. While this increase in
fan energy will negatively impact overall savings, the primary intent of the experiments was to investigate
impact of ventilation flow modulation.
Table 7: Simulated ventilation load and fan power: Phase II scheme and continuous ventilation.
Season/
Period
Summera

Sensible (W/h)
Fixed

Smart

Fan Power
(Average Watts)

Latent (kg/h)
Δ

Fixed

Smart

Δ

Fixed

Smart

Average
Δ

Flow
(L/s)

RE

73
(23)
97
0.88
0.82
0.06
40
41
(1.38)
36
Non-Summer
41
6
35
0.18
0.14
0.04
40
28
11.88
24
Coolingb
Non-Summer
270
(504)
234
(0.03)
(0.01)
(0.02)
40
80
(40.46)
69
Floatingb
c
Heating
598
(440)
161)
(0.82)
(0.61)
(0.21)
40
30
9.97
26
Annual
45
a The period between May 1 and Oct. 31.
b The hours outside of the summer period when the outdoor air temperature falls within set parameters – Cooling >22°C;
Floating ≤22°C, ≥10°C.
c The hours when outdoor air temperature falls below 10°C.

Season/
Period

1.19
1.15
0.66
1.25
1.01

Table 8: Simulated space conditioning energy use: Phase II scheme and continuous ventilation.
Sensible (kWh)
Latent (kWh)
Fan (kWh)
Total Savings
Fixed Smart Savings Fixed Smart Savings Fixed
Smart
Savings (kWh)
%

Summera
140
(46)
186
397
380
17
175
181
(6)
196
Non-Summer
20
3
17
21
16
5
44
123
(78)
(56)
Coolingb
Non-Summer
117
352
(235)
(235)
Floatingb
c
Heating
232
170
62
12
131
(119)
(57)
Annual
392
128
264
418
396
22
349
787
(438)
(152)
a The period between May 1 and Oct. 31.
b The hours outside of the summer period when the outdoor air temperature falls within set parameters – Cooling >22°C;
Floating ≤22°C, ≥10°C.
c The hours when the outdoor air temperature falls below 10°C.

28
-65
-200
-23
-13
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4.2 Phase II Laboratory Results: 2017 Cooling Season
The Phase II scheme was implemented into the FRTF smart-controlled building May 1, 2017. Measured
monthly energy savings are provided in Table 9, and average fan flow, RE, and indoor and outdoor conditions in
Table 10. Although the results are limited to three months, the smart ventilation algorithm with the modified
scheme and more powerful fan delivered savings far superior to the prior scheme, generating measured 12.4%
AC savings in May (89 kWh/month, 3.0 kWh/day), 8.8% in June (73 kWh/month, 2.4 kWh/day), and 8.7% in
July (88 kWh/month, 2.9 kWh/day), averaging 9.8% AC savings for the total period.
Month
(n = days of
good data)
May (n=22)
Jun (n=22)
Jul (n = 26)
Average

Month (n =
days of
good data)
May (n=22)
Jun (n=22)
Jul (n = 26)

Table 9: Measured energy use during cooling and floating periods for the Phase II scheme
Cooling Energy (kWh)
Fan Energy (kWh)
Total Energy (kWh)
Fixed

Smart

Savings

Fixed

Smart

Savings

Fixed

Smart

Savings

%
Savings

719
822
1,012
851

630
749
924
768

89
73
88
83

29
29
29
29

36
20
26
27

(7)
8
2
1

748
851
1,040
880

666
770
950
795

82
81
90
84

11.0%
9.5%
8.6%
9.6%

Table 10: Measured conditions during cooling and floating periods for Phase II scheme.
Outdoor
Control
Smart Vent
Outdoor
Smart Smart
Control
OA Inlet
Indoor
Indoor
Air Inlet
Flow
Indoor
RE
Temp.
Temp.
Temp.
Dew
Point
(L/s)
RH
(°C)
(°C)
(°C)
(°C)
43
34
31

0.99
1.10

24.7
26.8
1.27

24.4
24.4
24.4

24.4
24.6
24.5

4.2
15.6
16.3

49.1%
52.3%
49.0%

Smart Vent
Indoor
RH
50.4%
52.4%
49.3%

The average indoor relative humidity in May was slightly higher in the smart building than the control, but
overall the RH in the smart ventilation building was more closely aligned with that in the constant flow building
than it was in Phase I.
The average daily profile for June is highlighted in Figure 5, with ventilation scheme savings at 11.3%.
The increased fan flow in the smart ventilation building during the morning hours has little impact on relative
humidity while still achieving impressive energy savings. The AC energy savings of the smart ventilation
scheme are more pronounced during midday, when the outdoor temperature rises and the fan flow is reduced.

Figure 5. The June average day profile summarizes Phase II scheme performance.
5.

SIMULATED RESULTS FOR OTHER U.S. CLIMATES
To estimate the ability of the smart ventilation algorithm to reduce space conditioning energy in other
climates, whole building energy simulations were conducted. The National Renewable Energy Laboratory’s
(NREL) BEOpt software, which uses the EnergyPlus simulation engine, was used. NREL provided a customized
input capability for BEOpt version 2.6.0.1 that allowed for hourly specification of total infiltration rate and fan
energy. The FSEC FRTF laboratory was modeled to serve as the test building, with a few changes to envelope
and mechanical system components to create a single building representative of average new construction in
different climates. These include walls insulated to RSI 3.24 (K. m²/W), RSI-6.5 ceiling insulation, low-e argon
fill windows, a COPcool 4.7heat heat pump, and a balanced ventilation system with no heat recovery.
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Hourly total infiltration rate and fan energy were obtained using a developed simulation tool. TMY3 data
was input for each of five representative climates, and algorithm parameters adjusted to ensure RE compliance.
The parameters used for each climate are identical to the Phase II scheme values shown in Table 6, except for
target flows and high/low temperature flow lockouts that were determined iteratively for each climate. The 62.2
Standard continuous mechanical ventilation flow for each climate was assigned for heating and cooling flow
targets, and the 99 L/s flow limit of the Phase II laboratory fan was assigned for the floating target. Table 12
shows the simulated space conditioning energy for each climate modeled, along with the flow target used.
Results show that across a variety of climates, space conditioning savings of > 5% can be achieved with the
simple approach used to set algorithm parameters. While increased fan energy for the smart ventilation scheme
erodes savings, additional optimization of the fan choice could help maximize savings.
Table 12: Heating/cooling flow targets: energy savings & relative exposure for multiple climates.
Annual Space
Annual Space
Heating/Cooling
Conditioning
Conditioning
Annual
Max
Location
Flow Target
Energy
+ vent fan
Energy
Savings
Average
RE
Hourly
RE
(L/s)
Savings (kWh/%)
(kWh/%)
Orlando, FL
Atlanta, GA
Minneapolis, MN
Chicago, IL
Phoenix, AZ

31
30
28
29
31

1.0
1.0
1.0
1.0
1.0

3.6
3.6
3.2
3.2
3.3

211 / 8.0
182 / 5.4
777 / 5.8
621 / 6.9
311 / 6.8

155 / 5.2
117 / 3.2
753 / 5.5
592 / 6.3
229 / 4.6

6.

APPLICATION TO RESIDENTIAL VENTILATION IN EUROPE
Ventilation standards in Europe vary considerably across the European Union (EU) member states (Kunkel
et al., 2018). Each country has its own ventilation standard, often integrated into energy standards. For example
in France and Belgium buildings may use Demand Controlled Ventilation (DCV) using CO2 and/or humidity
sensing as a surrogate for occupancy and pollutant concentration to obtain credit in the energy code. Advances in
sensor technology are now allowing control based upon Volatile Organic Compounds (VOCs) with a variety of
smart ventilation approaches within European standards (Guyot, Walker and Sherman, 2018).
In the United Kingdom and Europe, ventilation compliance calculations tend to use room-by-room
ventilation requirements rather than the total specified in 62.2 (Dimitroulopoulou, 2012). This is because it is not
typical to connect all the rooms in homes with forced air ventilation systems in Europe. However, when
evaluated on a whole building basis, the ventilation requirements usually are about 0.5 ACH (more than
ASHRAE Standard 62.2). Older buildings in the EU typically use exhaust ventilation while newer construction
often utilizes balanced mechanical ventilation with efficient Energy Recovery Ventilators (ERVs) that recover
both sensible and latent heat. Another relevant difference in the European building stock is that new residential
dwellings are often very tight and well insulated as the Passivhaus standards see increasing application.
Although a detailed assessment of the potential of a weather-responsive scheme is not possible due to
variations due to prevailing standards and building types, we performed a preliminary assessment. Although the
ERVs often used with high performance are quite efficient when rated at 0 oC, their efficiency falls off steeply
below freezing given the need for defrost cycles. Thus, a weather-adaptive scheme has potential to significantly
improve ERV effectiveness during winter conditions. During summer nights when outdoor conditions are
potentially helpful to meet cooling loads, such a system can help to avoid more energy-intensive vapor
compression air conditioning using ventilation without heat recovery. Also, most DCV strategies in the EU
attempt to limit condensation potential and the described method can help limit outdoor moisture sources.
Finally, within the minimization of the sum of square of deviation from ideal values, it is potentially possible to
optimize multiple signals (e.g. temperature, enthalpy, CO2 and/or VOC) at once.
In an illustration below, we simulate a high performance home, based on previous simulation work done
with the BEopt simulation to evaluate Near Zero Energy Buildings (NZEBs) in Europe (D’Agostino and Parker,
2018). We assume a very well insulated 119 m2 building is very tight (0.6 ACH @ 50 Pa), but with mechanical
ventilation to provide 0.5 ACH or 40.3 L/s constant in the base case. Because of the efficient ERV, the impact of
ventilation loads sensible & latent are ~ 6 L/s if there had been no heat recovery. Simulated heating and cooling
energy in Milan, Italy in the base case configuration showed a total heating and cooling energy budget of 12.9
kWh/m2 (heating: 1280 kWh, cooling 261 kWh). Simulation parameters are given in the original work.
We then examine how providing this target flow rate can result in space heating and cooling energy savings
when using the weather responsive scheme described above with the constraint that RE >= 1.0. We simulated
this case in five different European climates using hourly IWEC files: Frankfurt, Germany (cold), Lisbon,
Portugal (mild), Milan, Italy (temperate), Stockholm, Sweden (very cold) and Seville, Spain (hot-arid). Given
the tight building simulated, we assumed that the flow of the ERV could only be reduced to 25% of the standard
value (40 L/s) during the “turn-down” conditions. Results are shown below:
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Table 14. Heating/cooling flows, energy savings & relative exposure for European climates.
Annual Space
Annual Space
Heating/Cooling
Temp
Heating Energy
Cooling Energy
Flow Target
Annual Avg Turndown
Savings
Savings
Location
(L/s)
& Max RE Heat /Cool
(kWh/%)
(kWh/%)
Frankfurt, DEU
Lisbon, PRT
Milan, ITA
Stockholm, SWE
Seville, ESP

40.3
40.3
40.3
40.3
40.3

1.0 / 4.9
1.0 / 4.0
1.0 / 4.8
1.0 / 4.8
1.0 / 5.0

-2.3o/27.8 o
5.6 o/27.8 o
-6.1 o/28.3 o
-9.4 o/26.1 o
4.4 o/32.2 o

32 / 2.4%
-9 / -75.0%
37 / 2.9%
64 / 2.4%
-9/ -100.0%

26 / 16.1%
111 /17.6%
44 / 16.9%
44 / 35.8%
120 /12.1%

It will be noted from the results above that the savings are small in magnitude for heating given the
efficiency of the ERVs and the very low level of space heating with the highly insulated building. Even so, an
approximately 2-3% heating energy savings can be obtained in heating dominated climates by shaping the
introduction of ventilation air to the diurnal conditions outdoors. This may be conservative since no effect of
ERV defrost below freezing was simulated. We did see that the very efficient ERV served to reduce the heating
savings of the weather-sensitive ventilation scheme.
However, the potential for cooling was much greater. Reductions to space cooling are seen in all locations
given the simulated ability of providing high levels of ventilation air during advantageous outdoor conditions in
cooling-dominated climates such as Seville or Lisbon. Very small increases to heating are seen in such climates,
but were dwarfed by the cooling energy savings which were large in magnitude.
7.

CONCLUSIONS
A weather-adaptive algorithm for smart ventilation control was developed that interprets immediate and
diurnal patterns of measurements of outdoor temperature and moisture and varies ventilation to minimize
sensible and latent load impacts. Simulations were conducted to tune the algorithm with differing flow targets
and seasonal adjustment factors to maximize heating and cooling energy savings compared to continuous
ventilation. The scheme maintains similar indoor relative humidity, and Relative Exposure (RE) targets with
respect to ASHRAE Standard 62.2. Simulation suggested that compliant annual average and acute RE could be
maintained with 73% sensible and 9% latent load reductions during cooling conditions.
A ventilation system controlled by the “smart” algorithm was implemented in one of two side-by-side
identical laboratory test homes with the control home operating with continuous mechanical ventilation. Average
cooling energy savings of 10% were measured during three months of evaluation due to the reduction in sensible
and latent load created by the advanced controls. A fan with a maximum flow capacity three times greater than
the continuous fan was required to achieve these savings. Added fan energy needs to be carefully considered so
as not to erode potential savings. The experimental testing utilized sensor-based measurements of occupancy
and weather parameters collected at the actual test homes, but commercialized systems could leverage both
weather and interior data available from internet-connected devices such as smart thermostats.
Whole building energy simulations were conducted and predict at least 5% space conditioning energy
savings across differing climates in the U.S. assuming the ventilation fan is optimized for energy savings. A
preliminary analysis was also completed for several varied European climates using a highly insulated, tight
residential building prototype with a very efficient ERV as the baseline. Analysis showed that the heating
savings were much lower after accounting for the ERV efficiency – typically 2-3%. However, cooling energy
savings remained significant – on the order of 12-36% and were potentially large in cooling-dominated climates.
8.
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ABSTRACT
In the research project 3for2 Beyond Efficiency, low-exergy distributed cooling and ventilation systems for
application in the tropics are designed and tested in a demonstrator building in Singapore. The HVAC system
designed consists of passive chilled beams for sensible cooling, fan coil units for latent cooling and dedicated
outdoor air handling systems for IAQ control. The design reduces building space requirements due to less
ventilation equipment. Optimally, this may allow building 3 floors in the conventional space of 2 with equal
occupant floor-to-ceiling heights, hence the name 3for2. In addition, it proposes to improve comfort of occupants
and increase overall building energy efficiency by a factor of two. The demonstration site is a 550 m2 test case of
the 3for2 concept in the administrative offices of United World College South East Asia (UWCSEA), an
international school in Singapore. The demonstration building was commissioned by end of 2015 and has been
running in regular operation since beginning of 2016.
This paper reports on the basic control strategy implemented and on key elements of the building control. A
simulation model representing one zone of the demonstrator building including its control is presented and
calibration results using measured data are given. In a simulation case study using the calibrated model, results
for two selected building locations (Singapore and New Orleans) were produced. The cases contain different
control strategies, different comfort settings as well as different HVAC systems including a conventional airbased only system. These cases allow assessing the benefit of advanced control, but also put it into context by
comparison to cases with different comfort requirements or HVAC systems. All cases were assessed based on
comfort and electrical energy consumption for HVAC operation.
In practical application, the implemented control strategy has been able to successfully achieve a high comfort
level in an energy efficient way. In simulations, results show that electrical energy use for HVAC varies strongly
for the different cases – for the Singapore location from 26% lower to 38% higher than base case – while for
most cases comfort settings can be achieved tightly. The simulations indicate that presence detectors and in
particular IAQ measurements allow for substantial increase in terms of energy efficiency while still maintaining
comfort settings. In hot and humid climates such as in Singapore, morning start-up dehumidification and cooling
causes a significant part of whole HVAC energy consumption. Optimized start-up cases are shown to contribute
significantly to an energy efficient operation. Both experience from demonstrator operation as well as simulation
results substantiate that control is particularly important for the investigated HVAC system since the different
subsystems for cooling, dehumidification and IAQ control have to be coordinated in order to achieve the desired
performance.

KEYWORDS
Building control, smart ventilation, energy efficiency, cooling and dehumidification
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1

INTRODUCTION

Climate change and urbanization are the two main drivers for limited space and resources in
future cities, with many of those cities situated in hot and humid climate zones. A significant
change in building design approach can help answering these challenges. The “3for2” design
concept for buildings in hot and humid climates is such an approach that reduces space needs
for HVAC systems dramatically compared to conventional approaches, while still providing
energy services in an efficient, architecturally-appealing manner (Schlueter, 2016). The three
main 3for2 design principles are (i) the decoupling of sensible and latent cooling into
independent air-conditioning systems, (ii) the decentralization of ventilation and latent
cooling equipment, and (iii) the integration of decentralized air conditioning equipment and
distribution pipe/ductwork into a building’s floor and façade structures. Key components of
the concept are the water based cooling systems (e.g. chilled ceilings) for sensible heat
removal, compact fan coil units optimized for latent heat removal and underfloor ventilation
systems (possibly with air ducts integrated in slab).
The 3for2 office space is a pilot implementation of the 3for2 concept, see (Rysanek, 2015a)
for a simulation based design study of the demonstrator system. It is part of the High School
building of United World College South East Asia's (UWCSEA) Dover campus in Singapore.
The space is located on the 3rd floor of the building and covers approximately 550m2 of that
floor; see Figure 1. Since December 2015, the space is occupied by UWCSEA’s management
staff. (Pantelic, 2017) reports on the satisfaction of occupants regarding indoor environmental
quality in the space. Four distributed, façade-integrated air handling units (AHU) supply the
13 rooms with conditioned air; each AHU consists of one dedicated outdoor air system
(DOAS) and one recirculation fan coil unit (FCU). Sensible cooling loads are removed by
passive chilled beams (PCB).

Figure 1: Demonstrator building containing the 550m2 3for2 space (left),
3for2 pantry and open office (right) (photos: Future Cities Lab)

The control of a system such as the pilot implementation is required to be robust and reliable
while achieving comfort in an energy efficient way. The investigated control follows a strict
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demand controlled approach for ventilation, cooling and dehumidification. In particular
demand controlled ventilation has been studied extensively in the past, see e.g. (Apte, 2006).
The paper presents a case study that allows assessing the control performance. The focus is on
different control cases; however – to put the results into context – also different comfort and
HVAC system cases are included. It is a simulation case study, but based on models
calibrated by measurements. A similar case study could also have been executed in the
demonstrator building, but this would have some significant limitations and drawbacks:
Sequential experiments, considerable setup effort, difficult comparison because of different
(unmeasured) disturbances in internal and external loads (e.g. occupants, equipment, weather
conditions, etc.).
2

METHODS

2.1 Modeling and Calibration
The scope of the paper is limited to modeling and simulation of one particular zone within the
3for2 space. A simplified plant scheme of the zone is shown in Figure 5. The modeled zone
has a floor area of 106 m2 and contains 1 AHU and 5 rooms that are all used as offices. The
model is implemented in MATLAB/Simulink. It is based on existing model components for
multi-zone building models (Gao, 2007) as well as models adopted from building simulation
software (TRNSYS 17, 2014). For fans and PCBs, data-driven models derived from
demonstrator building measurements were used. In simulation, the exact same control
functions as applied in the real Siemens building automation system were implemented.
Firstly, the model was validated by comparison to a model for the same zone implemented in
TRNSYS. (Rysanek, 2015b) describes the TRNSYS modeling for a similar single room 3for2
zone. Secondly, the model was calibrated using measured data from the demonstrator
building. Example building and AHU model validations are shown in Figure 2 and Figure 3
respectively. Generally, the model can reproduce measured temperatures and cooling powers
very well. For room air humidity and CO2 concentration, the model accuracy is lower. Since
the case study results shall be representative for buildings such as the 3for2 demonstrator
building (but not exactly reproduce the particular building), the model's accuracy is sufficient
for the purpose of the case study.
2.2 Base Case Control Strategy
The control strategies investigated in this paper are built from proven and robust control
elements using only measurement information that is typically available. Additional
measurements installed for research purposes only are not processed by the control strategies.
The investigated control strategies are all based on a base case strategy using different settings
and configurations. Therefore, we here describe the base case for control and report on
changes in other cases below. The base case strategy also represents closely what is
implemented in the real building since June 2016. The base case control strategy is structured
in different, largely autonomous control tasks which results in a moderate complexity control
solution. A clear separation between room temperature control, room air humidity control and
room air quality control is made. While the room temperature is controlled by the PCBs, the
humidity is controlled by the recirculation FCUs, and the air quality is controlled by the
DOAS using CO2 concentration measurements. In order to reduce the interaction between
temperature and humidity control tasks, absolute humidity instead of relative humidity is
controlled. Simplified plant and control schemes for regular base case control operation are
shown in Figure 4 (room temperature and room air dew point temperature based flow
temperature control) and Figure 5 (room air absolute humidity and CO2 concentration
control). Error handling and subsystem interactions that do not occur during normal operation
are not shown, e.g. condensation detection logic or sensible cooling support by AHU. Also,
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the figures only show control logic for active cold demand (which is always the case for
Singapore weather), but not for no thermal demand or heat demand.
Per zone, there is a schedule that defines the comfort phases, based on which the HVAC
system is operated on. After longer shut-down phases (usually during early morning hours), a
start-up sequence is triggered that involves the dehumidification and flushing out of air. This
happens in advance of a comfort phase to reach a target absolute humidity level. An optimum
start control (OSC) algorithm learns the start-up time based on previous start-up durations and
outside air absolute humidity levels. The OSC algorithm used is of a similar class as the one
described in (Garcia-Sanz, 1994), but applied to humidity instead of temperature. Similarly,
another OSC algorithm for room temperature controls the PCB start-up.

Figure 2: Building model validation example; two weeks during July 2016 for one room of the zone

Figure 3: AHU model validation example; two weeks during July 2016 for air handling unit
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2.3 Simulation Case Study Set-Up
For all cases, Meteonorm weather data for either Singapore or New Orleans was used. The
New Orleans location was selected since it has a comparable climate to Singapore during
summer, but unlike Singapore has a distinctively cooler climate during winter. Therefore, a
similar building and HVAC system – with the addition of using PCBs for moderate heating
action – is suitable for New Orleans, too. The simulated time span is March 1st till June 1st,
using internal gains based on measured presence in the 3for2 space for the same time period
in 2016. In terms of control, the base case configuration is similar to 3for2 space
implementation: During comfort phases, set points of 22.5°C for room temperature cooling,
21°C for room temperature heating, 10.5 g/kg room air absolute humidity and 800 ppm room
air CO2 concentration were used. These values correspond to the actual settings in the 3for2
demonstrator building which have been adjusted based on user feedback.
Table 1 gives an overview about the presented case study. There are cases that only feature
changed comfort settings (2-9). Some cases include a presence-based switch between precomfort and comfort settings (10, 11, 23, 24). Several cases define variations of start-up
settings (12-19) and flow tracking settings (20-22). Combinations of the most energy efficient
settings are compiled in cases 23 & 24. Cases 25-27 represent different HVAC systems or
instrumentation and are included to compare to systems without CO2 sensors, without energy
recovery or to a conventional air based only HVAC system.
Electrical energy for cold generation and distribution is derived from the cold demand using a
constant chiller plant energy efficiency rate of 5 both for PCB and AHU cold demand. In an
ideal low-exergy system, a low-lift chiller having a significantly higher energy efficiency rate
would be used for PCB cold generation for the PCBs (Seshadri, 2017). For the New Orleans
cases, heat is assumed to be produced by a heat pump with a constant heat generation
coefficient of performance of 4.
Table 1: Simulated cases (columns CO2 and Psc. indicate CO2 and presence meas. required, respectively)
Nr
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Case Description

Remark

CO2

Base case control strategy (comfort phases Mon-Fri 7am-6pm)
Extended comfort phases (comfort phases Mon-Fri 6am-7pm)
Comfort on weekends (comfort phases Mon-Sun 7am-6pm)
Comfort 24/7 (always comfort)
Wider temperature comfort range (2K wider range)
Higher CO2 comfort setpoint (200ppm higher comfort setpoint)
Higher humidity comfort setpoint (1g/kg higher comfort setpoint)
Higher temperature comfort range (1.5K higher thermal comfort setpoints)
Lower temperature comfort range (1.5K lower thermal comfort setpoints)
Presence dependent comfort (presence dependent switch to comfort)
Wider temperature pre-comfort range (2K wider range)
Startup fan speed 100%
Startup fan speed 50%
Startup fan speed 35%
Startup fan speed 20%
Heating/cooling startup with pre-comfort target
Dehumidification startup with higher humidity target setpoint
Cooling startup begin when humidity high (no OSC for room temperature)
Constant dehumidification duration (no OSC for room temp. and humidity)
DOAS flow tracking difference setpoint 0 l/s (balanced flow)
DOAS flow tracking difference setpoint 30 l/s (unbalanced flow)
DOAS flow tracking difference setpoint 50 l/s (heavily unbalanced flow)
Energy efficiency combination with equal comfort
Energy efficiency combination with lower comfort
High DOAS min fan speed (no CO2 measurements)
No energy recovery (HVAC system without energy recovery)
Conventional system (central AHU with mixed air dampers)

-

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

enhanced comfort

reduced comfort

shifted comfort
presence based comfort

varied start-up

varied flow tracking

maximum energy efficiency

Psc.

x
x

x
x

constant outside air volume
alternative HVAC systems

x
x

687 | P a g e

3

RESULTS

3.1 Singapore Location
For the Singapore location cases, total HVAC electrical energy consumption ranges from 7.0
to 13.0 kWh/m2 for the simulated three months, see Figure 6 and Table 2. The base case total
electricity consumption is 9.4 kWh/m2 which splits into 5.1 kWh/m2 cold for PCB, 2.5
kWh/m2 cold for AHU and 1.7 kWh/m2 fan energy. In terms of comfort regarding
temperature, humidity and air quality, the according set points are maintained well for all
cases. The only major exception is the violation of the CO2 setpoint in individual rooms by
the conventional system case because the system's VAV dampers are controlled to meet only
the room temperature set point. Thus, the results of this paper can focus on the energy
efficiency comparison of the cases – comfort performance is not reported here.
Start-up settings cases (12-19) mainly differ in fan energy consumption. Reducing start-up fan
speeds from the base case value of 70% to 20% decreases fan energy consumption by 27%
while cold electrical energy consumption is practically unchanged. Using PCBs to support
dehumidification during start-up (case 17) results in a performance close to the base case
performance – however, this solution provides a somewhat better comfort during start-up and
has advantages if PCB cold generation was more efficient (by using a low-lift chiller).
Results for the flow tracking cases (20-22) show large differences in AHU cold consumption.
Increasing the flow tracking set point from the base case value of 10 l/s to 50 l/s increases
AHU electrical cold consumption by 100% which by far cannot be compensated by the
decrease of fan consumption.

Figure 6: Case study results for (and sorted by) HVAC electrical energy consumption, location Singapore

3.2 New Orleans Location
For the New Orleans cases, total electrical energy consumption ranges from 2.3 to 5.7
kWh/m2 for the simulated three months, see Figure 7 and Table 2. The base case total
electricity consumption is 4.2 kWh/m2 which splits into 0.6 kWh/m2 heat for PCB, 1.7
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kWh/m2 cold for PCB, 0.7 kWh/m2 cold for AHU and 1.3 kWh/m2 fan energy. As for the
Singapore cases, all cases perform well in terms of comfort. Although the simulations were
not executed for whole years, scaled-up results for the Singapore cases come close to whole
year simulation results since the simulated weather is representative for the whole year. This
is not the case for the New Orleans cases: In the simulated spring time period, there is a
transition from heat demand to cold and dehumidification demand.

Figure 7: Case study results for (and sorted by) HVAC electrical energy consumption, location New Orleans

Table 2: Simulation results energy consumption in [kWh/m2]
Singapore
Nr

PCB cold

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

5.1
5.3
5.6
6.0
4.5
5.2
5.2
4.2
6.1
4.8
4.6
5.1
5.2
5.2
5.2
5.0
5.1
5.1
5.1
5.2
5.0
4.9
4.8
4.3
5.0
4.8
0.0

AHU cold
2.5
2.7
3.1
4.5
2.4
2.1
2.2
2.2
2.9
2.6
2.6
2.6
2.5
2.4
2.4
2.6
2.5
2.5
2.7
2.3
3.5
4.3
2.5
1.9
3.2
5.0
10.1

New Orleans

Fans

Total
1.7
1.7
1.9
1.7
1.7
1.0
1.6
1.6
2.0
1.8
1.8
2.5
1.5
1.3
1.3
1.8
1.8
1.7
2.0
1.8
1.4
1.2
1.6
0.7
3.4
1.9
2.9

9.4
9.7
10.7
12.1
8.5
8.3
9.0
8.0
11.0
9.2
9.0
10.2
9.1
8.9
8.9
9.4
9.5
9.4
9.8
9.4
9.9
10.4
8.9
7.0
11.6
11.7
13.0

PCB heat

PCB cold

0.6
0.6
0.7
1.0
0.4
0.6
0.6
0.9
0.4
0.5
0.4
0.6
0.6
0.6
0.6
0.5
0.6
0.6
0.6
0.6
0.6
0.6
0.5
0.3
0.6
0.6
n.a.

1.7
1.7
1.8
1.8
1.2
1.7
1.7
1.1
2.3
1.5
1.5
1.7
1.7
1.7
1.7
1.6
1.7
1.7
1.6
1.7
1.6
1.6
1.5
1.2
1.6
1.6
n.a.

AHU cold
0.7
0.7
0.8
1.2
0.6
0.6
0.4
0.5
0.9
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.8
0.6
0.9
1.0
0.7
0.5
0.9
1.2
n.a.

Fans

Total
1.3
1.3
1.4
1.7
1.3
0.5
1.2
1.2
1.3
1.3
1.3
1.3
1.2
1.2
1.2
1.3
1.3
1.3
1.9
1.4
1.0
0.8
1.3
0.4
2.9
1.3
n.a.

4.2
4.3
4.7
5.7
3.4
3.3
4.0
3.7
4.9
4.0
3.9
4.3
4.2
4.1
4.1
4.1
4.2
4.2
4.9
4.3
4.0
4.0
3.9
2.3
5.9
4.6
n.a.
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Results for start-up settings cases (12-19) show fewer differences than for the Singapore
location because cooling/dehumidification demand during start-up is much lower (for the
simulated time period). Still, reduced start-up fan speeds lower HVAC electrical energy
consumption. Flow tracking cases (20-22) results deviate from the Singapore cases: higher
flow tracking set points lower total HVAC electrical energy consumption. Cold energy still
increases with higher set points, but the lower fan energy consumption does lead to an overall
lower consumption.
3.3 Automatic Optimization of Start-up Settings
Instead of manually specifying start-up settings (in particular fan speeds), an automatic
optimization can be implemented, provided the necessary measurements are available. For the
3for2 system, such an optimization was tried out using data-driven models for the
dehumidification performance of the ventilation system, for the fan curves as well as for the
humidity load by outside air infiltration. These three models are then used to determine the
optimal fan speed at every point in time within the start-up while the duration of the start-up
phase is still learned by a classical OSC function.
CONCLUSIONS
Low-exergy building cooling and ventilation systems are uncommon but promising for
applications in hot and humid climates. The paper presents a small-scale simulation case
study of such a system using a model of the 3for2 system installed at UWCSEA in Singapore.
The authors would like to underscore the importance and practical relevance of the results
presented in this paper for the following reasons: (i) the model was calibrated with data
collected by the Building Management System (BMS) of the very well instrumented
demonstrator building, and (ii) the control functionalities used in the simulations are identical
to the ones in the commercial building automation system that was implemented in the
demonstrator building.
The results show that demand controlled ventilation (despite relatively low volumetric flow
needed by the 3for2 system) based on CO2 concentration, absolute humidity and presence
detection are important factors which contribute favorably towards the overall energy
efficiency of the system. For the Singapore location, demand controlled ventilation based on
CO2 concentration and based on presence detection leads to a 23% and 4.4% reduction,
respectively, in total HVAC electrical energy consumption. The results strongly justify the
installation of the CO2 sensors and presence detectors. Further advantages of such
installations are less noise and maintenance costs due to lower fan speeds, and increased
comfort energy efficiency when combined with automatic light control.
For similar installation and comparable comfort, the control settings account for a difference
of around 10% in total HVAC electrical energy use within the investigated cases. More
specifically, the results show that start-up and flow-tracking control settings have a significant
impact on energy use. Low airflow settings during start-up may extend the start-up duration,
but allow for significant savings in fan energy. Start-up operation can be optimized
automatically by data-driven model based calculations if the required measurements are
available. Unbalanced DOAS fresh air and exhaust air flow lowers the heat recovery potential
which can lead to additional total HVAC electrical energy use of more than 10% for the
Singapore cases. This shows the importance of a closed-loop controlled flow tracking which
compensates for unbalanced flow due to under-maintained air filters or closed dampers. Most
control related results can be transferred to central cooling and ventilation systems as well as
conventional air-based only HVAC systems for which in particular the start-up optimization
is promising.
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The investigated control strategies still have room for energy efficiency improvement, mainly
by further reducing operation whenever there is no occupancy. Such a strategy is studied in
(Peng, 2018) and can be combined with the strategies described in this paper. Furthermore,
control strategies that adapt the operation to individual comfort requirements ideally lead to
higher productivity of the building users, but might also lower energy efficiency. Again, such
strategies can complement the presented strategies.
4
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ABSTRACT
By the end of 2020 all newly constructed buildings have to be nearly zero energy buildings (nZEB). In school and
office buildings the ventilation system has a large contribution to the total energy use. A smart control strategy
that adjusts the operation of the ventilation to the actual demand can significantly reduce this energy use.
Consequently, control systems are becoming an important part of the ventilation system in these nZEB buildings.
To make an accurate prediction of the operation and energy consumption, building energy simulation (BES)
programs need to include detailed control strategies. In most simulation programs the dynamics of the HVAC
systems are difficult to implement since idealized controllers are used in the component model. The aim of this
paper is to study the implementation of control strategies in different BES environments and to identify the effect
of control of the ventilation system on the energy use and indoor climate (i.e. temperature and CO2).
For this research, an all air ventilation system in an existing university building is studied. The building consists
of two lecture rooms, each with a capacity of 80 students. Balanced mechanical ventilation is provided with a total
supply airflow of 4400 m³/h. The airflow rate is controlled by VAV boxes based on measurements of CO2concentration and temperature in each lecture room. In this building, a building monitoring system (BMS) logs
the data for all the parameters, e.g. room temperature, air flow, CO2 and energy use, on a one-minute time interval.
Furthermore, global horizontal solar radiation and outdoor temperature data from the weather station on the
existing building is used as input data.
The BES model is set up in Modelica. The results of the simulation model is compared to an already calibrated
model created with Designbuilder/EnergyPlus and measurement data. The implementation of the control strategy
in both Modelica and EnergyPlus is compared to show the differences and possible limitations. This comparison
shows that both Modelica and EnergyPlus enable the functionality to implement a smart control strategy for
ventilation systems commonly found in commercial buildings. The results show that the IEQ and indoor
temperature could be controlled as measured in the case study building. However, Modelica is a useful simulation
tool to include a more complex control for HVAC systems compared to EnergyPlus. In contrast, EnergyPlus does
not include detailed control for P, PI and PID control. In order to simulate these effects the BES tool needs to
include the dynamics for these components. Since the impact of control in nZEB buildings on the total energy
consumption is more significant. Modelica is a good option to include a more complex control for HVAC systems
compared to EnergyPlus, since it allows to control the dynamics of the dampers and valves. However, EnergyPlus
is still a useful and powerful and accurate BES software to calculate energy consumption.

KEYWORDS
Building energy simulation, ventilation, indoor air quality, control strategies, commercial buildings

1 INTRODUCTION
By the end of 2020 all newly constructed buildings have to be nearly zero energy buildings
(nZEB) according to the new EPBD 2016 regulations. The energy needed for operation of
ventilation systems in office and educational buildings is estimated to be 10-50% of the total
energy consumption in buildings (EnBau 2010). A smart control strategy that adjusts the
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operation of the ventilation to the actual demand can significantly reduce this energy use.
Measurements have shown the actual performance of demand controlled ventilation (DCV) in
buildings (Merema et al. 2018). Consequently, control systems are becoming an important part
of the ventilation system in these nZEB buildings. To make an accurate prediction of the
operation of the building and its systems, building energy simulation (BES) programs need to
include detailed control strategies. In most BES programs the dynamics, opening time for
dampers and valves, of the HVAC systems are difficult to implement (e.g. VAV damper
controlling both CO2 and temperature) since idealized controllers are used in the component
model (Wetter 2009).
A simulation tool that enables the ability to include more detailed control of systems is
Modelica. Modelica is an object oriented equation based language allowing simpler schematic
modelling and generating code for both simulation and optimization (Wetter, Bonvini, and
Nouidui 2016). Open source libraries have been developed to include components inside
Modelica for modelling buildings and HVAC systems. One of the available libraries is IDEAS,
integrating both building envelope and HVAC systems as well as electric system simulations
(Baetens et al. 2012, 2015). Recently the focus of the development of IDEAS is on detailed
simulations at the building level since building systems have become more complex. (Jorissen,
Reynders, et al. 2018) demonstrates that the accuracy of a BES model created in Modelica using
the IDEAS library is comparable to EnergyPlus models based on BESTEST series 600 and 900
regarding results for heating and cooling loads. A second library that is developed is the
Buildings library (Wetter et al. 2014). This library offers the ability to implement component
and system models for building energy and control systems inside Modelica.
Furhtermore, most BES tools is that pressure drops in airflow networks are neglected or
modelled as a function of the mass flow rate. In most cases the air flow rate is used as an input
for HVAC components. Modelica includes pressure-driven airflow networks. To construct
these networks in Modelica in a fast and efficient manner a comprehensive overview is given
by Jorissen, Wetter, and Helsen (2018), presenting solutions to reduce the number of equations
in Modelica. In addition, developments have been made to reduce the computation time for
Modelica models by simplifying equations resulting in a simulation time 500 times faster than
the real time (Jorissen, Wetter, and Helsen 2015).
The aim of this paper is (1) to study the possibilities for implementation of control strategies in
both Modelica and EnergyPlus/Designbuilder, and (2) to identify the effect of control for the
ventilation system on the energy use and indoor climate. The outline of this paper is as follows,
first the case study is presented and the used approach is given. Following is the approach of
implementing the ventilation system in both Modelica and EnergyPlus with the accompanying
results. Afterwards, the effect on the indoor environmental quality (IEQ) and energy
consumption is shown. Finally, a conclusion is presented for the study.
2

METHOD

2.1 Case study Test lecture rooms KU Leuven
For this research, an existing university building is modelled. Figure 1 shows the outside and
inside view of the test lecture rooms located at the Technology Campus Ghent of KU Leuven
in Ghent (Belgium). In this case study, the building contains two large lecture rooms with 140
m2 floor area and a maximum occupancy of 80 students each. The building is built in 2014
according to the Passive House standard and the design of the building and systems is described
by (Breesch et al. 2016).
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Figure 1; Left) Outside view of the test building, Right) lecture room used for measurements

Balanced mechanical ventilation is provided with a total airflow supply of 4400 m³/h for two
lecture rooms. Fresh air is supplied by air diffusers (displacement ventilation) in each corner of
the room, as indicated in Figure 2. The air handling unit (AHU) regulates the VAV dampers by
sending a request signal to control the airflow based on CO2 concentrations and operative
temperature in the lecture room. Each room is a single zone with a supply and return VAV. Set
point for CO2 and indoor temperature (heating) are set at respectively 1000 ppm and 22°C.
During weekdays the AHU is switched on at 7:30 and switched off at 17:30h.

Figure 2; Left) Floor plan of the studied lecture room on the first floor, blue is supply air and red extraction air,
Right) cross section of the building

For heating purposes, the air is preheated by air-to-air heat recovery, i.e. two cross flow plate
heat exchangers connected in series with an efficiency of 78% according to EN 308 (1997).
Additionally, a heating coil of 7.9 kW is integrated in the supply ducts of each lecture room. A
modular bypass is included.
The building includes an extensive building monitoring system (BMS). A set of sensors has
been installed to monitor indoor and outdoor conditions. On the roof of the building a weather
station is present that monitors the main outdoor parameters: global horizontal solar radiation,
the outdoor temperature, relative humidity and the wind speed and direction. For the indoor
conditions, the indoor temperature, the CO2 concentration and the indoor humidity are
continuously monitored. The occupancy of the lecture room is measured by using counting
cameras which were installed in the lecture room.
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2.2 Monitoring data
For calibrating the simulation model, one minute measurement data for the period of 18-29 of
April 2016 is used. The outdoor temperature during the measurement period as shown in Figure
3 was minimum 2°C and maximum 20°C. The outdoor CO2 concentration, which was not
measured, is set at a constant value of 450 ppm. The occupancy profile from 18-22 of April is
shown in Figure 3. In this week, the lecture room is used for approximately 30 hours. The
maximum number of people present was 50 and a minimum of 12 during the measurement
period.
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Figure 3; Outdoor weather conditions (above) and occupancy (below) during measurement period 18-29 April
2016

2.3 Simulation model
The simulation model of the case study building is set up in Modelica using the open source
libraries of IDEAS and Buildings. The model created with EnergyPlus/ Designbuilder has
already been validated see (Merema et al., 2017). The performance of both simulation models
is compared to the actual measurement data. The implementation of the control strategy in both
Modelica and EnergyPlus will be compared and possible limitations are denoted. Furthermore,
the effect of the used control strategy on the energy use of fans and heating coil and the indoor
climate is studied. In both models the output time for the results is set to 1 minute. Simulation
time in EnergyPlus is set to 1 minute while Modelica is a continuous simulation.
For each part of the simulation model the two approaches used in Modelica and EnergyPlus are
presented. Both results obtained in Modelica as EnergyPlus will be compared for the ventilation
network, VAV control model, CO2 control model and fan control.
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3

RESULTS

3.1 Ventilation network
The ventilation network is the complete ventilation system that connects the outside air to the
simulated zone. The network consist of the following components: fans, heat exchanger with
bypass, VAVs and ducts. The ventilation loop in Modelica connects the outside air volume with
the building zone. Modelica offers the ability to include the pressure drop at nominal air flow
rate for the air loop caused by the components present in the loop (e.g. ducts and VAVs). In
addition, for the fan the total pressure rise is included at the different air flow rates. In
EnergyPlus/Designbuilder the air loop connects the AHU to the VAV integrated in a building
zone. In EnergyPlus only the air flow rate is given for the air loop, the pressure drop for the
ventilation network is not needed for the input of the simulation.
3.2 VAV control model
In Modelica the damper position of the VAV is controlled by a PI controller, one based on
temperature and based on CO2-concentration. The integration time and the gain factor for the
PI control are respectively 120 seconds and 0.1. The actual position of the VAV damper is the
maximum output value of the two PI controllers. In addition, a deadband of 1°C on the heating
set point of 22°C is included to avoid oscillating of the damper. The reheat coil integrated with
the VAV is controlled by the measured room temperature (operative temperature). The supply
temperature will be increased to the maximum when the zone temperature is below the heating
set point.

25
24
23
22
21
20
19
18
17
16
15

50
46
42
38
34
30
26
22
18
14
10
6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Supply Temperature (°C)

Temperature zone (°C)

In EnergyPlus/Designbuilder, the air flow rate and thus the damper position will change to the
maximum air flow when the zone air temperature is below the set point according to the single
maximum control logic. This results in a proportional control of the air flow rate, however the
integration time or gain factor for the proportional control is fixed. To include a deadband
control for the heating set point the Energy Management Script (EMS) within EnergyPlus has
to be used to allow the deadband operating. For CO2 control in EnergyPlus a fixed set point is
used. This set point is used by the controller to control the air flow rate proportional to the
exceeding percentage of the set point using the EnergyPlus IAQ procedure.

E+ Zone temperature

Time (h:min)
Modelica zone temperature

Measurements Zone temperature

E+ Supply temperature

Modelica Supply temperature

Measurements Supply temperature

Figure 4; Zone temperature and supply temperature for both Modelica and EnergyPlus

Figure 4 illustrates the zone and supply temperature in both Modelica, EnergyPlus and the
measurements for the 18th and 19th of April 2016. For these two days the lecture room is in use
from 8:30-12:30 and 13:30-16:30h. During start-up of the AHU it is shown that heating is
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demanded in the zone since the zone temperature is approximately 19,5°C, resulting in an
increase of the supply temperature around 08:00h. Afterwards the supply temperature decreases
to approximately 17°C as a result of high internal heat gains from occupants. It is clearly visible
that in Modelica the supply temperature is more gradually increasing and decreasing compared
to EnergyPlus as a result of the opening times for dampers and valves used for controlling the
heating and air flow.
3.3 CO2 (control) model
To include the CO2-concentration inside the air model a substance flow source is used linked
with an occupancy scheme to simulate the effect of CO2 production by persons. The CO2 flow
is connected to the fluid inlet of the zone where the CO2 is mixed with the zone air. At the fluid
outlet a CO2 sensor is connected to monitor the CO2 values inside the building zone. CO2
production per person is set at 0,38 l /min. The CO2-concentration measured at the outlet of the
zone is connected to the VAV controller. For the outside air a constant CO2 concentration is
assumed of 450 ppm. In EnergyPlus the CO2 generation by persons is included in the internal
gains section by specifying a rate per m3/s*W. The value here is set at 5.77*10-8 m3/s*W which
corresponds to 0,38 l/min. Furthermore, in both simulation programs the outdoor concentration
is set to 450 ppm.
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Figure 5 reveals the CO2-concentrations and air flow inside the zone for EnergyPlus and
Modelica. The concentrations are comparable over time, this is affected by the same CO2
setpoint and the comparable properties for CO2 generation and outdoor concentration.
However, if the related air flow to the CO2-concentration is compared it is shown that in
EnergyPlus 40% less air flow is required to obtain a similar CO2-concentration as in Modelica.
This shows that EnergyPlus underestimates the CO2-concentration produced by occupants
compared to Modelica while the input is the same.
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Figure 5; CO2-concentration in the zone for EnergyPlus and Modelica

3.4 Fan control
Fan control is based on a constant pressure set point inside the duct in Modelica. The constant
pressure is influenced by the damper position for the VAV, pressure losses for the complete air
loop and the air flow forced through the fan. Furthermore, dynamics of the fan can be included
in Modelica. In EnergyPlus the fan is controlled based on the needed outdoor air flow required
for the heating demand or to reduce the CO2-concentration. This results in a good controllable
ventilation system with variable air flow rates. For DCV here the maximum and minimum air
flow rate are specified. Contrary to Modelica, in EnergyPlus the fans cannot be controlled based
on a constant pressure set point inside the ducts. Both programs allow to give a fan power curve
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in order to calculate the required fan power at the varying airflow rate or to use a fan pressure
rise curve in order to calculate the fan power consumption.
3.5 Effect on airflow
Figure 6 depicts the air flow for both EnergyPlus and Modelica. The air flow during startup of
the AHU is increased caused by a heating demand in the zone. After the zone temperature
setpoint is met the air flow rate decreases to a minimum air flow rate until the CO2 setpoint is
exceeded. The air flow in EnergyPlus is lower during the operation time of the AHU compared
to Modelica. EnergyPlus determines the air flow needed in the zone during occupancy based
on the product of the number of people and the required outdoor air per person (ASHRAE
Standard 62.1, 2007). In addition it is shown that the second and third peak in air flow during
both days is earlier in the EnergyPlus simulation compared to Modelica. This is an effect by the
method how EnergyPlus determines the required air flow per zone as mentioned before.
Furthermore, it is noticed that in Modelica the air flow rate is gradually increasing and
decreasing over time while in EnergyPlus the air flow changes in steps according to the time
step used.
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Figure 6; Supply air flow to the zone in both EnergyPlus and Modelica

3.6 Effect on indoor environmental quality
Figure 7, illustrates the room temperature, the supply air temperature, air flow and CO2concentration for Modelica, EnergyPlus and the measurement results respectively. The figure
indicates that the air flow in Modelica and the actual measurements is gradually
increasing/decreasing while in EnergyPlus the air flow changes faster, the change from
minimum to maximum airflow occurs over one timestep (one minute) in EnergyPlus.
In general Figure 7 shows that CO2-concentration can be maintained below the CO2 setpoint by
increasing the airflow rate. For example the CO2 setpoint of 1000 ppm is exceeded during the
first day at 9:00h the air flow rate is increased. Furthermore it is noticed that for the EnergyPlus
resuts the air flow is 1250 m3/h on the first day to maintain a CO2 of approximately 1000 ppm
while for both Modelica and the real measurements the airflow is nearly 2000 m3/h. This
indicates that EnergyPlus is underestimating the CO2-concentration.
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Figure 7; Above) Modelica operation AHU, middle) EnergyPlus operation AHU, below) Measurement data of
the lecture room on the 2nd floor from 18 -29 April 2016

3.7 Effect on energy consumption
The annual energy consumption is shown in Figure 8 and is based on simulations in the
validated EnergyPlus model. Compared to an CAV system, the savings by implementing DCV
are 46% for heating energy and 42% for the fan power consumption during the measurement
period. In addition, it is noticed in the measurement results that further optimization of the
control can reduce the fan energy consumption even more when observing the CO2concentration after the air flow rate is increased. When allowing more proportional control, as
in both the simulation results is illustrated in Figure 7, for the air flow rate reductions on heating
energy and fan power consumption are respectively 57% and 66%.
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Figure 8; Annual energy consumption based on simulation in EnergyPlus for both CAV and DCV

4 DISCUSSION
Both Modelica and EnergyPlus enable the functionality to implement a smart control strategy
for ventilation systems commonly found in commercial buildings. The results show that the
IAQ and indoor temperature could be controlled as in the case study building. The energy
consumption could be decreased implementing a DCV system that reduced the energy
consumption. However, some differences can be noticed between the two simulation
environments. It was noticed that CO2 simulations are underestimated in EnergyPlus compared
to Modelica and the measurement results while the same boundary conditions were used.
The study demonstrates that Modelica is able to implement more complex control strategies. In
contrast, EnergyPlus does not include detailed control for P, PI and PID control. For example,
the airflow in EnergyPlus can be controlled proportional, however the integration time or the
gain factor cannot be used as an input. Therefore, the opening time of dampers cannot be
controlled. In Modelica the gain factor and the integration time can be set hereby the control
strategy can be implemented with more detail compared to EnergyPlus. This enables Modelica
to have more control for each specific HVAC component compared to EnergyPlus and to
simulate the specific dynamics for each component of the complete HVAC system. In addition,
the smallest timestep in EnergyPlus is 1 minute. This limits EnergyPlus to incorporate fast
dynamics. Furthermore, detailed pressure modelling for ventilation networks is not included in
EnergyPlus. Modelica enables the possibility to simulate the ventilation network more
accurately and thus allows more control regarding pressures in ventilation networks.
Designbuilder/EnergyPlus allows to create a detailed geometry of the building using a 3D
modeller. For each construction element the corresponding x,y and z coordinate is entered. In
Modelica for each construction element only the area or volume is entered combined with the
azimuth and the inclination. This means that for windows in Modelica the total area is used
while in EnergyPlus every window is modelled at a given position in the wall. This allows
EnergyPlus to have more detailed results for the solar heat gains through windows compared
to Modelica. Deadband control for the heating setpoint is easier to implement in Modelica
compared to EnergyPlus. In Energyplus a fixed heating setpoint is used for the heating coil and
an EMS script has to be used to include a deadband. With the more detailed control options
available in Modelica the system operation can be simulated in better detail compared to
EnergyPlus. For EnergyPlus some good user interfaces are available like Designbuilder and
OpenStudio which makes the accessibility of the program easier for new users. However,
Modelica made progress in the last few years with the release of easy accessible libraries like
IDEAS and Buildings that are well documented. Postprocessing of the results in Modelica has
to be done with either Matlab or Python (results are stored in a .mat file) while for EnergyPlus
some good result viewers can be used.
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5 CONCLUSION
With the future requirements for building energy consumption, the effect of control of HVAC
systems on the energy consumption is increasing. In order to simulate these effects the BES
tool needs to include the dynamics for these components. Since the impact of control in nZEB
buildings on the total energy consumption is more significant. Modelica is a useful simulation
tool to include a more complex control for HVAC systems compared to EnergyPlus. With the
recent developments in Modelica and the availability of open source libraries, BES models can
be easily constructed. Furthermore, since Modelica is an open source structure new components
can be implemented in an easy way and can be exchanged by the users. However, EnergyPlus
is still a useful and powerful and accurate BES software to calculate energy consumptions in
an early design phase. Models can be quickly created using Designbuilder and results for energy
predictions are accurate.
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ABSTRACT
The recent development of affordable and quite accurate temperature sensors and Indoor Air Quality (IAQ) sensors
has led to a growing interest in continuous indoor climate monitoring. Not just amongst scientists and engineers
but also amongst building owners, developers and e.g. architects interested in boosting our buildings’ health and
comfort qualities.
The introduction of advanced Indoor Environmental Quality (IEQ) sensor networks would allow us to better
analyse the performance of ventilation systems both in new and existing buildings. However, to successfully
deploy IEQ sensor networks in buildings one needs more than just accurate sensors. More important is to develop
an overall view on what to measure, where, how, how often, etcetera. Apart from that, a general methodology has
to be developed that allows to analyse and present the enormous amount of IEQ data that will be gathered in a way
that building users and decision makers can relate to.
This position paper addresses a couple of rather fundamental questions that need to be answered to assure the
successful introduction of IEQ sensor networks at a larger scale. The paper presents a first attempt to answer these
questions, based upon a review of the literature and the authors’ experience with several kinds of IEQ sensor
networks. Recommendation are illustrated with practical examples from some ongoing pilot projects. Some
relevant standards and platforms that have been developed lately are described.
The results presented in this paper can be used to further develop IEQ sensor networks both for more academic
and more practical purposes, e.g. the application of sensor networks in the context of PPP/DBFMO contracts.

KEYWORDS
Indoor air quality, IAQ, thermal comfort, internet of things, IOT, system performance verification

1

INTRODUCTION

This position paper discusses the current state of the art regarding online sensor networks for
IEQ or indoor climate monitoring. What does it take to set up such a network, how to
overcome generic problems and which issues are still to be addressed?
In recent years, air quality sensor technology has improved considerably, resulting in smaller
sensors that are more reliable, accurate and affordable. Multiple manufacturers for instance
offer electronic PM2.5 fine particle sensors the size of a matchbox, or even smaller, of
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professional quality. Meanwhile, internet of things (IOT) technology has taken off. For IAQ
practice this opens a whole new range of possibilities, as ad hoc sensor networks can be built
from wireless IEQ monitor devices without much hassle. Today it is possible to monitor the
indoor environmental quality of multiple rooms in multiple buildings in real time, from
behind the desk, using online monitoring platform that receive test data from the sensor
devices, updated every second if you wish. For more background information see e.g. Guyot
et al. (2017).
The growing awareness of poor air quality, especially fine particle, as a health threat boosts
the call for such monitoring networks. Mainstream electronics manufacturers offer consumer
grade devices at rather affordable prices, apparently recognising a market for personal air
monitoring.
On a professional level, building performance labelling programmes such as WELL require
indoor air quality monitoring (IWBI, 2018). Initiated in China, RESET offers a framework for
IAQ monitoring that includes standardised practice, technical quality standards for the test
equipment, as well as the RESET Accredited Professional training and accreditation
programme. There are currently six types of RESET certified monitoring devices from
diverse manufacturers and over 130 RESET accredited professionals worldwide (RESET,
2018).
Any practitioner who intends to set up an online sensor network will be confronted by a
number of issues, each of which has to be solved. This paper discusses a number of these
considerations (questions), especially the more generic ones. Some of them stem from our
own experience, others are the result of a workshop held at the Windsor Conference 2018
(NCEUB, 2018).
2
1.

CONSIDERATIONS
How to explain to decision makers the added value of measuring with a sensor
network compared to old school, short term, handheld measurements?

Monitors are critical for developing recognition of an indoor air quality (IAQ) problem, which
then drives improvement. Traditionally, facility managers or building owners had to
commission long and in-depth audits with handheld particle counters to determine whether
there is a problem. However, today, continuous monitoring of IEQ allows us to quickly,
inexpensively, and meaningfully depict the health performance of a space.
There is a growing recognition that monitoring is critical to validate performance. In China,
the phrase “PM2.5” was the fourth most searched term on the internet (per Baidu.com) in
2015. With the easy availability of inexpensive consumer grade monitors (as low as US$40),
it is easy and natural for employees and tenants to test out their homes and offices. If they
discover problems, they will usually share the information on social media or else challenge
their managers, facility managers, or operations teams. This can either be a PR nightmare or a
marketing, selling or recruitment opportunity.
Monitoring data enables self-auditing and green building certification, such as BREEAM,
LEED and WELL. Most sophisticated clients want to show the Return on Investments (ROI)
on projects to justify their investment. They may also want to keep their building or office
space performing at a high level over time. The addition of furnishings, increase of headcount
density, maintenance, outdoor air infiltration and occupant activity all are actors that impact
air quality after commissioning. An unnoticed side effect of air quality monitoring is a mind

703 | P a g e

shift in involving the facility manager and operations team in the “care and feeding” of their
indoor environment, because they have a feedback loop now which allows them - and other
stakeholders - to view cause and effect.
Furthermore, monitoring enables climate system automation. Data informed operation of
ventilation, heating and cooling devices can be a very effective way to improve overall
building and building system performance.
2.

What IAQ and thermal parameters to measure with the sensor network?

For moderate environments (as in most European locations), we consider particulate matter
(PM2.5), carbon dioxide CO2) and temperature the most important parameters to be
monitored indoors. Some monitors include a Total Volatile Organic Compound (TVOC)
sensor as well, however our experience is that indoor levels usually stay below detection
levels of these sensors. They may be nice to have in specific situations, where more
significant levels are expected.
PM2.5 sensors should be able to provide particle count, not just mass concentration.
Therefore, optical particle counter (OPC) sensors are required with a minimum measurement
range of 0-300µg/m³. Critical considerations include: humidity compensation, stability,
repeatability and accuracy over the ranges likely to be encountered.
CO2 sensors should also be of the optical (NDIR) type, with a measuring range of at least 02000ppm. Select sensors that have auto-zeroing features and that can be field replaceable.
Temperature sensors can be thermocouples, Resistive Temperature Devices (RTD’s) or
silicon diodes, with a temperature range up to 50°C. Though measuring temperatures seem
straightforward, we find many sensors to be inaccurate, with an offset up to 2K, in off the
shelve devices. This may be caused by heat production from other components within the
devices, e.g. the driving fans of the air quality sensors.
3.

What limit values to use and how to present measurement outcomes graphically so
that e.g. building users understand how (un)healthy/(un)comfortable their indoor
climate is?

The World Health Organization and e.g. the European commission offers limit values for air
quality. See WHO (2010) and EC (2017). However, more appropriate values may apply for a
specific country, trade or organisation. Furthermore, Occupational Health & Safety standards
may have appropriate guidelines for work situations. RESET (RESET, 2018) also has defined
specific threshold levels, especially for indoor air quality parameters, see Table 1.
Please note that the RESET standard originally was developed in China, for some aspects
(e.g. PM 2.5) one might want to use more strict requirements when evaluating data from
sensor networks of for example European or North-American buildings. Also, some might
argue that instead of absolute limit values (concentrations) as threshold limits one instead
should evaluate measurement results (esp. air quality) in terms of maximum allowable
Indoor-Outdoor (I/O) ratio’s (measured indoor concentration divided by momentary outdoor
concentration).
When presenting the monitoring results, serious health threads should be distinguished from
results that may seem alarming at first sight, such as incidental exceedance of a threshold
value that was meant as a limit value for long term exposure. You want the building
occupants to panic only for real hazards.
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Table 1: Possible threshold limits (source: RESET, 2018)
IAQ parameter

Target level
Acceptable

High performance

Particulate Matter (PM 2.5)

< 35 µg/m3

< 12 µg/m3

Total Volatile Organic Compounds (TVOC)

< 500 µg/m3

< 400 µg/m3

Carbon Dioxide (CO2)

< 1000 ppm

< 600 ppm

Carbon Monoxide (CO)

< 9 ppm

-

Formaldehyde (HCOH)

-**

-**

* CO sensors are only required in spaces with combustion appliances ** no requirements defined yet

Representation of (continuous) measurement outcomes (e.g. via a dedicated IEQ platform)
normally benefits from intelligent colour coding. That e.g. uses the colour green to indicate
non-harmful pollutant levels, red to indicate harmful pollutant levels and orange or yellow
when exposure levels are in between the two.
4.

Is it only necessary to measure air quality and temperature at several locations
indoors, or also outdoor air quality and temperature?

Some areas offer publicly accessible data from sophisticated outdoor measurement stations.
This may be an excellent source of outdoor data, e.g. for local PM2.5 concentrations. Often
however, outdoor stations don’t measure what one needs (e.g. only PM 10 and not PM 2.5).
Also, sometime outdoor stations are simply located too far away from the building that is
under investigation (more than 10 KM or so). And when a building is located very close to
e.g. a severely polluting source like a factory of a busy road local exposure is different
anyhow from what the nearby outdoor station of the city or county is measuring.
Therefore, often it does make sense to include an outside air quality and outside temperature
sensor when setting up an IEQ sensor network in a building. In that case one can decide to
position the outdoor sensors on the roof or so (covered from rain and shielded from direct
sunlight), or one places it in the HVAC air inlet.
One considerable advantage of also measuring outdoor levels with the same devices is that
one can very accurately calculate the so called Indoor-Outdoor (I/O) ratio for all indoor air
quality parameters involved.
5.

How to select the sensors? Taking into account aspects like measurement range,
accuracy and self-calibration.

Sensors must be fit for purpose. Most sensors need periodical calibration, e.g. once a year,
whereas other sensors use disposable heads that are periodically replaced. There are numerous
devices on the market and it may be hard to choose the right one (best value for money).
Which one is the best in a specific situation of course also depends on the accuracy that is
needed and e.g. the budget. RESET (see RESET, 2018) has tested and approved a limited
number of sensor devices that are considered accurate enough / of B-grade (professional,
however not lab-grade) quality.
One important other issue when selecting sensor is measurement range. In Table 2
recommended measurement range is described for sensors meant for non-industrial, indoor
use.
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Table 2: Selection parameters (source: Cheng, 2017)
IAQ parameter

Common sensor
technology used

Recommended
measurement
range (Grade B)

Selection notes

Particulate Matter
(PM)

Optical particle counters
(OPC)

0–300 µg/m³

Sensors should be able to
provide particle count, not just
mass concentration. Critical
considerations: humidity
compensation, stability,
repeatability, long term
accuracy. Measurement of PM
2.5 or PM 1 has advantage over
measurement of e.g. PM 10 as
the smaller particles are the
ones relevant from a health
point of view.

Carbon Dioxide
(CO2)

NDIRs

0–2000 ppm

CO2 is an indicator of the
amount of bio-effluents in the
air and allows one to assess the
“quality” of the ventilation
system. This is possibly the
most important IAQ parameter.
Select sensors that have autozeroing features and that can be
field-replaceable.

Total Volatile
Organic Compounds
(TVOC)

Metal Oxide Sensors
(MOS); Photo-ionization
Detectors (PID)

0.15–2.00 mg/m³

Both MOS and PID sensors are
indicative only and used mainly
to show relative change. They
will not usually match lab
testing. High chemical levels
will also require recalibration.

Temperature

Thermocouples; Resistive
Temperature Devices
(RTDs); Silicon diodes

0–50 °C

Many generation monitors
suffer from inaccuracy due to
heat generated from nearby
components on same PCB.

Relative Humidity

Capacitive

20–90%

Generally, field-replaceable,
important to measure due to
impact of humidity on
measurements of other
parameters (e.g. PM).

Formaldehyde

Colormetric,
electrochemical; chemical

0.03–0.3 mg/m³

Currently, there are no real-time
technologies known to the
authors that reliably match
RESET grade B requirements.

6.

How many sensors should one use? And where should one place the sensors?

Everybody understands that it does not make sense to install one sensor in a building that has
e.g. 1000 building occupants but how does one decide to how many sensors to use as part of
an IEQ sensor network. Sensors and sensor boxes are becoming more and more affordable
therefore the deployment of a substantial amount becomes more feasible over time. On the
other hand: one can overdo it too. For example: applying a sensor (box) in all spaces of a
building generally speaking is not (cost) effective.
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As a general rule one sensor per 500 m2 of occupied floor space seems to be adequate (this is
in line with the RESET requirements, see RESET, 2018). Plus at least on sensor per room
type (e.g. office room vs meeting room vs laboratory space).
Also one has to decide about the location / position of the sensors. Ideally is a location as
close to where people are sitting, standing or lying most of the time. In an office building for
example this implies that sensors are placed on people’s desks, if possible at breathing zone
height (1 to 1,20 m above floor level). If this is not possible second best is a location on a
nearby wall (e.g. next to a wall thermostat). Third best would be a position under the ceiling.
Above (false) ceiling positions or e.g. placement inside ventilation ducts should be avoided as
this will lead to inadequate estimates of building occupant exposure.
7.

What connectivity solution to select?

Generally speaking, sensor devices are available with WIFI, ethernet or serial connections for
data communication. These may be fine for permanent installations. However, in nonpermanent situations where an external party sets up a temporary / ad hoc installation, the
client is likely to forbid that the local ethernet or WIFI network is used due to security
reasons. In these cases, a dedicated WIFI network is the most straightforward solution, with
one internet access point that forwards the collected data from multiple WIFI coupled
monitors on to a central server, using the 3G or 4G network. Another option is a decentralised
network, where each monitor has its own sim card. However, this technology is not yet wide
spread. Whichever connectivity solution is chosen, data is collected on a central server and
can be accessed via an online portal where it is stored and can be accessed for analysis.
8.

Are there any other issues that should be addressed?

One important aspect that often is forgotten is privacy. Sensor networks should be deployed
in such a way that sensitive information is dealt with in accordance with e.g. European
General Data Protection Regulation (GDPR). Apart from that one should recognize that
‘technical data’ like e.g. measured CO2 concentrations indoors in fact inform about whether
people are present or not (e.g. in a dwelling). Persons with criminal intentions and hacking
competences might be very interested in these kinds of data. Which is why sensor networks
should be designed and operated with not just privacy but also security in mind.
Another often forgotten aspect is interface quality. Data gathered with IEQ sensor networks
often are presented via website, smartphones or wall devices in a non-optimal way. Using
overcomplex graphs and infographics or even irrelevant ones. One should design the overall
system in such a way that data indeed is transformed into information. Explain (graphically)
what it means e.g. when the CO2 concentration is above a certain limit for a considerable
amount of time. Make sure that end-users intuitively understand the information provided and
test interfaces with non-technical people before they are launched officially. The last thing we
need is high tech sensor networks that measure all kinds of relevant parameters but that
produce data that nobody can translate / understand.
One last aspect that often is overseen is overall sensor network robustness. In this context
thing of questions like: How is the overall system functioning over time? Are all sensors still
working after e.g. one year? Is it necessary to exchange components every month or every
year or 5 year? Are there any alarm signals when there are sensor connectivity issues? Is
somebody responsible for periodical maintenance and periodical quality checks?
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3

CONCLUSIONS

There are many considerations related to the deployment of IEQ sensor networks. Especially
adequate, continuous measurement of indoor air quality parameters is still quite a challenge.
Several aspects have to be taken into account when designing and operating these sensor
networks:
- added value of the network to building occupants (and meaning of the data gathered);
- what parameters to measure (e.g. just CO2 or also fine particles and volatile organic
compounds);
- what threshold limit values to use and how to present measurement results in relation to
these limit values;
- simultaneous measurement of (local) outdoor parameters;
- accuracy, measurement range, self-calibration and robustness of sensor components;
- deployment strategy, amount of sensors per floor and location of sensor in rooms;
- connectivity (WIFI vs ethernet etc).
The results presented in this paper can be used to further develop IEQ sensor networks both for
more academic and more practical purposes. In the latter case think e.g. of an application in the
context of a PPP/DBFMO contract. Or of an application designed to continuously double check
the performance (real performance at the end-user side) of an innovative ventilation system.
Indoor air and temperature sensors are here to stay, the next step is to develop strategic views
on how to integrate these sensors in futureproof sensor networks and data-platforms designed
to guarantee increased ventilation system smartness for all.
4
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ABSTRACT
Many studies reported that there were insufficient ventilation and excessive CO2 concentration in air-conditioned
residential buildings, but few solutions were provided. This study first investigated the performance of three
possible ventilation strategies of air-conditioned residential buildings, including overnight natural ventilation,
short-term natural ventilation, and short-term mechanical ventilation. On-site measurements were conducted in a
typical occupied residential bedroom in Hong Kong in summer, where a number of environmental parameters
including especially the CO2 concentration were monitored both inside and outside the room. Ventilation rates
were calculated based on the time series of CO2 concentration. The results confirm that ventilation is needed in
air-conditioned residential buildings. Overnight natural ventilation with even a small opening is associated with
excessive energy consumption and deteriorated indoor thermal environment. Short-term natural ventilation
strategies are inefficient and uncontrollable. Compared to the best short-term natural ventilation strategy, a
reasonably designed short-term mechanical ventilation strategy requires only a 41% of ventilation period to
complete one full replacement of indoor air and to reach a lower indoor CO2 concentration.
This study second developed a general design framework of short-term mechanical ventilation strategy. This
framework can determine appropriate design parameters, including ventilation period, ventilation frequency, and
start concentration of ventilation, based on various combinations of indoor CO2 generation rate, net room
volume, infiltration rate, and mechanical ventilation rate. A whole sleeping period of 8 h was divided into many
repeated single V-shape ventilation periods; each single ventilation period is comprised of a short-term
mechanical ventilation period and a follow-up CO2 build-up period. The single V-shape ventilation process was
particularly investigated based on a criterion that the average indoor CO2 concentration is less than but close to
1000 ppm. A high efficient ventilation strategy, namely requiring a minimum total mechanical ventilation
period, is a short single ventilation period and a high ventilation frequency. Although this study focused on airconditioned residential buildings, the basic concepts and design framework should also be applicable for heated
residential buildings.

KEYWORDS
Ventilation, Room air conditioner, residential buildings, on-site measurements, design framework

1

INTRODUCTION

Room air conditioners, particularly the window-type and split-type air conditioners, are
widely used in residential buildings in hot and humid regions to provide a thermally
comfortable indoor environment. The period of using air-conditioners in a year and the
duration in a night are becoming increasingly long, even over 6 months and 8 hours,
respectively, in many homes in hot and humid regions like Hong Kong (Lin and Deng, 2006).
However, one deficiency of such room air conditioners is the provision of no or very little
outdoor air. Many on-site measurements (e.g., Ai et al., 2016) revealed that ventilation rates
in air-conditioned residential buildings are much less than the minimum requirement, namely
7.5 l/s/p, stipulated by ventilation standards (ASHRAE Standard 62.1, 2013). In connection
with insufficient ventilation, excessive CO2 concentrations (usually > 1000 ppm) in air-
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conditioned residential buildings were often reported (Beko et al., 2010). A strong
relationship between insufficient ventilation and negative health effects has been widely
reported (Seppanen et al., 1999).
In this study, on-site measurements were performed in a typical bedroom of a residential
building in Hong Kong and three types of ventilation strategies for air-conditioned residential
buildings were evaluated, which include overnight natural ventilation, short-term mechanical
ventilation and long-term mechanical ventilation. Then, a general design framework of shortterm mechanical ventilation was developed to determine the appropriate design parameters,
including ventilation period, ventilation frequency and start CO2 concentration of ventilation,
based on various combinations of indoor CO2 generation rate, net room volume, infiltration
rate, and mechanical ventilation rate.
2
2.1

ON-SITE MEASUREMNETS
Measurement methods

The on-site measurements were conducted in Hong Kong in summer, when the outdoor air
temperature was mainly between 27 and 32 . An air-conditioned bedroom located on the
11th floor of a 12-storey building was selected. The room was occupied with two adults. The
room and window configurations are presented in Figure 1. A room of such dimensions is
typical in densely populated urban areas like Hong Kong. There was a bathroom connected to
the bedroom through an opening with 0.5 m × 2.0 m in area. The exhaust fan in the bathroom
provided a nominal flow rate of 520 m3/h. During all measurements, the door of this bedroom
was always closed.
(a)

1.66 m

1.94 m

(b)

Outdoor sensors

0.67 m

Window‐AC
0.76×0.43×2 m2

Window‐fan

2.0 m

MF
P2

MF
P1

Furniture

PS

P2

Door

(c)

0.8 m

0.94 m

2.67 m

Window‐fan
0.76×0.32 m2

PS

Bathroom

Window‐AC

AC

P1

Exhaust
fan

Bed
Exhaust
fan

AC

1.0 m

1.0 m

0.55 m

0.73 m 0.5 m

3.6 m

Figure 1: Measurement site: (a) room configuration, (b) top view of indoor layout and (c) schematic view of
window configuration; AC is the air conditioner, MF the mixing fan, PS, P1 and P2 the location of indoor sensors.

Parameters monitored during the measurements were indoor and outdoor CO2 concentration,
air temperature and relative humidity. The outdoor wind speed data during the on-site
measurements was retrieved from the nearby King’s Park Observatory (within 1500 m away
from the measured building). The measured parameters, equipment, and their uncertainties
and ranges are listed in Table 1. In addition, the two occupants were the CO2 generators
during all measurements. Measurements were conducted at a frequency of 0.2 Hz.
Based on the occupants’ schedule, the overnight measurements were conducted from 23:00
p.m. to 7:00 a.m. in nighttime. The measured cases are listed in Table 2, where the ‘Open-
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5cm’ and ‘Open-10cm’ indicate the D w (in Figure 1 (c)) equal to 5 cm and 10 cm,
respectively. Each case was conducted at least for two nights. Sensors for indoor CO2
concentration, air temperature and relative humidity were placed near the bed at the height of
0.8 m above the floor, which was around the location ‘PS’.
Parameters

Table 1: Summary of the parameters measured and the equipment used.
Equipment
Uncertainty and range

CO2

Telaire 7001 CO2 monitor
(Telaire, Goleta, CA, USA)

±50 ppm or ±5% of reading in a range of 0 to 2500 ppm

Temperature
and relative
humidity

HOBO data loggers
(Onset Computer Corporation,
Bourne, MA, USA)

±0.21 in a range of -20 to + 50 ;
±2.5% in a range of 10% to 90%, a maximum of 3.5% in a
range of 0% to 100%

Table 2: Cases for overnight measurements; ‘O’ in the ‘Case’ column represents ‘overnight’, ‘AC damper’
ventilation damper of the air conditioner; the ‘WFR’ is defined as the ratio of Aw to A f (in Figure 1 (c)).
Case
O-1
O-2
O-3
O-4

AC damper
Off
On
On
On

Exhaust fan
Off
Off
Off
Off

Window-AC
Closed
Closed
Closed
Closed

Window-fan
Closed
Closed
Open-5cm
Open-10cm

WFR
0%
0%
0.44%
0.88%

A measurement of short-term ventilation lasted for no more than 20 minutes. Two scenarios
were investigated for short-term ventilation, namely short-term mechanical ventilation
through an exhaust fan and short-term natural ventilation through open window(s). Cases for
the two scenarios are presented in Tables 3 and 4, respectively.
Table 3: Cases for short-term mechanical ventilation through the exhaust fan; ‘S’, ‘MV’, ‘D’ and ‘N’ in the
‘Case’ column represent ‘short-term’, ‘mechanical ventilation’, ‘daytime’ and ‘nighttime’, respectively.
Case
Exhaust fan
Window-AC
Window-fan
WFR
S-MV-D1
On
Closed
Closed
0%
S-MV-D2
On
Closed
Open-10cm
0.88%
S-MV-D3
On
Open-10cm
Closed
0.88%
S-MV-N
On
Open-10cm
Closed
0.88%
Table 4: Cases for short-term natural ventilation through open window(s); ‘S’ and ‘NV’ in the ‘Case’ column
represent ‘short-term’ and ‘natural ventilation’, respectively.
Case
Exhaust fan
Window-AC
Window-fan
WFR
S-NV-1
Off
Closed
Open-10cm
0.88%
S-NV-2
Off
Closed
Open-20cm
1.76%
S-NV-3
Off
Closed
Open-30cm
2.64%
S-NV-4
Off
Open-10cm
Closed
0.88%
S-NV-5
Off
Open-20cm
Closed
1.76%
S-NV-6
Off
Open-30cm
Closed
2.64%
S-NV-7
Off
Open-10
Open-10cm
1.76%
S-NV-8
Off
Open-20
Open-20cm
3.52%
S-NV-9
Off
Open-30
Open-30cm
5.28%

Tracer gas technique including using human exhaled CO2 was widely used to determine
indoor ventilation rates (Beko et al., 2010; Laussmann and Helm, 2011; Ai et al., 2015; Ai
and Mak, 2013; 2014a; 2016a). The CO2 generation rate per person varies with age, activity
and diet (ASHRAE Handbook, 2013; ASHRAE Standard 62.1, 2013).
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M

21(0.23RQ  0.77)QO2

(1)

AD

Substituting an empirical equation of human body surface area ( AD  0.202H 0.725W 0.425 ,
DuBois and DuBois, 1916), the Equation (1) can be modified into the following form:
QCO2  e 

0.202 RQ  M  H 0.725  W 0.425
21(0.23RQ  0.77)

(2)

Based on the principle of mass conservation, the calculation of ventilation rates in a wellmixed single zone using tracer gas method (Ai and Mak, 2014b) can be achieved through the
following equation:
V

dCin
 Q  Cout  Cin   Gr
dt

(3)

Note that the G r is the total generation rate of the two occupants. Discretization of this
differential equation onto a discrete temporal grid with a time interval of t leads to a
theoretical evolution of indoor CO2 concentration over time, where the concentration ( Cin,it )
at the moment i  t has the following correlation with the concentration ( Cin ,i ) at its
previous moment i :
Cin,i  t 

t
[Gr  Q(Cin,i  Cout )]  Cin,i
V

(4)

Based on the Equation (4), the ACH ( ACH  Q V ) of the room during the time interval of t
can be expressed as:
ACH 

Gr t  V (Cin,i t  Cin,i )

(5)

V (Cin,i  Cout )t

2.2 Results and analyses: three ventilation strategies
Figure 2 presents the box plots of ACH values and ventilation rates calculated using the CO2
concentration data measured between 1:00 a.m. and 7:00 a.m. The ventilation rates for Cases
O-1 and O-2 are larger than but still comparable to those reported in (Lin and Deng, 2003).
The minimum ventilation rate for sleeping condition is plotted on Figure 2 (b). It can be seen
that, compared to Case O-2, the ventilation rate for Case O-3 is increased by 16.7% and is
close to the recommended value, while it is nearly doubled under a greater opening area (Case
O-4). Overall, the overnight natural ventilation strategies with a small opening can maintain
an acceptable IAQ, however, at the expense of excessive energy consumption and a high risk
of deteriorated indoor thermal environment (indoor air temperature is not presented).
16

5 (a)

(b)

14
12

3
2.4

2
1

1.1

1.2

1.4

Q [l/s/p]

ACH [h‐1]

4

10
8

4.4 l/s/p
7.0

6
4

3.3

3.6

4.2

2
0

0
O‐1
O‐2
O‐3
O‐4
O‐1
O‐2
O‐3
O‐4
Figure 2: Box plots of average ACH values (a) and ventilation rates (b) during the periods from 1:00 a.m. to 7:00
a.m., where the mean values are presented near the boxes and the recommended ventilation rate for sleeping

712 | P a g e

condition is also plotted; the box edges represent the 25th and 75th percentiles, the whiskers for the 5th and 95th
percentiles, the lines in the boxes for median values, and the symbols (◊) for mean values.

In order to generalize the later analyses of short-term ventilation, the following parameters are
defined. Reference infiltration rate, ACH 0 , is defined as the average infiltration rate of the
measured room with the windows closed and the exhaust fan switched off under an average
I/O air temperature difference of 5 . It is the average ACH of the overnight Case O-1,
∗
⁄
namely 1.1 h-1; Normalized air change rate is defined as:
.
10

9.4

ACH* [‐]

8
+123.8%

6
4.2

4

3.9
‐7.1%

2
0
S‐MV‐D1

S‐MV‐D2

S‐MV‐D3

Figure 3: Bargraph of the normalized mean ACH for the short-term mechanical ventilation, where the percentage
changes in mean ACH* value compared to Case D1 are also presented for easy comparison.

The normalized mean ACH values for the three cases are presented in Figure 3. It is evident
that, under a specific indoor airflow distribution, the ACH* value calculated using
nonuniform CO2 concentrations is highly dependent on the location of CO2 sensors.
Overestimation occurs when the CO2 sensor is located within the well ventilated regions like
near the intake, whereas underestimation occurs when the CO2 sensor is located within
regions with inadequate ventilation. Another important finding is that the effective ACH
value obtained even in Case D3 is less than the nominal ACH value 24.4h-1 (the ratio of the
nominal ventilation rate of the exhaust fan to the net volume of the room). This phenomenon
should be attributed to the short circuit of inflows from the cracks of the door and the
windows near the exhaust fan. Despite of this discount in ventilation rate, the mechanical
ventilation strategy should still be an appropriate candidate for ventilation of air-conditioned
buildings.
3.9

ACH* [‐]

4

3.5
2.8

3
2

1.8

2.0

2.4

3.1

2.4
2.0

1
0
S‐NV‐1 S‐NV‐2 S‐NV‐3 S‐NV‐4 S‐NV‐5 S‐NV‐6 S‐NV‐7 S‐NV‐8 S‐NV‐9
Figure 4: Normalized ACH values for short-term natural ventilation under the same conditions.

Based on the initial and final uniform indoor CO2 concentration, the normalized ACH values
for the short-term natural ventilation are calculated (see Figure 4). A ventilation strategy
producing a higher ACH value is better in terms of ventilation efficiency. Therefore, apart
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from mechanical ventilation strategy (S-MV-D3), the most excellent natural cross ventilation
strategy (S-NV-9) may be an alternative candidate for ventilation of air-conditioned buildings.
2.3

Results and analyses: comparison of ventilation strategies

This section compares the best natural ventilation strategy (S-NV-9) and the reasonably
designed mechanical ventilation strategy (S-MV-D3), so as to make recommendations for
ventilation design of air-conditioned residential buildings. Based on the measured room, the
decays of indoor CO2 concentration from an initial level of 1100 ppm, when applying the two
ventilation strategies, were predicted using Equation (4) (see Figure 5). Compared to the
natural ventilation strategy, the mechanical ventilation strategy takes a 41% of time to
complete one full replacement of indoor air (namely, ACH  tv  1 ) and to reach a 92% of
indoor concentration. Moreover, the average indoor CO2 concentration during the mechanical
ventilation process is lower, by 4%, than that during the natural ventilation process.
Considering the instability of natural ventilation, the short-term mechanical ventilation
strategy is recommended, even though the mechanical ventilation uses additional energy.
1200
S‐MV‐D3
S‐NV‐9

Cin [ppm]

1100
1000

̅ = 863 ppm
̅ = 900 ppm

900
800

756 ppm
694 ppm

700

839 s

348 s

600
0

200

400

t [s]

600

800

1000

Figure 5: Indoor CO2 concentration decay from an initial concentration of 1100 ppm during the two types of
ventilation for one full replacement of the indoor air, namely a normalized ventilation period of ACH  tv  1 ;
the average indoor CO2 concentrations ( C in ) during the ventilation periods are also provided.

3
3.1

DESIGN FRAMEWORK
Mass conservation and concentration evolution

The elevation of indoor CO2 concentration is contributed mainly by the emission of indoor
occupant(s). An accurate prediction of the CO2 generation rate of occupants and then the
evolution of indoor CO2 concentration over time is thus the basic prerequisite of a reliable
ventilation design.
Transforming the Equation (4) and applying the formula of air change per hour (ACH),
ACH  Q V , one can obtain the following equation:
Cin,i t 

Gr
 t  ACH  t  (Cin,i  Cout )  Cin,i
V

(6)

Provided that the Cout is known, the parameters influencing the indoor CO2 concentration are
only Gr / V and ACH. Here, the Gr / V is useful to indicate the indoor CO2 generation rate per
unit volume. Note that ACH represents infiltration rate, (ACH)0, when all windows are closed
and the mechanical ventilation system switched off; it represents the air change rate produced
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by the mechanical ventilation system when mechanical ventilation system is in operation. The
Equation (6) is very important, which is the basis of the ventilation design of air-conditioned
residential buildings.
Basic information
CO2 generation
rate per unit
volume ( / )
Infiltration rate
((ACH)0)
Outdoor CO2
concentration
(
)

Mechanical ventilation Control criterion Optimization
Start CO2
MIN
∙
 ̅ ,
1000
concentration ( , )
ppm
Feasibility (
Ventilation rate ( or  ̅ , close to
ACH)
1000 ppm
Single ventilation
period (
)
Number of ventilation
period (
)

)

Figure 6: A summary of the basic design and control parameters for ventilation design of air-conditioned
residential buildings.

3.2

Design framework and procedures

Based on the evolutions of indoor CO2 concentration predicted using Equation (6), the
ventilation need for a specific case can be determined and then the ventilation design can be
conducted. Note that the present study considers only the sleeping condition. However, the
general design method proposed in this study is still applicable to non-sleeping conditions,
except that the metabolic rate ( M ) and thus the CO2 generation rate ( G r ) need to be
redetermined. It was reported that the CO2 generation rate of human beings during sleeping
condition is lower than non-sleeping conditions (Lin and Deng, 2003).
Basic information
Step 1: Predict overnight CO2 evolution
(Determine ̅ , )
Step 2: Determine the need of ventilation
(Evaluate ̅ , )
̅

Ventilation
needed

̅

,

,

1000 ppm No ventilation

needed

>1000 ppm

Mechanical ventilation

Step 3: Formulate a single V-shape ventilation process
and ∗ )
(Examine influence of
,
Control criterion

Optimization

Step 4: Select ventilation control strategy
,
)
(Determine , , ACH,

Figure 7: Basic framework for ventilation design of air-conditioned residential buildings.

Figure 6 presents the basic design and control parameters for ventilation design of airconditioned residential buildings, while Figure 7 presents the framework for ventilation
design (Ai and Mak, 2016b). Based on Figure 6 and Figure 7, the detailed design procedures
are described as follows:
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i. Collect the basic information of the target bedroom and predict the overnight evolution of
indoor CO2 concentration using Equation (6) under the condition without additional
ventilation. The infiltration rate may be obtained through on-site measurements, numerical
prediction or empirical estimation. As a result, the average indoor CO2 concentration
during a whole sleeping period of 8 hours ( C in ,8h ) can be determined.
ii. Compare this calculated C in ,8h with the threshold recommended by the aforementioned
IAQ standard, namely 1000 ppm. If C in,8h  1000 ppm, no ventilation is needed and then
ventilation design stops. Such conditions occur when Gr / V is relatively small and (ACH)0
is relatively large. If C in,8h  1000 ppm, additional ventilation is needed to maintain an
acceptable IAQ and then mechanical ventilation design starts.
iii. Formulate a single V-shape ventilation process, which is comprised of a short-term
mechanical ventilation process and a follow-up CO2 build-up process. A whole sleeping
period of 8 hours consists of many such repeated single V-shape ventilation processes. A
single V-shape ventilation process should meet the control criterion that the average CO2
concentration during the ventilation period is less than but close to 1000 ppm. In this step,
*
(= ACH  tMV ) is
the influence of Cin,ini and the normalized mechanical ventilation period t MV
examined.
iv. Select the ventilation control strategy, namely select an appropriate single V-shape
ventilation process. The selection should take into account two main aspects: energy
saving (MIN( t MV  N MV )) and the feasibility of mechanical ventilation system (appropriate
N MV ).
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500

/ =0.4×10‐6 s‐1; (ACH)0=1.5h‐1

300
0

1

2

3

4
t [h]

5

6

7

8

Figure 8: Two examples of the evolution of indoor CO2 concentration over time during a sleeping period of 8
*
= 0.5.
hours, when t MV

3.3

Examples of controlled overnight indoor CO2 concentration

Figure 8 presents two examples of the evolution of indoor CO2 concentration over time during
a whole sleeping period of 8 hours, when ventilation control is performed. Two reasons lead
to the phenomenon that a larger number of single ventilation period is required in a room with
a greater Gr / V . First, a greater Gr / V shortens significantly the period of CO2 build-up from
outdoor concentration or end concentration of a ventilation period to the activation threshold
*
= 0.5, can
1100 ppm. Second, a same normalized mechanical ventilation period, e.g., here t MV
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lower the indoor CO2 concentration to a smaller value in the case with a smaller Gr / V , which
in turn helps to extend the time period taken to reach the next activation threshold.
4

CONCLUSIONS

Excessive CO2 concentration and insufficient ventilation rate are found, confirming that
additional ventilation is usually needed in air-conditioned residential buildings. Overnight
natural ventilation strategies through an open window can maintain an acceptable IAQ,
however, at the expense of deteriorated indoor thermal environment and excessive energy
consumption. Short-term natural ventilation strategies are inefficient and uncontrollable.
Compared to the best short-term natural ventilation strategy, a reasonably designed short-term
mechanical ventilation strategy requires only a 41% of ventilation period to complete one full
replacement of indoor air and to reach a lower indoor CO2 concentration. Considering also its
controllable advantage, the short-term mechanical ventilation strategy is recommended for
ventilation of air-conditioned residential buildings. A general design framework and detailed
design guidelines on short-term mechanical ventilation of air-conditioned residential
buildings were then developed. A high efficient ventilation strategy is a short single
ventilation period and a high ventilation frequency. In general, several to dozens of severalminute mechanical ventilation periods are needed to maintain an average indoor CO2
concentration being less than 1000 ppm during a normal sleeping period of 8 hours.
5
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1

INTRODUCTION

We’re spending 90% of our life in enclosed environments, of which 50% in our homes (OMS,
2000). Indoor Air Quality (IAQ) of residential buildings must be control to guarantee health of
the inhabitants. Conventional ventilation systems are basing their exhaust airflows rates on the
regulations in force which is aging now and doesn’t take the new IAQ data we have today into
account. In the mid 80’s, humidity sensitive ventilation systems appear to modulate the air inlets
and outlets sections regarding to the humidity rate in the room thanks to a humidity sensitive
material. This was the first step for a smart ventilation system providing an air renewal adapted
to the humidity rate.
A lot of researches highlighted that the indoor air is full of pollutants emitted by indoor
furniture, floors, paints, human activities. All of these sources can emit volatile organic
compounds (VOCs), ozone, benzene, formaldehydes and other air pollutants that are harmful
to one’s health (CSTB, ANSES, & OQAI, 2014). Conventional ventilation systems can’t
answer completely to the IAQ matters because they are not equipped with the adapted
technology and the ventilation strategy isn’t efficient to extract air when it’s needed. Regulation
is starting to be more precise about these pollutants facts and some directives appear to improve
IAQ in public spaces first. In 2011, France Public Access Buildings (PAB) regulation has set
limit values for two pollutants: 30 µg/m3 for formaldehyde and 5 µg/m3 for benzene. These
values must be downgraded (2011-1727 Decree, 2011) to reach 10 µg/m3 for Formaldehyde in
2023 and 2 µg/m3 for Benzene since 2016. The monitoring of PAB open to the public after
these dates is done at the latest December the 31st of the civil year when it opened. This
monitoring, conducted by the owner of the building, must be done every seven years or every
two years in case of overtaking for at least one of the two pollutants. The measurement of
gaseous pollutants must be performed by an accredited organisation that delivers a report to
building users.
French residential buildings do not have any regulations for IAQ monitoring and ventilation
systems manufacturers can only refer to standards that gives directions to determine
performance criteria (CEN/TR 14788:2006, 2006) (EN 15665:2009, 2009). French regulation
still bases air renewal on airflow rates that are not adapted to guaranty a good IAQ and
constitutes a barrier to the development of new ventilation strategies and technologies. In 2014,
a study from CSTB, ANSES and OQAI demonstrated that a bad IAQ was responsible of 20 000
death cases a year, 28 000 new pathologic cases every year and costs €19 billion every year to
social security in France (CSTB, ANSES, & OQAI, 2014) (Rapport N°610 - Sénat, 2015).
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That’s an alarming report which shows ventilation systems’ lack of efficiency and, whereas it’s
important to take IAQ in Public Access Buildings into account, IAQ in Residential Buildings
is also a critical topic.
Nowadays, 47% of conventional ventilation units installations are non-compliant (CEREMA,
2012). The absence of a real consideration for the different gaseous pollutants for a good IAQ
and the lack of rigor from installers and maintenance staffs are often the cause of these nonconformances. For the installation part, there is nothing to do except monitoring and correcting
installers at work. For the maintenance part, the reactivity of maintenance staffs depends on
how they’re alerted of a ventilation system malfunction. That’s why buildings become more
and more equipped with connected objects or monitoring and controling systems for buildings
equipment. The ventilation sector is now able to appropriate these new technologies to improve
its reliability and effectiveness.
Another important stake is to limit heat losses due to the ventilation in buildings and to improve
global energy performances of ventilation systems. We already know that hybrid ventilation
systems are efficient to avoid heat losses and reduce power consumption in residential buildings
by using renewable energies, working in Natural Mode (Flourentzou & Pantet, 2015) : thanks
to their low-pressure operation and the fact that the operation of the boosted stack effect
extraction depends on weather conditions.
In this document, we will present a new concept of ventilation system for residential building,
based on a hybrid ventilation system, mainly control by weather conditions and IAQ sensors to
optimize exhaust airflows rates, for the purpose of improving global building energy
performance and improving the quality of life of the occupiers.
2

THE OPERATING PRINCIPLE OF THE SYSTEM

The system must answer several issues:
- optimize heat losses due to air renewal,
- ensure satisfactory IAQ for population,
- inform the occupiers and building’s owner about buildings’ health status,
- alert maintenance staffs when a failure appears on the system
To carry out those issues, the system has been separated in three main operating levels.
2.1

From the point of view of a housing

The first step of the regulation will be located inside the housing. Indeed, if we refer to the
French regulation in force (Ministerial rulling, 1982), the principle of ventilation in an
apartment must follow the general and permanent ventilation law: new air comes from dry
rooms (basically living room, dining room and bedroom) window’s air inlets, transit through
the apartment to reach humid rooms (basically the kitchen, toilet and bathroom) where air
outlets are located.
Based on that principle, several types of regulation are available on the market: static system,
self-regulating systems, humidity sensitive systems and IAQ sensors-controlled systems. This
last one is still unusual as the self-regulated and humidity sensitive systems are used for many
decades now. These types of regulation are given by air inlets and outlets accessories,
depending on the technology used, that regulate the airflows incoming and outcoming from the
apartment.
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The way our system will regulate the airflows is based on the IAQ sensors-controlled
technology. For each apartment of the building, there will be a sensor box that will be composed
of a CO2 sensor, a Relative Humidity sensor and a VOCs sensor, located in an air confluence
area: the hall (Figure 1). These sensors will measure the IAQ in real time, and send their
information to a distant server via a telecommunication protocol dedicated to connected objects:
LoRaWAN.

Kitchen

IAQ
sensorscontrolled
air outlets

IAQ
sensorscontrolled
air outlet

Hall
Bath

IAQ sensors
box

Figure 1: Example of an apartment equipped with the IAQ sensors box and IAQ sensors-controlled air outlets

The distant server will assess the information sent and traduce them. Then, according to the
regulation strategy, each pollutant rate values will be above, below or equal to a threshold value
corresponding to the pollutant scanned. These thresholds values will be determined thanks to a
software specialized in pollutant emissions: Octopus Lab. This software is able to simulate IAQ
pollutant emissions in a room or an apartment (room’s characteristics can be set on demand)
depending on several factors like: the kind of paint used, the kind of furniture in place or the
kind of floor (wooden floor, carpet, etc). Then, the software can simulate the air renewal with
a given ventilation strategy and establish airflows we need to ventilate the apartment. The main
purpose of Octopus Lab for our application is to know how to ventilate at best an apartment to
ensure a good IAQ for the occupiers.
Each air outlets in the apartment will have three opening levels: LOW, MEDIUM and HIGH.
These sections will be determined thanks to the Octopus software results. Air outlets will also
communicate via LoRa protocol and will receive their opening order from the distant server
according to the results of data assessments. The same process could be done for air inlets
located on the windows, but for a first approach, we’ll only use self-regulating air inlets. The
action of opening and closing the air outlets will be as simple as possible, using a servomotor
mounted on an electronic board and supply with batteries or directly on a power plug (Figure
2).
All the air outlets are independent from each other’s, in order to keep the possibility of installing
IAQ sensors inside, and control them locally. As an example, when an occupier is taking a
shower in the bathroom, if the air outlet is equipped with a relative humidity sensor, the value
measured can influence the opening of the air outlet.
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Servomotor
Valve
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board
Figure 2: IAQ sensors-controlled air outlet

A last point relating to this first level of the system is that the occupier must be informed about
its indoor air quality and can be an actor of it. Indeed, a man-machine interface will be available
for occupiers who want to look at their apartment’s health status and increase or decrease the
air renewal rate according to their activities. That’s an answer to the 2015 Energetic Transition
for a Green Growth French law which specifies at the article L. 111-10-5. the housing must
have a Digital Notepad to follow the housing’s and its equipment’s health status (LTECV 2015992, 2015). A smartphone application can also be created to allow occupiers to consult
housing’s data and adapt their needs to their activities.
2.2

From a point of view of a group of housing

In the building, all the air outlets are communicating via the LoRa protocol. The distant server
receives all the data from sensors and transmits orders to the air outlets. It also sends IAQ data
to the man-machine interface relating to the housing which they belong to. At another scale,
custodians could be informed about building part pollutants rates like a group of housing control
by the same ventilation unit. That’s why a man-machine interface will be available in
guardhouses or in technical rooms, to display an average of each pollutant measured (CO2,
Relative Humidity and VOCs) in real time.
2.3

From a point of view of the building

The ventilation unit installed on the building is a Hybrid system which starts its mechanical
assistance when weather conditions are insufficient to guarantee a good stack effect. Initially,
hybrid ventilation systems do not have any link with IAQ values from housings, their
parameters are set from a previous study before it was installed. On a full year, hybrid systems
can save about 40 to 60% of power consumption thanks to their climatic sensors that allow
ventilation to work in Natural Mode. This new ventilation concept must take IAQ data into
account to regulate ventilation unit’s functional parameters.
When the distant server receives data from IAQ sensors boxes, it assesses them and sends orders
to air outlets and sends IAQ information to occupiers’ man-machine interface and building
pollutant rates averages to the guardhouse man-machine interface. This last interface is linked
to the ventilation unit and is able to transfer an order depending on pollutant rates averages
calculated by the distant server algorithm. That order is quite the same as those send to air
outlets, based on a threshold set for each pollutant rates averages:
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-

if the threshold is exceeded, the distant server sends an order to the centralizer interface,
which forwards the order of increase the ventilation unit’s fan speed to the ventilation
unit automaton.
If the threshold is not met, then the order of decrease the ventilation unit’s fan speed is
send the same way to the ventilation unit automaton.

The purpose of that part is to reduce ventilation unit overconsumption. Indeed, when the
building’s IAQ status is satisfying, there is no need to keep the same ventilation unit’s fan
speed. On the same way, if the whole building IAQ assessment is unsatisfying, the need of
ventilation is much important.
In order to control pressure generated in ducts, control ducts can be used, adding pressure
switches that can send an information to the automaton on the roof. When the depression in
control ducts are unsatisfying to guarantee good ventilation conditions, an alert could be send
to maintenance staffs through a connected tool: a web platform.

2.4

Maintenance alerts

In France, most of 49% of housings have unsatisfying minimal hygienic airflows, mainly due
to the lack of maintenance on ventilation units (OQAI & CSTB, 2009). Maintenance staffs can
also have difficulties to know how to diagnose a failure on a hybrid ventilation system because
of the automation of their working process that makes ventilation units work or not, depending
on the climatic conditions.
To help maintenance staffs to react quickly to a breakdown and to guide them on how to repair
the system, a web platform takes information from the same distant server, which recovers the
ventilation system data, and display them. In these information, ventilation units’ status is also
recover so that maintenance staffs can verify the functioning of the system and be alert by email in case of failure.

3

CONCLUSIONS

This ventilation concept is still in reflexion and can be subject to changes to be improve. But in
general, this is how the concept should answer to the problematic of measuring the IAQ in
housings and controlling the ventilation as occupiers and owners gets information on building’s
status.
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ABSTRACT
Demand Control Ventilation strategy resilience is analysed through the envelope leakage
distribution. Global building envelope leakage has great impact on energy consumption and
targeted tightness values are systematically decreased in the several thermal regulations around
the world. This leads to a more controlled ventilation system, but also to a more sensitive system
to the leakage distribution. Considering fixed test cases with known entry data, two types of
relative humidity based DCV strategy are analysed through their response to randomized
envelope leakage distribution. A set of one hundred simulations is realized. Results shows that
impact on energy is almost negligible while it is major on internal air quality. More than 50%
of the simulations would have led to reject such DCV strategy while it passes all the threshold
values for an evenly distributed envelope leakage. A double sensor based DCV strategy is
presented in order to avoid the leakage sensitivity. Both experimental and numerical analyses
are presented. Two extra indicators are then proposed to be considered in performance based
approaches for multiple sensor based DCV strategy, in order to avoid undesired effects as the
one observed for single sensor based DCV.
KEYWORDS
Numerical analyses, resilient ventilation systems
1

INTRODUCTION

Demand control ventilation (DCV) seems to be the main way to comply with both energy and
internal air quality (IAQ) concerns. Largely spread in non-residential building since more than
2 decades (Fisk, 1998) because of large potential energy savings, its application for the
residential sector is nowadays coming the basis of ventilation systems for dwellings. Indeed,
thermal regulations for residential buildings in several countries give targets that are difficult
to reach with constant air changes rates. In France, the successive higher thermal regulation
requirements have led to the development of humidity based DCV systems for the last 3
decades. Since RT2005, and reinforced recently by the RT2012, DCV including both humidity
controlled inlets and outlets has become the reference ventilation system for new construction.
This development, and not restricted to France, have led to the definition of different criteria
for DCV evaluation in residential. A recent review (Guyot, 2018) shows that even though a
common thread using at least CO2 concentration exposure is identified, some quite different
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threshold values are proposed in several countries. These performance based evaluations for
ventilation system are realized through numerical simulations using single or multi-zone
modelling assumptions. The DCV strategies are implemented and several cases are considered
with conventional entry data. In France, the cases and entry data are available in (CCFAT,
2017). It gives internal architecture, occupancy, moisture buffering effect model, climatic
conditions including wind effect, scheduled occupancy and domestics’ activities through water
vapour fluxes and CO2 emission in the different zones. Manufacturer are invited to design their
system on such fixed assumption and to match the IAQ requirements in each room and for each
case. Aside from IAQ outputs, the global extracted airflow are used as inputs for thermal
regulation analyses. Despite, the quite detailed simulation procedure that could lead to
important benefits in term of guaranteed performance, the fixed parameters logically lead to
systems optimized on the outputs used in the thermal regulation. Thus, the apparent efficiency
for specific assumptions might be quite impacted by some others. Sensitivity of DCV to
different parameters has been in the scope of many studies, but mainly on the energy impact
(Laverge, 2011), (Rackes, 2017), among others. (Fisk, 1998) already pointed out the strong
impact of building type, occupancy, and climate on the potential energy savings that could be
expect from DCV. Aside from the moisture buffering effect that might have great effect on the
airflow ranges used in modulation for humidity based systems, the external envelope leakage
has an important influence. Envelope leakage impact on ventilation has been widely studied in
the past. However, since DCV is supposed to ensure a minimum inside air quality, only the
energy savings were generally considered. From several countries, the envelope leakage was
identified as being responsible of up to one third of the energy consumption. Following this
consensus, the different thermal regulations worldwide have decreased the limit of envelope
tightness. In France, during the last decade the maximum building leakage was lowered from
1.2 to 0.6 m3/h/m² under 4 Pa of pressure difference. Measurements (using blower doors) and
quality policies by the building contractor are even required by the last thermal regulation
(RT2012). This increasing building tightness made the previous DCV strategies less resilient
to real site diversity and especially on its air quality guarantee.
The aim of the present study is to analyse the resilience of some DCV strategies to different
leakage distribution along the building envelope. Two different standard cases are considered
with each 2 different single sensor DCV strategies. At last, a particular DCV strategy coupling
another sensor is used in order to increase the system resilience.
In the following, the test cases and DCV strategies are presented. The method for studying the
leakage impact is then presented followed by results in a statistical form. At last, a double sensor
based DCV strategy is proposed as an alternative to limit the leakage influence. Both
experimental and numerical approaches are presented. A conclusion is finally proposed.
2
2.1

TEST CASE AND DCV STRATEGIES
Test cases

The test cases consist in 2 single family dwellings of 4 and 6 habitable rooms, respectively
named F4 and F6 in the following. Both are two floor configurations. The F4 has kitchen and
living room on the first floor and 3 bedrooms, a bathroom and toilet on the second floor. An
open stairway makes the link between the two floors and all zones. The F6 configuration has
kitchen, living room, one bedroom, a bathroom and toilet on the first floor and 4 bedrooms, a
bathroom and toilet and the second floor. As for the previous case, an open stairway makes the
link between the two floors and all zones. For all the tested strategies, airflows are extracted
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from all wet rooms (kitchen, bathroom and toilet) and air inlets are positioned in all dry rooms
(bedroom and living room). All the configuration parameters (internal architecture, internal
moisture buffering effect, occupancy and domestic activities schedules and source fluxes) are
presented in (CCFAT, 2017). The global external envelope leakage is taken as mentioned in
the French thermal regulation (0.6m3/h/m² under 4Pa of pressure difference) and is evenly
distributed all around the building envelope into 17 wind oriented leakage flow paths for the F4
configuration and 22 wind oriented leakage flow paths for the F6 configuration.
2.2

DCV strategies

The studied DCV strategies are humidity based. For each case (F4 and F6), two DCV strategies
are considered and named hygro A and hygro B in the following. The hygro A strategy consists
in humidity based outlets in wet room and pressure based inlets in dry rooms while the hygro
B strategy consists in both humidity based outlets and inlets. Table 1 presents the different
modulation laws for the two configurations. The values present the modulation range for air
flow (m3/h) and the corresponding relative humidity (%) (i.e. Qmin-Qmax / RHmin-RHmax). Within
the modulation range, airflow evolves linearly with relative humidity. For pressure based air
inlets, the values M45, M30 and M22 indicate the airflow (m3/h) under 20Pa of pressure
difference. Below, a simple quadratic orifice law is applied and airflow is kept constant above
20Pa.
Table 1: DCV modulation laws
F4
zone
Kitchen
Bathroom
Living room
Bedroom

Hygro A
20-50 / 30-55
14-44 / 33-58
M45
M45

F6
Hygro B
9-39 / 35-65
9-39 / 30-55
6-45 / 46-61
6-45 / 46-61

Hygro A
14-44 / 30-55
20-50 / 30-55
M22+M30
M22

Hygro B
9-39 / 33-58
9-39 / 30-55
6-45 / 46-61
12-90 / 46-61

For both configurations, extracted airflows in the toilet are constant at 5m3/h and goes up to
30m3/h two times a day for 30min. In the same way, the maximum airflow in the kitchen is
activated two times a day for 30min. This maximum is fixed at 120m3/h and 135m3/h
respectively for the F4 and F6 configuration. The operating times of the maximum airflows are
fixed in the protocol (CCFAT, 2017).
3
3.1

METHODS
Numerical tools

A coupled TRNSys-CONTAM numerical simulation is used in this study. In order to match
with the global assumptions of the protocol, some additional variables are computed in TRNSys
which enables to generate sources flux in CONTAM. Since CONTAM does not consider some
saturation phenomena, the main interest consists in taking into account some water vapour
saturation in each zone with condensation/evaporation processes.
A detail description of the coupling and the added variables is available in (Faure, 2018).
3.2

Resilience to leakage distribution

The impact of external envelope leakage distribution is analysed through randomly distributed
leakage while keeping constant the global building leakage value of 0.6m3/h/m². One hundred
simulations (runs) are realized with different leakage repartition. For each run, the default value
of each leakage flow path is multiplied by a random coefficient so that the sum of leakage area
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is kept constant. Thus, for any coefficient above 1, some others are automatically below one.
Figure 1 shows the cumulative distributions of all the coefficients for the hundred runs done in
this study.

(a)

(b)

Figure 1: Cumulative distribution of the randomly generated coefficient of the different leakage flow paths for
F4 configuration (a) and F6 configuration (b)

DCV strategies are evaluated using the same two indicators as the one used in the evaluation
process: one concerning the occupant exposure (carbon dioxide cumulative exposure above a
threshold concentration, taken at 2000ppm in this study) and one concerning the energy impact.
A mean extracted airflow, when external temperature falls below 15°C, is computed. This value
is taken as an input for the French thermal regulation. It is generally considered as the most
important parameter for market choices. A last one is considered in the evaluation protocol for
the purpose of mold development. Threshold values of time duration above relative humidity
of 75% are defined for each zone type. This indicator is almost exclusively influenced by
domestic activities and presents, thus, a very few sensitivity to leakage distribution. It is not
presented in the following.
4
4.1

RESULTS
Impact on IAQ indicators

IAQ indicator cumulative distributions over the full runs are presented in Figure 2 for F4
configuration and in Figure 3 for F6 configuration. Only the zones presenting at least one run
with none zero values are presented. Circle symbol on each distribution represents the reference
case (evenly distributed leakage). If absent (hygro A – living room), the reference case gives 0.
As mentioned, the IAQ indicator represents the cumulative integral of carbon dioxide
concentrations above 2000ppm. Thus, as an example, 10 hours of exposure to 2100ppm would
lead to 21kppm.hours. In accordance to the evaluation process, this indicator is computed from
the 1st of October until the 20th of May.
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(a)

(b)

Figure 2: Cumulative distribution of the IAQ indicator for F4 conf. and DCV hygro A (a) and DCV hygro B (b)

(a)

(b)

Figure 3: Cumulative distribution of the IAQ indicator for F6 conf. and DCV hygro A (a) and DCV hygro B (b)

If the IAQ indicator is above 0 for the reference case, both figure shows that it is systematically
around the mid position of the cumulative distribution. The strong variability observed within
each zone (slop of all curves) is representative of these DCV strategy’s sensitivity to leakage
distribution. Considering the evaluation process, the threshold value for such humidity based
DCV strategies and configurations is 400kppm.hours per room. Which means, deriving from
Figure 2 and 3, that for the same global envelope leakage, some leakage distributions would
lead to reject that particular strategy. It is worth to recall that if one zone sees its IAQ indicator
increase, some other will sees their IAQ indicator decrease. Table 2 presents the number of
simulations with improper IAQ indicator within at least one zone.
Table 2: Number of simulations with improper IAQ indicator value in at least one zone
F4
Hygro A
29

F6
Hygro B
53

Hygro A
63

Hygro B
51

The two configurations do not present the same sensitivity to leakage repartition and the effect
of the two DCV strategies are inversed for both. The hygro A seems to be the most sensitive
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for F6 configuration but not for the F4 configuration, which shows the quite complex coupling
between scenarios, configuration and effect of parameters. Aside from the influence of other
parameters such as moisture buffering effect, local wind effect and, last but not least, occupancy
and domestic activities, these outcomes show the too few resilience of single variable DCV
strategies.
4.2

Impact on Energy indicator

The energy indicator impact is computed as a mean extracted airflow when external temperature
gets below 15°C. The numerical model does not consider the fan curves. Extracted airflows are
automatically ensured. Thus the variation between the different simulations comes from the
humidity differences in bathrooms and kitchen (zones that has humidity based airflows). Since
domestic activities and occupancy are strictly identical for all the runs, the local extracted
airflows are almost identical. Table 3 shows the energy indicator for the default value and the
maximum observed variation over the all runs.
Table 3: Energy indicator (m3/h) and maximum variation observed over the 100 simulations
F4
Hygro A
77.4+/-1%

F6
Hygro B
61.8+/-2%

Hygro A
116.2+/-0.6%

Hygro B
92.4+/-1%

A maximum variation of 2% is identified for one case. The three others are identified at 1% or
less. Modifying the numerical assumption by modelling the fan curves and air extraction
network might not change these observations because of the quite flat pressure curves of the
fans used.
4.3

Discussion

The global airflow network of a dwelling can be schematically presented as classical airflow
network in industry like the one presented in Figure 4. Airflow inlets are positioned on each
dry zone and air is extracted in all wet zones. The link between each zone is ensured by free
left areas of closed doors. The envelope leakages are presented by the “Le” links to outside
environment. This representation enables to visualize quite easily that some different leakage
reparation will automatically lead to different airflows within each zone. As a simple example:
increasing Le5 will lower the pressure in the hall and, as a consequence, will lower the global
extracted airflow from the 4 dry zones.

Figure 4: Schematic representation of the global dwelling airflow network
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Thus, DCV strategies based on simple global extraction in wet rooms have few chances to reach
the designed air changes rates in all the dry zones, since leakage distribution is impossible to
control in real sites and is, for sure, not evenly distributed.
A way to ensure air change rates in any dry zone is to add extra outlet in each. Even if it might
be trivial, some attention are needed to comply both energy and IAQ concerns. Aside from the
fact that extracting airflow in dry room can lead to inversed airflow from wet rooms to dry
rooms, introducing another sensor in DCV strategy also need extra IAQ indicators.
In the following section, such system is introduced with both numerical and experimental
approaches.
5
5.1

DOUBLE SENSOR BASED DCV STRATEGY
Experimental results

A comparison is realized between single (relative humidity) and double (relative humidity and
CO2) sensor based DCV strategies in an occupied single family dwelling (parts of COMEPOS
project: www.comepos.fr). The update from the single to double sensor based strategy has been
done by simply adding extra outlets in the three bedrooms without changing the modulations
laws in the wet rooms nor the air inlets in the habitable rooms. The extra outlets ensured a
minimum of 5m3/h and a maximum of 30m3/h with a linear increment between 1400 and
1800ppm. In this experiment no evaluation of potential inversed flow (inlets air through the dry
room door) is realized nor the quantification of the energy impact of the extra outlets.
Temperature, relative humidity and CO2 sensors are positioned in all the different zones. Figure
5 shows two different representations of the CO2 concentration in the main bedroom from midJanuary 2017 to mid-May 2018. The double sensor based strategy has been installed at the
beginning of June 2017.
Measurements are realized with another sensor than the one used by the DCV system. From the
first graph, the maximum level of carbon dioxide reaches almost every day the sensor upper
limits of 3500ppm in the first period and reaches a maximum of around 1800ppm during the
last winter. From the second one (heat graph representation), the strong repeatability of
occupancy can be identified. Further on, one can identify the wake up hour changes each
weekend (small pics in the morning) as well as the winter/summer hour shifting. Two other
bedrooms are occupied by young children and no significant changes were observed since even
for the single DCV strategy, maximum carbon dioxide concentration were generally below
1500ppm.
Aside from the energy impact and from the air change rates reached in any zone, some control
of carbon dioxide concentration and thus confinement of zone can be made through extra outlets
in dry rooms. The energy impact might nevertheless be crippling for such systems, however
some optimisations can be realized. Besides, as mentioned earlier, one or more extra IAQ
indicators are needed in order to evaluate double sensor based DCV strategies correctly.
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Figure 5: Carbon dioxide concentration in the parent’s bed room in a temporal form (upper graph) and in a heat
graph form (lower graph)

In the following, numerical simulations are realized and some extra indicators are proposed. In
order to avoid strategies that would lead to non-acceptable IAQ, a similar indicator is taken
based on 1200 ppm instead of 2000 ppm, as set out in the standard EN16798-1. In the same
way, the inversed flow rates are quantified.
5.2

Numerical simulation

Such double sensor based DCV strategy has been modelled within MATHIS software
(Demouge, 2011) with several modulation laws. Table 4 presents the modulation laws used for
the different considered double sensor based cases: a hygro A strategy in the dwelling F4 and
a hygro B strategy in the dwelling F2-F4-F6 (toilet apart from bathroom, except a bathroom
with toilet in F6). As presented in table 1, the airflow range modulation is presented followed
by the sensors (RH and CO2) corresponding range.
Table 4: double sensor based DCV modulation laws
zone

Case 1
Hygro A F4

Kitchen
Bathroom
Toilet
Bedroom

10-40/50-80
5-35/45-80
5-30
2.5-15/800-1200

Living room
Bedroom

M45
M30

Case 2
Hygro B F2
Air Outlets
10-40/50-80
5-35/45-80
5-15
2.5-15/1700-2100
Air Inlets
6-45/46-61

Case 3
Hyrgro B F4

Case 4
Hygro B F6

10-40/50-80
5-35/45-80
5-30
2.5-15/1000-1400

10-40/50-80
5-35/45-80
5-30
2.5-15/900-1300

6-45/46-61

6-45/46-61
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Table 5 presents the results for all cases and the several indicators. Only the maximum value in
all rooms is presented. These values were compared to standard single sensor based DCV as
also simulated.
Table 5: Performance based indicators for DCV strategy
Case
Case 1
Case 2
Case 3
Case 4

max IAQ
2000 ppm
(kppm.hour)
0
45
1
20

max IAQ
1200 ppm
(kppm.hour)
1745
2129
2039
1949

max inversed flow
(hour)
2127
69
1384
1902

max inversed flow
950 ppm
(kppm.hour.m³/h)
6
4
30
12

Energy
consumption
(m3/h)
61.4
37.1
57.1
81.1

All cases were conform to the standard criteria of RH and cumulative exposure to CO2concentration (kppm.h in each room)) higher than 2,000 ppm, as set out in CCFAT (2017).
When considering the cumulative exposure to CO2-concentration higher than 1,200 ppm, all
cases showed values lower or similar to the single sensor based DCV systems.
Due to the extraction in the bedrooms, more hours during which inversion to the bedrooms
occurred were found for the hygro A as well as for the hygro B system. However, the amount
of CO2 inversed to the bedrooms, expressed as the cumulative exposure to CO2 was similar to
standard systems without extraction in the bedrooms. Furthermore, no or negligible inversion
was observed from wet rooms, where the risk on pollution is rather high. This indicates that the
average air quality of the inversed flow could be similar for single and double sensor based
DCV systems. Threshold values of these two extra indicators are to be defined with regards to
existing systems available in the market. Research is still going on to define these indicators in
order to be applicable for any single or double sensor based DCV systems.
6

CONCLUSIONS

Demand control ventilation strategy resilience is analysed through the envelope leakage
distribution. Global building envelope leakage has great impact on energy consumption and
targets values are systematically decreased in the several thermal regulations around the world.
This leads to a more controlled ventilation system, but also in a more sensitive system to the
leakage distribution. A set of 100 simulations is realized with constant global building envelope
leakage value but with randomized distribution. The impact is observed to be very important
on the IAQ indicator and close to negligible on the energy one. The envelope leakage
distribution acts on the network equilibrium. Global flow paths across the entire dwelling are
logically strongly influenced by the leakage distribution. As a result, and keeping all aside
assumption constant, a single relative humidity sensor based DCV strategy, defined with evenly
distributed leakage, would reject more than 50% of studied cases.
As an alternative, and to make DCV less sensitive to leakage distribution, a double based DCV
strategy with extra outlets is analysed. IAQ efficiency is experimentally presented and a coupled
IAQ and energy optimization is numerically demonstrated. Nevertheless, such system also
requires some extra indicators in order to avoid undesired effects as the one observed for single
sensors based DCV and to make a step forward in guaranteed performances in both fields of
internal air quality and energy savings.

733 | P a g e

7

REFERENCES

CCFAT (2017), VMC simple flux hygroréglable : règles de calculs pour l’instruction d’une
demande d’avis technique (rev. 01, 2017), http://www.ccfat.fr/groupe-specialise/14-5/
Demouge F., Le Roux N. et Faure X. (2011), Numerical validation for natural ventilation
design, 32e AIVC Conference, 2011, Bruxelle, Belgique.
EN 16798-1 (2015), Energy performance of buildings - Part 1: Indoor environmental input
parameters for design and assessment of energy performance of buildings addressing indoor
air quality, thermal environment, lighting and acoustics.
Faure X. and Ouvrier-Bonnaz O. (2018), Demand control ventilation with hygro passive
sensors: impact of sensor’s characteristics, submitted to Journal of Ventilation (revision1
being submitted).
Fisk W. and De Almeida A.T. (1998), Sensor-based demand-controlled ventilation : a review,
Enery and Buildings, 29, 35-45.
Guyot et al. (2018), Performance based approaches in standards and regulations for smart
ventilation in residential buildings: a summary review, International Journal of Ventilation,
DOI: 10.1080/14733315.2018.1435025.
Laverge J. and al. (2011), Energy savings potential and repercussions on indoor air quality of
demand controlled residential ventilation strategies, Building and environment, 46, 1497-1503.
Rackes A. and Waring M.S. (2017), Alternative ventilation stratgeies in U.S. offices:
Comprehensive assessment and sensitivity analysis of energy saving potential, Building and
Environment, 116, 30-44.

734 | P a g e

Numerical Assessment of the Influence of Heat Loads on
the Performance of Temperature-Controlled Airflow in an
Operating Room
Cong Wang*, Sasan Sadrizadeh, and Sture Holmberg
KTH Royal Institute of Technology
Brinellvägen 23, 10044
Stockholm, Sweden
*Corresponding author: congwang@kth.se

ABSTRACT
Airborne bacteria-carrying particles (BCPs) in an operating room (OR) can cause post-operative infections in the
patients. The ventilation system in the OR is crucial in removing or diluting airborne BCPs. This study
numerically assessed a newly developed OR ventilation scheme – temperature-controlled airflow (TAF), with
special focus on the influence of heat loads on the airflow and BCPs concentration. TAF supplies clean air at
different temperature levels to different zones and establishes a high-momentum downward airflow pattern over
the operating table. The results show that TAF is an efficient ventilation system that can provide good protection
for the patients under low to moderately heavy heat loads. When the heat load is further increased to an
extremely heavy level, the desired airflow pattern cannot be achieved and TAF becomes less efficient. The
numerical results also suggest that the supply air temperature needs to be optimized according to the specific use
conditions to maximize the performance of TAF.

KEYWORDS
temperature-controlled airflow, bacteria-carrying particles, ventilation system, operating room, heat load.

1

INTRODUCTION

A low level of airborne bacteria-carrying particles (BCPs) in the operating room (OR) is one
of the key factors to prevent post-operative infections. In a large multicenter study of 8000
total hip and knee replacement, Lidwell (Lidwell, 1983) found a linear correlation between
airborne BCPs concentration and the rate of deep infections. The major source of BCPs in an
OR is human skin scales shed from the surgical staff (Hoffman et al., 2002). A person
releases about 10 million particles per day during moderate physical activity; approximately
5–10% of these particles carry bacteria (Hambraeus, 1988). Due to the growing resistance to
antibiotics, operating room ventilation has become increasingly important in minimizing
airborne contamination and thus reducing the risk of infections. An ill-functioning OR
ventilation system not only increases the risk of infections and brings unnecessary sufferings
to the patients, but also imposes heavy financial burdens on healthcare services.
Modern operating rooms are commonly ventilated by a laminar airflow (LAF) system. The
filtered and particle-free air is delivered from a ceiling diffuser right above the operating table
at a high flow rate. While not truly laminar, the supply air moves at a nearly uniform velocity
and creates a unidirectional airflow pattern. LAF normally uses a large airflow rate, so that the
downward incoming air can have sufficient momentum and directly wash BCPs away from
the patient. Previous studies have shown that the performance of LAF can be easily affected
by the obstructions in the airflow path such as the surgical lamps (Chow and Yang, 2003;
Wang et al., 2018) and the posture of the surgical staff (Chow and Wang, 2012; Sadrizadeh et
al., 2016).
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A new ventilation principle, temperature-controlled airflow (TAF), has recently been
implemented and evaluated (Alsved et al., 2018). In contrast to LAF that utilizes isothermal
air, TAF supplies clean air at two different temperature levels. The slightly cooler air is
discharged into the surgical zone through ceiling-mounted central diffusers, whereas slightly
warmer air is dispersed into the periphery of the OR through additional surrounding diffusers.
The supply air temperature is adjusted and controlled to establish a temperature gradient of
1.5 – 3
between the central supply air and the ambient air. The central supply air is
accelerated by gravity due to the buoyancy effect and falls down to the operating table with
high momentum. Similar to LAF, the downward airflow in TAF is also expected to wash
away BCPs in the surgical critical zone. The surrounding supply air suppresses the air
recirculation in the periphery of the OR and further dilutes the airborne BCPs contamination
in the air.
The authors’ previous studies have shown that TAF can serve as an energy-efficient
alternative to LAF and also has the advantage over LAF in overcoming obstructions in the
airflow path (Wang et al., 2018). Specifically, the airflow pattern in TAF is less sensitive to
the physical disturbances created by the surgical lamp than that in LAF. These studies
confirm that TAF utilizing the buoyancy effect uses the airflow more efficiently and robustly
than LAF that relies on high momentum. However, the upward convective current developed
from heat sources (i.e. the surgical staff and equipment) interacts with the downward
incoming air and may deteriorate the performance of TAF. Heavy heat loads may develop
strong upward thermal plumes, which prevent the incoming air from being delivered to the
surgical site. In this study, we applied Computational Fluid Dynamics (CFD) to investigate
the influence of heat loads on the airflow pattern and airborne BCPs dispersion in a TAF
ventilated OR.
2

METHODS

The physical configuration of the OR was shown in Figure 1. The OR had a dimension of 8.5
m 7.7 m 3.2 m (Length Width Height). Cooler air at 18.5 was supplied to the
surgical zone through eight central diffusers annularly distributed on the ceiling. Warmer air
at 20 was introduced into the periphery of the OR from 18 additional ceiling-mounted
surrounding diffusers. The total airflow rate was 2.5 m3/s and was evenly distributed between
each individual diffuser. Room air was extracted by five low-level exhaust vents located on
the sidewalls.

Figure 1: An overview of the OR configuration.
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An operating table was placed in the center of the OR. Two instrument tables were located
next to each other downstream the surgical zone. Ten surgical staff members were present in
the OR and each person emitted a heat of 81 W. Two surgical lamps were fixed above the
heads of the staff, which created a total heat load of 215 W. The OR general lighting
contributes to a heat load of 2412 W, emitted from the ceiling. Twelve pieces of equipment
were included in the OR, representing the most commonly used medical equipment during
surgical procedures. Table 1 lists the rated power of each piece of equipment.
Table 1: Rated Power of the Medical Equipment Used in the Operating Room
Equipment
A
B1
B2
C1
C2
D

Power [W]
200
250
400
495
159
496

Equipment
E
F
G
H
I
J

Power [W]
453
152
400
101
238
401

To investigate the influence of heat loads on the performance of TAF, four simulation cases
were performed with heat loads gradually increased by 25% of the rated power of the
equipment from Case 1 to Case 4. Specifically, Case 1 uses only 25% of the rated power of
the equipment, whereas in Case 4 the heat emitted from the equipment was considered 100%
of the rated power. Table 2 lists the heat loads of each simulation case.
Table 2: Heat Loads in Case 1, Case 2, Case 3 and Casr 4.
Equipment [W]
Surgical lamps [W]
General lighting [W]
Surgical staff [W]
Total [W]

Case 1
936
215
2412
810
4373

Case 2
1873
215
2412
810
5310

Case 3
2809
215
2412
810
6246

Case 4
3745
215
2412
810
7182

The amount of BCPs disseminated from each person, measured as Colony Forming Unit
(CFU), varies widely with individuals, clothing, and activity level. In this study, we assumed
that the staff wore ordinary scrub suites and source strength of 5 CFU/s was adopted for each
staff member. The diameter of the BCPs was taken as 12 μm, the average size of skin scales
released from a person (Noble, 1975).
The airflow field and BCPs dispersion were numerically solved by the commercial CFD code
– ANSYS Fluent 18.2. The turbulent flow was modeled by the realizable k-epsilon model.
The particle motion was computed by the Lagrangian particle tracking (LPT) approach. All
surfaces in the computational domain were considered as adiabatic, except the ceiling and the
exposed surfaces of persons and equipment. The no-slip condition was used for velocity at all
rigid surfaces and the pressure-outlet condition was specified at all exhaust vents. The BCPs
concentration was sampled at 20 cm above the center of the operating table and instrument
tables. Numerical model details and validation can be found in the authors’ previous studies
(Sadrizadeh et al., 2014; Wang et al., 2018)).
3

RESULTS AND DISCUSSIONS

Figure 2 and 3 present the temperature contour at two vertical planes passing the center of the
operating table for the four simulation cases.
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Figure 2: Temperature contour plot at the XZ plane passing the centre of the operating table for the four cases.
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Figure 3: Temperature contour plot at the YZ plane passing the centre of the operating table for the four cases.
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In Case 1 and 2, the central supply air directly falls down to the operating table and
establishes a downward airflow field over the operating table. Thus, the airflow is expected to
wash away BCPs from the operating zone. However, a significant change in the airflow
pattern is observed in Case 3 and 4, where the thermal plumes developed from the equipment
and staff push away the downward airflow and thus the incoming clean air could not directly
reach the operating table. Consequently, as the surgical staff serves as the source of both heat
and contamination, the upward convective current may entrain a significant amount of BCPs
into the surgical area.
Figure 4 presents the simulated airborne BCPs concentration at the operating table and two
instrument tables. At the operating table, Case 3 and 4 result in significantly higher BCPs
concentration than Case 1 and Case 2. Specifically, an abrupt increase in BCPs concentration
is observed when increasing the heat load from Case 2 to Case 3. This indicates changes in
the airflow pattern, as confirmed by the temperature contour plot in Figure 2 and 3. The
washing effect is severely weakened and the dilution effect plays a more important role in
Case 3 and 4. Therefore, furthering increasing the heat load from Case 3 to Case 4 only
slightly increases the BCPs concentration at the operating table. Interestingly, from Case 1 to
Case 2, the BCPs concentration decreases as the heat load increases. This can be ascribed to
the fact that a heavier heat load results in a higher ambient temperature and therefore a higher
temperature gradient, which strengthens the driving force acting on the incoming supply air.
As a consequence, the downward airflow in Case 2 provides a stronger washing effect and
thus better air cleanliness than in Case 1.
25

CFU/m3

20
15
10
5
0
Case 1
Operating table

Case 2

Case 3

Instrument table 1

Case 4
Instrument table 2

Figure 4: Simulated airborne BCPs concentration at the operating table and instrument tables.

The two instrument tables were placed next to the heating emitting equipment outside the
protection zone of the central diffusers. The dilution principle replaced the washing effect,
that is, the airflow diluted the airborne contamination rather directly washed away infectious
particles. The BCPs concentration at the instrument tables shows a slightly declining trend as
the heat loads increases. This is due to the fact that higher heat dissipation leads to stronger
upward thermal plumes generated from the equipment, which have more chance to lift
particles out of the range of the instrument tables.

740 | P a g e

The results suggest that the TAF system can function properly under moderately high heat
loads and provide good protection for the patients. However, when the heat load becomes
extremely heavy, it is difficult for TAF to establish the desired airflow pattern and TAF fails
to provide the efficient washing effect. Despite the distorted airflow pattern, TAF is still able
to work as mixing ventilation and dilute the airborne contamination. The simulated level of
BCPs concentration in different cases also implies that the supply air temperature needs to be
optimized according to specific use conditions to maximize the performance of TAF.
4

CONCLUSIONS

In this study, we numerically investigated the performance of a new ventilation system –
temperature controlled airflow (TAF), with respect to BCPs concentration under four different
heat load conditions. The realizable k-epsilon model was applied to treat the turbulent flow
and the Lagrangian particle tracking approach was used to model the particle motion. The
TAF system supplies the airflow at different temperature levels in different zones. By taking
advantage of the buoyancy effect, TAF is capable of creating a unidirectional downward
airflow pattern in the surgical zone and providing adequate washing effect above the
operating table. The results show that TAF can tolerate moderately heavy heat loads and
provide good protection for the patients. A slightly higher heat load can even help improve
the performance of TAF. Under the condition of extremely heavy heat loads, TAF cannot
achieve the desired airflow pattern in the critical zone and the performance can be degraded.
Even with a distorted airflow field, however, TAF can still function as mixing ventilation and
dilutes the airborne contamination. This study, along with previous studies, confirms that
TAF represents an efficient and reliable ventilation strategy for operating rooms.
5
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ABSTRACT
This paper will present the context and application of earth tube systems for the provision of ventilative cooling
and general make-up air in the heating, ventilation and air conditioning (HVAC) sector of the built environment;
with a focus on case studies in Canada.
The first author has a background practising as a Chartered Engineer in both the UK and also in Canada and has
been designing and optimising earth tube systems since 1998, with several case studies built in the UK and
Canada on both domestic and commercial buildings of various uses. The first author is also undertaking a PhD,
investigating the effectiveness of earth tube systems to temper outside air for supply to buildings located in
British Columbia in Canada, where there is a in a Cordilleran climate with up to 40 degrees Celsius (°C) and
cold snowy winters down to -30°C. This paper will focus on a built case study example that has been
investigated as part of the first author’s PhD research in Canada. A discussion on methodology, drawn from the
results of his case studies, to understand the safety and risks to health that need to be considered when using an
earth tube system, especially to prevent mould growth and contamination in the pipe installation, is discussed.
As is the different design approaches to earth tube systems for different building types, climate zones, occupancy
loads and systems design are considered and evaluated.
The paper presents empirical monitored data from a case study that shows monthly temperature and energy
performance of the earth tube system, over a period of one year for 2014. These results demonstrate how
building code compliance (energy and ventilation) can be met or exceeded by the application of earth tube
systems in the supply of ventilative cooling to buildings in the Canadian climate zone (Cordilleran). The extreme
swings in seasonal air temperature impact upon earth tube system performance with interseasonal characteristics.
The results presented and discussed are drawn from ground temperature sensors installed from ground level
downwards to the underside of the earth tube level, in the case study building presented. The main conclusions
drawn from this research show that before starting with an earth tube system design there are fundamental
considerations which should be addressed. These include: climate zone, soil conditions, air flow, building
occupancy patterns, HVAC system and Building Management System (BMS).
The studies show that once the above considerations have been addressed, then the potential for earth tube
systems as part of a ventilative cooling strategy will be capable of meeting core demand for occupant comfort,
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without relying on conventional oil and gas fuelled HVAC systems. Thus, significantly reducing carbon
emissions for cooling and space heating and energy costs.

KEYWORDS
Green retrofit, Earth tube system, Potential cooling and enhanced indoor air quality, Health and wellbeing.

1

INTRODUCTION

This paper focuses on earth tube systems in the cold climate of the Canadian climate zone
(Cordilleran), with up to 40 degrees Celsius (°C) and cold snowy winters down to -30°C. The
monitored data from a case study building will be presented to demonstrate the ventilative
cooling potential of an earth tube system in this climate. Furthermore, the potential for earth
tubes to provide pre-heat in winter will also be explored and supported by monitored data
from the case study building.
The case study and monitoring methodology is discussed for a residential building in the
interior climate zone of British Columbia, Canada. The existing 105 metre squared (m2) house
is 60 years old in 2018, but recently underwent a refurbishment and extension to add an extra
35m2. The design of the earth tube system (ETS) is also discussed, which is 48m2 or 34% of
the total building area. The results of the 12-month monitoring are also discussed.
2

MITIGATING OVERHEATING IN BUILDINGS

With the phenomenon of global warming being linked to an increase in greenhouse gases
caused by emissions from fossil fuels, there is a pressing need to look at methods to reduce
this alarming trend (UN, 2000). With 40 to 50% of the worlds carbon dioxide (CO2)
emissions due to the built environment (OECD, 2011), and increased demands for mechanical
conditioned buildings due to warmer climates (LBNL, 2014), the steps to reduce energy
consumption related to buildings will be a key factor in addressing this global crisis.
The traditional methods of cooling buildings were integrated with the materials and
architecture of early Middle-Eastern buildings – adobe earth walls, baud-geer ducts, and
evaporative pools (Vali, 2009) – and these methods were applied to provide respite from the
extreme heat of harsh desert countries. However, since the discovery of the Carnot cycle
(Carnot, 1824) and the subsequent invention of mechanically driven air-conditioning systems
(Carrier, 1902), the passive environmental control systems have – to a large extent – been cast
aside and omitted in 21st century buildings (Blumenfeld & Thumm, 2014). Mass
manufacturing of air conditioning systems combined with cheap electricity supplies (NRCan,
2017) have made the widespread adoption of mechanically based building services systems
affordable to the market place in Canada, see Figure One below. The ability to provide a
guarantee of thermal comfort to any given internal space – regardless of the architecture of the
building in which they serve or the operating costs – or more concerningly the greenhouse gas
emissions – has contributed in part to the global crisis that is faced by society (UN, 2000).
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Figure One: Average residential and large industrial electricity prices, including taxes, for one city per province
in cents per kilowatt-hour for April 2016, (NRCan, 2017)

The built environment industry has seen some (but not the majority of ) architects design
glass skinned buildings which appear as monuments to modernity – which are then
conditioned using whatever-means-necessary mechanical systems to guarantee comfort
(Sahoo, 2010). In recent years – most notably from early 2000’s – regulations such as the
Energy Performance of Buildings Directive (EU, 2010), Building Energy Codes (BCBC,
2012), Approved Document L (in the UK) there has been a drive energy efficiency in new
building construction and this been shown to produce savings in emissions and energy (NRC,
2011). However, despite these regulations there is still an overdependence upon mechanical
systems to meet comfort (Alia, Esteban, 2000) – with little thought given to resiliency in the
event of mechanical failure or disruption of utility electrical supplies.
The method championed through the Passive House Institute of Darmstadt is directive toward
the building envelope providing the means for survival and comfort (Admason & Feist,
1996), with mechanical heating, ventilation and air-conditioning (HVAC) system reduced to
minimal requirements for trimming peak loads only (PHI, 1996). The Passive House method
champions the architecture and construction teams, but still the mechanical engineering teams
are continuing to select conventional engineering systems to provide the HVAC needs of the
building. Furthermore, not every client can afford a Passive House standard building – nor are
there enough adequate trained practitioners with the necessary skills to deliver such highperformance buildings (Passive House Canada, 2017). So in the interests of health and
wellness, energy efficiency, resilience and low greenhouse gas emissions, the author has been
developing a growing area of practice in the application of earth tubes as a means of
providing a simple solution to these needs.
3

METHODOLOGY FOR THE EARTH TUBE SYSTEM

The type of ETS that is documented in this paper is a single pass supply of outdoor air,
primarily to provide cooling to the master bedroom and main living areas of the case study
house, see Figure Two below.
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Figure Two: architectural plans of the case study house.

The pipework configuration comprises four pipes, each 100-millimetre (mm) diameter (Ø)
running in parallel at an average of 50mm spacing in a common trench. There are two 90degree bends in the pipe runs with each pipe delivering 18 litres per second (l/s) at an average
air velocity of 2.2 metres per second (m/s). The ventilation system is a single in-line fan with
direct ducting to supply tempered outdoor air directly to the master bedroom and living areas,
see Figure Three below.

Outdoor
Air intake
House
Earth Tube
Air Supply

Total Airflow: 70l/s
Pipes: 4 x 100mmØ
Pipe length: 23m average each pipe
Pipe depth 1.6m

© Archineers Consulting Ltd, 2017

Figure Three: Plan view of earth tube system at case study project
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The exposure of the outdoor air inlet is deliberately located on the north side of house, mostly
in the shade, to allow the air to be drawn from a space with a cooler microclimate of a quiet
suburban garden.
3.1

Material of the earth tubes

The earth tube material is High Density Polyethylene (HDPE) and constructed with a solid
and corrugated profile. Each pipe is approximately 23 metres (m) in length in continuous
monolithic sections, with no joints to reduce risks of leakage and contamination to the air
stream (see Figure three).
3.2

Installation of the earth tubes

The earth tubes are bedded in a trench surrounded by soft sand to protect them, with a soil
depth cover (from crown to surface) of 1.6 metres (Figure Four). The earth tubes run adjacent
and parallel to the insulated basement foundation wall. The local soil conditions are a mix of
loamy sand and clay, the site is well drained being located on a gently sloping hillside, facing
south-south-east in a suburban low-density neighbourhood.

Figure Four: Trenching and laying earth tubes for case study project

The site conditions above the earth tube is exposed and open to atmospheric and climate
conditions, with a surface treatment of a mixture of lawn and concrete paving, as well as a
herbal garden, to assist with air quality improvements (see Figure Five).
The solar exposure above the earth tubes is partially shaded by the house, and a substantial
Douglas Fir tree in the front garden, although in the summer months, there will be a degree of
direct sunshine in the early morning from sunrise until 08.00 am.
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Figure Five: Outdoor air inlet box and filter housing (circled) – case study house

The outdoor air inlet to the earth tubes incorporates filtration of fine insect mesh and a regular
25mm thick filter screen – as commonly used in residential scale air-handling systems and
furnaces, see Figure Six below.

Figure Six: Air inlet with screen, mesh and filter – all upstream of the earth tubes.

3.3

Monitoring of earth tubes

The monitored data for the case study has been recorded using wireless sensors linked to
gateway, with continual pulsed recording every 30 seconds. The sensors are manufactured by
Omnisense, and comprise a series of wireless sensors and a wireless gateway that is
hardwired into the internet modem, see Figure Seven below.
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Figure Seven: Omnisense, S-900-1, Wireless T, %RH, WME Sensor,

The wireless sensors are located inside the outdoor air inlet box and inside the ductwork
header upstream of the supply fan (see Figure Eight below).
The wireless sensors record two points of data, outdoor Air Temperature in degrees Celsius
(OAT) and Earth Tube Air Temperature in degrees Celsius (ETAT). The difference between
these two temperatures is of particular interest in determining the delta Temperature (∆T) and
ultimately the efficiency of the ETS.
Temperature
sensor OAT

Outdoor Air
intake

Earth Tube Air
Supply
Temperature
sensor ETAT

Total Airflow: 70l/s
Pipes: 4 x 100mmØ
Pipe length: 23m average each pipe
Pipe depth 1.6m

Figure Eight: Isometric of ETS with Temperature Sensors shown

3.4

Earth Tube System description

The ETS supplies tempered outdoor air to a single-family house primarily for the purposes of
summertime cooling and wintertime indoor air quality. The ETS meets 100% of the cooling
needs of the master bedroom and living spaces within the house, and the volume of cooled air
supplied to the spaces is controlled by a variable speed inline fan. The ETS provides tempered
outdoor air to the living spaces through the year to improve indoor air quality. The benefits
are most notable in the winter when the indoor air quality (IAQ) is enhanced through the
supply of tempered outdoor air that is pre-warmed such that there are no cold draughts. Topup heat is provided to the living spaces through perimeter heating to offset both the envelope
losses and the ventilation air that is mixed with room air.
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3.5

Cooling options from the earth tube system

As an alternative to the earth tubes for cooling, the owners would most likely have opted for a
window air conditioner as their first choice of system. The house has no forced air ductwork
(common for heating and cooling in Canada) so a central forced air cooling system would not
have been a viable option for the case study house owners (Daikin, et al). Another alternative
would have been a ductless mini-split system (Mitsubishi, et al). But the mini-split system
does not have the benefit of outdoor air supply, so this is not quite an "equal/approved"
system as the earth tube has added benefit of tempered outdoor air exchange. The earth tubes
provide tempered outdoor air (all year) and meet the cooling needs in the when the climatic
conditions require (typically June to September). Therefore, the most viable alternative would
have been the window A/C units.
3.6

Controls of the earth tube system

The ETS supplies tempered outdoor air by an inline fan. The fan is manually operated to
control volume of air flow supplied. Depending upon the time of year the home owner will
require different volumes of tempered outdoor air to be supplied to their living spaces. The
manual operation is deliberate in the manner that it requires a hands-on approach – so that the
operator can manage their comfort simply to meet their needs – something very a different o
typical HVAC that is electronically controlled. Detailed operational procedures by the owner
are not fully recorded. However, through discussions with the owner, there are two main
modes of operation that have been established: (i) in summertime, the fan operates based on
temperature demand for cooling; (ii) in winter the fan is operated based on indoor air quality
needs.

Figure Nine: Ductwork header connected to earth tubes and fan unit.

For the purposes of the analysis, an average period of ten hours per day has been applied
during the most occupied period of the day, from 08:00 to 18:00. This allows the efficiency to
be compared to a traditional system for heating or cooling the equivalent volumes of air from
the outdoor temperature to the delivered temperature. The baseline delivered air temperature
has been set based on degree days of 18°C dry bulb (DB). Therefore, the energy saved by the
ETS compared to business as usual (BAU) is based on the temperature difference between
tempered earth tube air and direct outdoor air to a temperature of 18°C DB.
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4

MONITORED DATA

The monitored data is shown in Figure Ten to Thirteen below.

Figure Ten: OAT and ETAT for case study house - JANUARY

Figure Eleven: OAT and ETAT for case study house - APRIL
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Figure Twelve: OAT and ETAT for case study house - JULY

Figure Thirteen: OAT and ETAT for case study house – OCTOBER
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5

RESULTS ANALYSIS

The monitored data is recorded with temperature and relative humidity reading taken every
ten minutes over a twelve-month period.
The analysis uses average daily outdoor air temperature (OAT) and earth tube air temperatire
(ETAT) per Month based on daily averages 10-hour days (8am-6pm).
Degree Days are used as a reference to compare the earth tube performance with business as
usual. Degree-days for a given day represent the number of degrees Celsius that the mean
temperature is above or below a given base. For example, heating degree-days are the number
of degrees below 18 °C. If the temperature is equal to or greater than 18, then the number of
heating degrees will be zero. Normals represent the average accumulation for a given month
or year. Values above or below the base of 18 °C are used primarily to estimate the heating
and cooling requirements of buildings and fuel consumption.
The baseline conventional scenario with no earth tube array was established using the
building HVAC system to temper the outdoor air to meet the 18°C degree day standard
assessment. The calculation for this is as follows:
Q = Cp x m x (T18 – TOAT), where:
Q = heat load in kilowatts (kW);
Cp = specific heat capacity of air in kilojoules per kilograms per degree Celsius –
assumed as constant 1.2 kJ/kg/°C;
m = mass flow rate in litres per second (l/s);
T18 = 18°C as per degree day assessment;
TOAT = temperature of outside air;
The annual energy savings in cooling mode are: 30%
The annual energy saving in heating mode are: 46%

6

POST COMPLETION REVIEW:

The owners of the house have experienced an enhanced internal environmental quality since
the completion of their project. This is likely due to several factors, including improved
envelope, modernized kitchen and living spaces, as well as the provision of better air quality
and cooling from the earth tubes. Following a recent inquiry to the owners, we were informed
that they are very happy with the system and also happy to share the monitoring for the
furtherment of understanding and application of earth tubes in the Canadian market.
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7

DISCUSSION SECTION

The primary driver that led the author into this field of research was related to the health of
and well-being building occupants. Health is important – started at the main driver as similar
findings (Clements-Coombe, 2008) who found that indoor air quality is poor – especially at
times when outdoor air temperature is not suitable for a natural ventilated operation.
The results show that an additional 46% outdoor air can be supplied to the house in winter
with zero energy penalty. This is an important factor as it could encourage the homeowner to
operate the earth tubes more frequently in winter to improve IAQ.
The summertime cooling (June-Sept) benefits go beyond outdoor air volumes and identify
that he the internal conditions of the house are maintained through the very hot summer (July
peaked at 37.5°C). The earth tubes were sized for outdoor air tempering, but ended up being
primarily used for summertime cooling.
The design of the system has several factors that need to be accounted for, including:








8

Climate zone – including seasonal extremes in addition to annual averages/medians of
temperature
Sub-surface conditions – including soil type and soil temperature, ground water,
depths of bury
Air flow requirements – for ventilation air to manage IAQ.
Air flow requirements – for meeting thermal loads, predominantly cooling but also
tempered make-up air in the heating season
Building occupancy patterns – related to seasonal, monthly and daily use
Operational HVAC system – optimising effective interface; and
Building Management System (BMS) controls – sequence of operation (SOO)

CONCLUSIONS

The earth tubes are a simple technology – “well known”, but not necessarily ‘known well’.
Despite the building energy codes becoming more directive with regard to improving energy
efficient through better envelope, there is a still the factors of climate change that result in a
growing need to provide cooling to buildings.
The earth tubes are shown to be a proven technology to provide free cooling, but also the
factors of improving IAQ in winter – as well as summer – are further benefits, with no
operational costs.
The factors such as passive survivability – “A building's ability to maintain critical lifesupport conditions in the event of extended loss of power”, (CBE Berkeley, 2008) are
enhanced through less reliance on complex mechanical equipment. The earth tubes are a
simple technology that can assist the passive operation.
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ABSTRACT
Earlier field measurements in Low Energy Buildings have shown that excess temperatures
can easily occur during summertime in well-insulated houses, also in northern part of Europe.
If a ground source heat pump is used for heating and there is a bidirectional ventilation
system, the borehole can be used for free cooling in summertime and the chilled air can be
distributed by the ventilation system. In this study, a simulation of a single family nZEB
located in the Swedish city Gothenburg was conducted. Several different cases investigating
the effect of window opening, ventilation air flow rate and installation of a free cooling
system was simulated. As expected, the simulation showed that an increase of the ventilation
flow and opening of windows can be efficient means to increase the thermal comfort by
lowering the number of hours with temperature exceeding 24°C. However, the results show
that the free cooling system reduces the number of hours with high temperatures even more,
especially for cases when the windows are not opened. To validate the simulation results, a
prototype free cooling system was installed in a real nZEB, with the same properties as the
nZEB in the simulation study. The measurements confirmed that it is possible to lower the
indoor temperature considerably by free cooling by use of the borehole and supply the air
system, even though the cooling capacity is limited due to restrictions on ventilation rates and
supply air temperature. Another conclusion of the measurements was that the control of the
free cooling system is crucial to achieve the full cooling potential and for high system energy
performance.
KEYWORDS
Free cooling, borehole, heat pump, bidirectional ventilation, nZEB

1 INTRODUCTION
1.1 Background
Field measurements in Low Energy Buildings, for example in the so-called “Hamnhuset” in
Gothenburg in Sweden, show that excess temperatures can easily occur during summertime in
well-insulated houses, also in northern part of Europe (Gervind et al, 2011). In many cases, it
is possible to lower the temperature by opening of windows, but this is not always desirable.
The reason can be either noise or insecurity, or a desire from residents not to get too much
pollen or air pollution for allergy or health reasons.
In a heating system with a ground source heat pump it is well known that the borehole can be
used for free cooling in summertime (Shou, Z. et al, 2016, Yuan, T. et al. 2017, Khilström, P.
2016). And if the house has a bidirectional ventilation system, the chilled air can easily be
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distributed throughout the building, which can be efficient from both an energy and cost point
of view. However, such a solution requires that the heat pump and the ventilation system is
linked and controlled together, which is rarely done today. The aim of this project was
therefore to investigate the potential and to increase the knowledge of how a heat pump
system can be integrated with a bidirectional ventilation system with heat recovery to enable
free cooling.
1.2 Scope
The scope of this study was to investigate the potential and to increase the knowledge of how
a ground source heat pump system can be integrated with a bidirectional ventilation system
with heat recovery to enable free cooling in a single family nearly Zero Energy Building
(nZEB). This was done by simulation of the building and the building services engineering
systems in IDA-ICE and by follow-up field measurements in a research villa.
1.3 Delimitations
Measurements were only performed during a part of one cooling season. It would have been
beneficial to perform measurements during several full cooling seasons to be able to compare
the different settings in a better way. In addition, the full range of the ventilation air flow rate
used in the simulations, could not be validated due to restrictions of fan capacity.
In this study, it has not been possible to predict the “cost” for the free cooling, in form of
additional pumping and fan power. However, this should be taken into account when evaluating
the “efficiency” of the free cooling. Even though less energy is most probably used compared
to compressor driven cooling, there will still be a certain energy cost for the “free cooling”.
2 METODOLOGY
2.1 Simulation/measurement objects
In this study a reference house is used for the model. The house, situated at RISE’s premises
in Borås (Fig 1), Sweden, is a low energy single family house (average heat transfer
coefficient, Uaverage = 0.16 W/m2 K) with a total floor area of 166 m2 and two floor levels. See
table 1 for more technical information of the building.
Table 1. Technical information about the nZEB and the heating and ventilations systems evaluated in this study.

Place
Size
Ventilation
Heating source

Heating system
Solar
Habitants

Borås
166 m2, 22 kWh/m2/yr (projected space heating and DHW
demand)
Balanced (bidirectional) ventilation system with heat recovery,
design supply flow rate 60l/s. Manufacturer efficiency data 82%
Ground source heat pump (4.5 kW, on/off controlled)
Storage tank 150l.
Borehole 90 m (81m active)
Dimensioning temperature: 0°C
Floor heating on upper and 1st floors
Dimension temperature: 36°C at dimensioning outdoor winter
temperature
PV-panels 3000 kWh/yr
Simulated family
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Fig. 1. The IDA model (left) and the reference house (right).

2.2 Simulations
A model of the single-family house is created in IDA Indoor Climate and Energy (ICE) 4.6,
and the construction and the configuration correspond to the reference house situated in Borås
(see Fig. 1). Result from the model for the heating demand is compared with measurements
from the reference house and show good agreement (Ylmén, P. & Persson, J., 2017).
The program of IDA ICE is used to investigate the cooling demand and thermal conditions
with different ventilation airflow rate, effects of window opening and a free cooling system.
IDA is a dynamic simulation tool for studying indoor climate in the zones as well as energy
use in the zones and the entire building for general-purpose. It models buildings, systems and
its controls, and it provides user interface to define, build up and simulate different cases
which makes it possible to simulate a wide range of system designs and configurations (Equa
Simulation Technology, 1999).
The climate data used in the model is for Gothenburg-Landvetter (45 km from Borås), which
is fairly representative for Swedish conditions with a yearly average temperature of 8°C. The
weather data files are available in the IDA program and they are derived from integrated
surface hourly weather data originally archived at the national climate data centre. Regarding
the internal heat load, i.e., heat emission from lighting, equipment and appliance, 30 kWh/m2
is used, suggested by SVEBY (Sveby, 2009) as a standard value for residential building
energy simulation. The internal heat load is distributed to the rooms with specific schedules
and unevenly distributed over the year i.e., higher household electricity use in the winter and
lower in the summer. Occupancy schedules are considered with a specific distribution. IDA
simulations were performed for the cooling season, i.e., May to August.
To investigate the effect of different means of reducing the hours of overheating different
cases were modelled. These cases included different ventilation flow rates, schedule for
window opening and installation of a cooling coil (connected to borehole and placed after the
air handing unit); see Table 2 for short descriptions of case studies. For each of these cases the
number of hours that the temperature in three different rooms in the nZEB exceeded 24°C
was investigated.
Table 2: Descriptions of modelled cases
Case
1

Ventilation flow rate
(l/s)
60

Schedule for window
opening
No

Connected to cooling coil
No
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2
100
No
No
3
60
Yes
No
4
60
No
Yes *
5
100
No
Yes *
6
60
Yes
Yes *
*
The cooling coil starts to work when the room air and supply air temperature is above 21°C and 16°C,
respectively.

The designed ventilation flow rate for the modelled house was 60 l/s (corresponding to 0.35
l/s/m2), and the maximum flow rate was assumed to be 100 l/s. The schedule for window
opening was made based on literature study together with assumptions of opening window
behavior (when and how often people is likely to open window). A cooling coil was added to
cool down the supply air temperature to 16°C in warm days, i.e., case 4-6.
Further, additional cases are modelled to obtain the required cooling capacity for maintaining
the maximum room temperature below 24°C at all times. This was done by adding fan coils in
the living spaces, i.e., living room and kitchen and sleeping rooms for case 1, 2 and 3.
In addition, the maximum cooling capacity from free cooling system was investigated by
estimation of the potential on the air side.
2.3

Measurements

2.3.1 System setup
The system setup is depicted in Figure 2 below, and consists of the following main
components;
 A ground-source heat pump with a 2.3 kW electric compressor, operated in on/off
mode. The heating power, excluding auxiliary resistive elements (blocked), is about
4.5 kW. The heat-pump is supplying both DWH and hot water for floor-heating.
 An air-handling unit with a rotating disk heat recovery. The electric power of the fans
are about 170 W and delivers a max flow of about the 90 m3/h in the given installation
(without additional cooling-coil).
 A cooling-battery dimensioned to give about 1 kW cooling power at the anticipated
operation conditions.
 A separate frequency-controlled circulation pump on the brine circuit of the cooling
battery.
The cooling battery was installed on the supply air duct, directly after the air-handling unit. A
by-pass, operated by manual valves, allows for the cooling battery to be disabled when not
needed. The liquid circuit of the cooling battery was connected in parallel with the return pipe
from the borehole to the heat pump. The additional circulation pump, along with a non-return
valve, allow for brine to be circulated through the cooling battery, the heat-pump and the
borehole (all in series) independently of the heat-pump operation.
2.3.2 Measurement system setup
The monitoring included PT100 and PT500 sensors for temperature readings for both the airand brine side of the system. The flow-rate on the brine side was given by a volumetric flow
sensor. Both brine temperature and flow rate were measured by a Kamstrup energy meter.
The air flow was measured by differential pressure sensors. In addition, the electric power
used by the equipment was logged with integrating energy meters. Data for evaluation the
thermal system performance was recorded as 15 minutes averages. Some, but not all,
measuring points are indicated in the system diagram in Figure 2.
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2.3.3 Control system
The cooling power was controlled to reach a given set-point temperature on the supply-air to
the living space. The control was achieved by regulating the speed of the circulation pump on
the brine side of the cooling battery. A PID regulation was implemented to provide a feedback from the supply air temperature to the operation circulation pump. The cooling was
activated when the outdoor temperature exceeded 16.3 °C, and it turned off again when the
outdoor temperature went below 15.0 °C (taking the temperature rise of the air due to the fan
power into account).
2.3.4 Operation settings
Three separate operation settings are presented here, which each has different effects on the
final indoor air temperature of the house.
Operation setting 1 – Full ventilation, no cooling, HP in operation. The cooling battery
was not activated, and the air went via the by-pass. The fans of the air-handling unit were
running at maximum speed to give a supply air-flow of about 70 l/s. In this case a ventilation
air flow of 100 l/s, was aimed for, but due to restrictions in fan capacity only 70 l/s was
reached. The heat pump was running as normally, in an eco-mode setting. The measurement
period for this operation mode was from 2017-06-19 to 2017-06-28.
Operation setting 2 – Full ventilation, 16°C cooling, HP in operation. The cooling battery
was activated with a supply air temperature set-point of 16 °C. With an additional pressure
drop over the cooling battery, the air-flow was reduced to about 60 l/s. The heat pump was
running as normally, in an eco-mode setting. The measurement period for this operation mode
was from 2017-08-22 to 2017-08-31.
Operation setting 3 – Full ventilation, 16°C cooling, HP turned off. The cooling battery
was activated with a supply air temperature set-point of 16 °C. The air-flow was about 60 l/s.
The heat pump was turned off. The measurement period for this operation mode was from
2017-08-11 to 2017-08-22.
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Figure 2. The system setup of the installation of the cooling battery in the Research Villa.

3 RESULTS AND DISCUSSION
3.1 Simulations
Results from the IDA simulations are presented and discussed in this section.
3.1.1 Required cooling capacity
The required cooling capacity for case 1, 2 and 3 (see case description in Table 2) to keep the
maximum room temperature below 24 °C during the whole cooling season is presented in
Figure 3. As shown in the figure the peak cooling demand for all three cases is nearly the
same, about 2000 W, while the number of hours required for the same amount of cooling
demand is decreased by increasing ventilation flow rate or opening window.

Cooling demand (W)
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0
0

300
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1200

1500

1800

2100

2400
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Number of hours (h)
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100 l/s

60 l/s with window opening

Figure 3. Duration diagram of cooling demand for case 1 – 3 during the whole cooling season.
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3.1.2 Cooling potential in ventilation system
According to IDA calculation, the maximum cooling power (both sensible and latent)
provided by the ventilation flow rate of 60 l/s and 100 l/s is about 1.2 kW and 1.9 kW,
respectively. These values are valid for an outdoor temperature of 26 °C, relative humidity of
54 % and supply air temperature of 16 °C. In the IDA model, the temperature for entering
liquid and leaving liquid is assumed to be 5°C and 10°C (IDA default value), respectively.
3.1.3 Reduction of hours of overheating
In Figure 4 the indoor temperature of the modelled house is shown for a sunny day in July at
16:00. The contour plot of temperature is based on the simulation results for case 1 (base
case). The temperatures for the living room and kitchen, bedroom 1 and bedroom 2 are at
about 27, 29 and 30°C, respectively. In general, the air temperature in the first-floor is lower
than that in the second-floor; and bedroom 2 in the second-floor is warmer than bedroom 1
due to more incoming solar radiation in the afternoon. Therefore bedroom 2 has a longer
overheated period than bedroom 1 as shown in Figure 5.

Figure 4. contour plot of room temperature of the modelled house for a sunny day in July at 16:00

Figure 4 shows the total number of hours when the room air temperature above 24°C during
the whole cooling season for different cases, including increased ventilation flow rates (case 2
and 5), opening window (case 3 and 6) and using a free cooling system (case 4,5 and 6). As
can be seen, increasing ventilation flow rate, opening windows, and connection to free
cooling system helps to decrease extent of overheating in house, in terms of reducing the
overheating hours. But of course, the changes also have in impact on the average room
temperature. For example, the average room temperature for the living room and kitchen for
case 1 and case 4 (with free cooling) is about 24 and 23°C, respectively; for bedroom 1, the
average room temperature for case 1 and case 3 is about 25 and 23°C, respectably.
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Figure 5. Total number of hours when the room temperature is above 24 °C for living room and kitchen and two
sleeping rooms during the whole cooling season based on simulation.

3.2 Measurements
In Figure 6 below the temperature of the mixed extract air is shown during the three different
evaluation periods. This temperature is assumed to represent an average indoor temperature.
No (or very few) window openings were done during the evaluation period since the
measurements were performed in a research villa with no people living in the house.
Occupancy is only simulated by electrical thermal loads. Due to restrictions in fan capacity, it
was only possible to increase the air flow rate to 70 l/s (and not up to 100 l/s). As can be seen,
temperatures over 24 °C are registered for a large amount of the time, even at moderate
outdoor temperatures. After setting the cooling coil into operation, the temperature of the
extract air is reduced significantly, even more than expected, since the ventilation air flow
was reduced due to the additional pressure drop over the cooling coil. According to the
default setting of the heat pump, the heat pump operates in heating mode during night time, if
the outdoor temperature drops below a certain level. It can be seen that lower temperatures are
obtained if the heat pump operation is blocked, and nevertheless, the mixed indoor
temperature never drops below 20 °C.
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Figure 6. Temperature of the mixed extract air during different evaluation periods with and without free cooling
and heat pump operation.

3.3 Lessons learned from measurements
Some lessons learned from the measurement evaluation periods are listed below.





In order to limit the additional pump power, the cooling pump should not be oversized
and equipped with variable flow control.
In order to reduce the fan energy used during the whole year it is beneficial if the
system has a bypass for the airflow to prevent the air from passing the cooling coil
during the heating system.
The control should include a summer and winter period to prevent the heat pump to
heat the house during nighttime when there is a cooling need in the daytime.
The system should have a valve to shut-off the cooling coil when the heat pump is
operating. Otherwise there is a risk that too cold air (below 16°C) is distributed by the
ventilation system.

4 DISCUSSION
As an alternative to distributing the chilled air through the ventilation system, separate fan
coils could be installed in one or several rooms of the house. If only one is installed, it will be
a challenge to distribute the cool air in the house, and if several are installed, it will lead to
considerable extra cost, both for material, work and fan power. Therefore, the alternative if
distributing the air by the already existing ventilation system is a cost-efficient alternative,
even though the available cooling capacity is restricted by the ventilation air flow rate and a
lowest permitted discharge temperature of 16°C.
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5

CONCLUSIONS





It is possible to lower the indoor temperature significantly with a cooling could
connected to the borehole of a ground source heat pump and a bidirectional ventilation.
The IDA model used in this study shows reasonable predictions of indoor thermal
conditions for a typical summer based on the comparison results with the measurement
data.
Since the cooling capacity is limited in the free cooling system a good control scheme
is required i.e. one must start cooling before the actual cooling need (high indoor
temperatures) to prevent overheating.
Increasing the ventilation flow rate is efficient to reduce the number of hours of
overheating. Therefore, this should be the first step, if possible, before installing the
cooling system.
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ABSTRACT
Balanced ventilation units are well known to provide a sufficient amount of fresh air in residential buildings in a
controlled way, without relying on ever-changing naturally driven forces. During colder periods, heat recovery
ensures a reduction of the ventilation heating load. Outside the colder periods, recovery is reduced or shut off
automatically, providing mechanical ventilative cooling. During warmer periods, the recovery is used again to
provide a comfortably cool supply of fresh air. The combination of a balanced ventilation unit with ground heat
exchange, provides precooling in the hot season, so that the ventilative cooling is taking place for the entire hot
season, and not only during cool summer nights.
Field studies are used in this research, to explain the automatic control between recovery and no recovery. Six
projects in Western to Central Europe are monitored with balanced ventilation units, and two of these units are
combined with ground heat exchange. For an entire year, the relevant parameters are recorded in each project, and
hourly average values are analysed. The heat recovered, the ventilative cooling, and the cold recovered have been
evaluated and given as a function of outdoor air temperature. The values are summed into annual heating
recovered, annual ventilative cooling and annual cold recovered. The sums are compared to the electrical
consumption in the respective period.
The yearly averaged ventilation rates range from 95 to 250 m3/h. From the results it is clear that recovery is
dependent on flow rate and temperature difference outdoor-indoor. The values for annual heat recovered range
from 1850 to 4570 kWh. When ventilative cooling takes place, the amount of cooling with respect to the indoor
temperature is also a function of flow rate and temperature difference outdoor-indoor. Without precooling by
ground heat exchange, the annual ventilative cooling with respect to indoor temperature range from 393 kWh to
657 kWh. When precooling is used, it is shown that the annual ventilative cooling is increased to 1480 kWh
because the period for ventilative cooling is extended. The annual cold recovered by the units range from 27 kWh
to 61 kWh .
The annual electric consumption of the fans has been evaluated using measured values of fan rotational speed and
air flow rate, and an average fan efficiency for the relevant fans in the units. The energy benefit can be expressed
in terms of the seasonal performance factor SPF, which is the energy gain (heat recovered, ventilative cooling and
cold recovered) divided by the electrical consumption of the fans in the respective period. In the heat recovery
period, the SPF is evaluated to range between 16 and 23 with a positive outlier of 47 in a project with low average
air flow rate. In the ventilative cooling season, the SPF is evaluated to range between 3.7 and 4.9, and a value as
high as 9.8 for the project with low average air flow rate. In the cold recovery season the SPF ranges from 2.0 to
a value of 4.5 as maximum.

KEYWORDS
Residential ventilation, heat recovery, ventilative cooling, cold recovery, monitoring
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1

INTRODUCTION

Balanced ventilation systems are generally known for providing fresh air in dwellings. The
focus of laboratory tests is on heat recovery but there are no standardized tests for ventilative
cooling. Long term measurements (at least one year) in houses are significantly less reported.
The growing use of computers to store huge amounts of data makes it possible to analyse field
studies over longer periods. This study aims to evaluate how much heat and cold is recovered
annually in real-life circumstances, compared to the electricity consumption of the fans.
As opposed to heat and cold recovery, ventilative cooling is often described by natural means,
because in favourable conditions (driven by wind and stack effect), the amount of ventilation
and cooling can be quite large. The amount of ventilative cooling that mechanical systems bring
into dwellings has not been measured often. This study explains with monitored data under
which circumstances ventilative cooling is brought into the dwelling, and evaluates the annual
amount of ventilative cooling compared to the electrical input.
2

MONITORING SET-UP

Balanced ventilation units are monitored in six field studies, located in The Netherlands
(labelled NL01 and “Nulwoning”), Germany (DE01, DE02 and DE03) and Austria (WE01).
The ventilation units are similar in construction and in control, although the fans varied in three
sizes to accommodate for various maximum flow rates. Three units (NL01, DE02 and DE03)
are equipped with a standard heat exchanger and the rest of the units is equipped with an
enthalpy exchanger. In two particular units (DE01 and “Nulwoning”), ground heat exchange
was used to precondition the incoming fresh air (preheating during colder periods and
precooling during warmer periods).

a)

b)

Figure 1: a) Geographical locations of the field studies and b) Photograph of an example ventilation unit (NL01).

From September 2016 until August 2017, various parameters were monitored on a 5-minute
interval, an later analysed using the hourly averaged values of the parameter. Temperature is
measured using built-in sensors in the supply air (SUP), the extract air (ETA) and the outdoor
air (ODA). For the two ventilation installations with ground heat exchange, the outdoor air is
measured before it is preconditioned (that is, the true outdoor temperature). The rotational speed
of both fans (supply and extract) and the produced flow rates are also monitored. Outdoor
temperatures vary from a minimum of -13°C in winter to a maximum of 35°C in summer.
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3

RESULTS AND ANALYSIS

3.1

Functional description of balanced ventilation unit

A balanced ventilation unit has the primary goal to provide the dwelling with a sufficient
amount of fresh air. During the cold season (hereafter referred to as the heat recovery season),
the heat is recovered from the extract air to the supply air providing a comfortably warm supply
temperature which is close to the extract temperature.
During the seasons with intermediate temperatures, the heat recovery is automatically reduced
or totally switched off by activating a bypass functionality (referred to as ventilative cooling).
By doing this, the supply temperature is reduced and therefore comfortably cool. The bypass
functionality is only activated when all of the following conditions are true:
 Central heating is inactive in the dwelling [no waste of energy],
 No risk of too cold supply air [no draught and/or condensation on uninsulated supply ducts],
 Outdoor air (possibly precooled) air is colder than extract air [ventilative cooling possible],
 Extract air is warmer than comfortable [ventilative cooling is required].
During the warmer season, when the outdoor air is warmer than the extract air, recovery takes
place again, so the supply air is cooled by the extract air leaving the supply air comfortably cool
(referred to as cold recovery season).
Figure 2a shows the hourly averaged extract and supply temperatures for the entire year in the
field study DE03. During heat recovery season and cold recovery season the supply
temperatures are close to the extract temperature and during ventilative cooling the supply
temperature is close to the outdoor temperature.
Monitored temperatures for the entire year in a project with ground heat exchange
(“Nulwoning”) are given in figure 2b. The heat recovery season can also be observed but the
preheating of the outdoor air by the ground gives an even higher recovery efficiency resulting
in supply temperatures even closer to the extract temperature. When the outdoor temperature is
lower than the extract temperature, there is ventilative cooling similar to figure 2a. The
difference appears when the fresh air is precooled by the ground, to a level which is below the
extract temperature. In this case, the ventilative cooling is extended to the entire summer season,
with even lower supply temperatures than without ground heat exchange.

a)

b)

Figure 2: Extract temperature (yellow) and supply temperature (red) as a function of outdoor temperature for
field test DE03 (a) and field test “Nulwoning” (b).
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3.2

Heat recovered, ventilative cooling and cold recovered

During the heat recovery season, the supply temperature is increased and therefore the heating
load for the dwelling is reduced with a considerable amount. The avoided heating load (heat
recovered) is evaluated from the monitored recordings using the fresh air flow rate and the
difference between supply temperature and outdoor temperature. The heat recovery in project
DE03 during this season can be observed in figure 3 by the positive values during colder
periods. The hourly values appear as two distinct lines corresponding with the frequently used
fan positions by the occupant of the dwelling. The lower the outdoor temperature, and the higher
the flow rate, the more heating load is saved.
During the periods with ventilative cooling, the amount of cooling delivered by the fresh air is
evaluated using the fresh air flow rate and the difference between supply temperature and
extract temperature (negative values to reflect the cooling effect). In figure 3 it can be observed
that the ventilative cooling is around 700 W at a flow rate of 220-240 m3/h for an outdoor
temperature around 10°C. When outdoor temperatures increase, the amount of ventilative
cooling decreases until zero when outdoor and extract temperatures are equal (22°C).
During the cold recovery season, temperature outdoors is higher than extract temperature, so
that ventilative cooling cannot be used anymore. However, the cold recovery ensures a
reduction on the cooling load of the dwelling. The amount of cold recovered has been evaluated
using the fresh air flow rate and the difference between supply temperature and outdoor
temperature (negative values to reflect the cooling effect with respect to no recovery). For an
example flow rate of 220-240 m3/h the cold recovered is up to 300 W at outdoor temperature
of 29°C. Note that only the sensible part of the cold recovered has been assessed; the latent part
has not been evaluated in this study.

Figure 3: Heat recovered (red dots above horizontal axis), ventilative cooling (blue dots) and cold recovered (red
dots below horizontal axis) as a function of outdoor temperature for field test DE03.

For the project with ground heat exchange (“Nulwoning”) in figure 4, the heat recovered is
shown as four lines for the corresponding fan positions absent, low, middle and high. The
ground heat exchange ensures good precooling effect on the incoming fresh air. In this case,
for outdoor temperatures below 15°C, the outdoor air is cooler than the ground and ground heat
exchange is not used. This is observed in figure 4 by the diagonal branch in the blue dots. For
outdoor temperatures above 15°C, precooling by the ground is used and therefore ventilative
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cooling is used for the entire summer. Because both extract air and ground temperatures rise in
the same pace with increasing outdoor air (see figure 2b), the ventilative cooling with ground
heat exchange is fairly constant during the summer (here: around 700 W at 330 m3/h).

Figure 4: Heat recovered (red dots) and ventilative cooling (blue dots) as a function of outdoor temperature for
field test “Nulwoning”.

3.3

Seasonal performance factors

The energy gains from the balanced ventilation unit have been assessed in the last paragraph.
The energy needed for these gains is given by the electrical consumption of the two fans in the
ventilation unit. The electrical consumption for the project “Nulwoning” has been recorded
directly, but for the other projects it has been calculated from the fan rotational speed, the air
flow rate and an average fan efficiency. For the associated fans in the field tests, this method
has been developed from extensive laboratory measurements.
The total pressure p at a certain rotational speed n is calculated from:
∗
with reference pressure pref = 1040 Pa at a reference rotational speed nref = 4100 rpm.
In the relevant operation range of the fans the efficiency ηfan is about 50% with which the
electrical consumption Pel can be calculated using the air flow rate v:
∗

⁄

The hourly values for the heat recovery, for the ventilative cooling and for the cold recovery
are summed up into annual total values of heat recovered, ventilative cooling and cold
recovered respectively. The electrical consumption by the fans have also been summed into
different periods: heat recovery season, ventilative cooling period and cold recovery season.
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The annual amount of heat recovered has been evaluated to be in the range from 1850 kWh to
4570 kWh (see table 1). Depending on the central heating system, this saves heating costs for
the dwelling. Moreover, the maximum necessary heating power is reduced and therefore
suitable for a combination with a heat pump, which can be smaller than without heat recovery.
The Seasonal Performance Factor SPF in the heat recovery season (ratio between heat
recovered and electrical input) ranges from 16 to 47. This value is largest with low air flow rate
because electrical input varies quadratically and heat recovered varies linearly with air flow
rate. The values indicate that heat recovery is a very efficient way of maintaining low heating
cost during colder periods of the year.
The ventilative cooling that is brought by the mechanical ventilation system and the Seasonal
Performance Factor in this season (ratio between ventilative cooling and electrical input) are
also given in table 1. Field study NL01 and DE01 are excluded from further analysis because
of technical failures in this particular period, and resultingly lower values for the ventilative
cooling. The ventilative cooling is dependent on average air flow rate, but also the comfort
temperature profile as set by the occupant, which influences the frequency of use of ventilative
cooling. The ventilative cooling in field study “Nulwoning” is exceptionally high, because in
this project ground heat exchange is used. Therefore ventilative cooling is used during the entire
summer, because of the precooling effect of the ground. The SPF values for ventilative cooling
range from 3.7 to 9.8 with the highest value for the lowest ventilation air flow rate.
Table 1: Annual values of heat recovery and ventilative cooling in six field studies.

NL01 (HRV)
DE02 (HRV)
DE03 (HRV)
WE01 (ERV)
DE01 (ERV)
Nulwoning (ERV)

Av. flow
rate
[m3/h]
150
160
210
95
220
250

Heat recovery
Fan
Heat
consumption recovered
[kWh el]
[kWh th]
130
2824
150
3404
251
4117
39
1850
262
4449
290
4570

SPF
HR
[-]
22
23
16
47
17
16

Ventilative cooling
Fan
Ventilative
SPF
consumption
cooling
cooling
[kWh el]
[kWh th]
[-]
45
126
2.8
145
657
4.5
133
497
3.7
40
393
9.8
181
695
3.8
300
1480
4.9

When outdoor air is warmer than extract air, the cold from the extract air is recovered to the
supply air. Besides the better comfort of the supply temperature, this provides a reduction of
the cooling load. Field study NL01 and DE01 are excluded again for the reasons stated above.
In table 2 it is shown that 27 kWh to 61 kWh are recovered, giving rise to SPF in the cold
recovery season values (ratio between cold recovery and electrical input) from 2.0 to 4.5. In
field study “Nulwoning”, cold recovery does not take place because the precooled air is always
lower than the extract air.
Table 2: Annual values of cold recovery in six field studies.

NL01 (HRV)
DE02 (HRV)
DE03 (HRV)
WE01 (ERV)
DE01 (ERV)
Nulwoning (ERV)

Fan consumption
[kWh el]
13
24
27
6
7
0

Cold recovery
Cold recovered
[kWh th]
31
61
53
27
10
0

SPF CR
[-]
2.4
2.5
2.0
4.5
1.4
-
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4

CONCLUSIONS

This study shows an energy analysis of balanced ventilation system during a full year.
Monitored parameters from six field studies are used to evaluate Seasonal Performance Factors.
Values for the heat recovery season indicate that a large amount of heating is recovered by the
ventilation unit, resulting in a considerably lower heating load for the dwelling. Compared to
efficiency values for heating by heat pumps, the SPF values prove that it is energy efficient to
use heat recovery (for reduction of required heat) in combination with a heat pump (for
production of heat). The size of the heat pump can be significantly reduced when using heat
recovery.
Values for the ventilative cooling indicate efficient performance of cooling with the mechanical
supply of fresh air. Using ground heat exchange, the period where ventilative cooling is used is
extended from only during cool summer nights to the entire summer period.
When outdoor is warmer than extract air, ventilative cooling by natural means is not preferable.
The cold recovery by a balanced ventilation system reduces the cooling load of a dwelling to
some extent, besides the comfort increase by reduction of the supply temperature.
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ABSTRACT
Occupants control indoor environments to meet their individual needs for comfort. The control of window is the
most common natural ventilation method influencing indoor environment as well as the energy use of the buildings
to maintain a suitable environment. Therefore a better understanding of window control behaviour of the occupants
has significant implication to enhance occupant comfort with minimal energy consumption. The objective of this
study was to identify an appropriate algorithm and variables to develop a predictive model for window control. A
longitudinal field measurement was performed for 10 months in 23 residential houses. Outdoor and indoor
environmental conditions and window status were continuously monitored for the period. To identify an
appropriate modelling algorithm, the logistic regression which is a traditional statistical method for binary data
and three popular machine learning models, k-Nearest Neighbours (KNN), Random Forest (RF) and Artificial
Neural Networks (ANN) were applied and compared. The result of this study reveals that the machine learning
algorithms outperforms the traditional statistical regression model. Another contribution of this study is that
variables influencing occupants to control window were varied in each season and from person to person. Thus,
these results show the improvement of prediction with the use of machine learning-based control system.

KEYWORDS
Occupant behaviour, Indoor air quality, Window manual control, Machine learning, Energy simulation

1

INTRODUCTION

Occupants control surrounding environments to meet their individual needs for comfort. The
control of windows is the most common method for ventilation and thermal comfort purpose.
The fresh air supplied through window openings can improve indoor air quality by diluting
indoor air contaminant (Park, 2013). It can also improve thermal comfort by dropping indoor
air temperature and by encouraging air flow (Raja, 2001). Therefore energy consumption can
vary due to such different occupant behaviour (Park et al., 2012; Jeong et al., 2016). Therefore
a better understanding of window control behaviour of the occupants has significant implication
to enhance occupant comfort with minimal energy consumption.
This study aims to identify an appropriate algorithm and primary predictors for predicting
window opening behaviour in residential buildings. Based on a longitudinal field measurement
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of twenty three residential housing units in Korea, predictive accuracy of a logistic regression
model which is a traditional statistical method for binary data and three popular machine
learning models, k-Nearest Neighbours (KNN), Random Forest (RF) and Artificial Neural
Networks (ANN) were compared.
2

METHOD

2.1 Samples
Table 1 describes the twenty three housing units who participated the field measurement. The
subjects were selected from three multi-family residential complexes that are located in
suburban areas of Seoul in Korea. All units had a hydronic radiant heating floor system and at
least one air-conditioner for cooling.
Table 1: Characteristics of the sample housing units
Number
Period of
Sample
Floor
Floor levela
of occupantsb
residence [year]
ID
area [m ]
a
109
4/20
3 (M, F, m)
6.5
b
109
8/20
4 (M, F, f, f)
6.8
c
171
8/20
4 (M, F, f, f)
6.6
d
109
16/24
4 (M, F, f, f)
7.0
e
109
5/24
3 (M, F, f)
6.6
f
129
14/26
4 (M, F, m, f)
7.0
g
163
12/14
4 (M, F, m, f)
2.3
h
163
4/15
4 (M, F, m, f)
2.0
i
163
6/14
4 (M, F, m, f)
2.3
j
163
10/15
4 (M, M, F, F)
2.0
k
163
5/14
4 (M, F, m, f)
2.4
l
136
2/19
4 (M, F, m, m)
2.8
m
145
4/19
4 (M, F, f, m)
3.0
n
145
13/19
4 (M, F, f, f)
1.2
o
163
1/19
5 (M, F, m, f, f)
2.8
p
72
14/21
4 (M, F, f, f)
6.7
q
80
7/23
4 (M, F, m, f)
9.5
r
72
14/21
3 (M, F, M)
7.8
s
108
9/25
4 (M, F, f, f)
4.5
t
79
25/25
4 (M, F, m, f)
17.5
u
79
6/20
4 (M, F, m, m)
1.4
v
163
15/25
4 (M, F, m, f)
2.0
w
79
19/25
4 (M, F, m, m)
16
a
Floor number/Total Number of floors.
b
M, male adult; F, female adult; m, male below 18 years; f, female below 18 years.
c
H, heating period; NH, non-heating period; C, cooling period

Smokers
0
0
1
0
0
0
0
0
1
0
1
0
0
0
0
0
1
0
0
0
0
0
0
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Table 2: Measurement parameters and the specifications of devices used for measurement
Parameter

Device

Accuracy

Interval
[minutes]

Outdoor

Dry-bulb temperature
Relative humidity

Data Loggera
(TR-72ui and RS-11, T&D)

±0.3 ℃
±5% RH

10

Indoor

Dry-bulb temperature
Relative humidity
CO2 concentration

Humidity, Temperature and
CO2 monitor
(MCH-383SD, Lutron)

±0.8 ℃
±4% RH
±40 ppm

10

-

Event

Mean radiant temperature
Window
opening

Data Logger
(UX100-014M, Onset Computer)
State Loggerb
(UX90-001, Onset Computer)

Window opening status

a

The sensors were radiation-shielded.
Binary window status was measured, opened or closed

b

2.2 Measurements
The field measurement were conducted on three separate periods: Non-heating period: from
February to May 2014; Heating period: From December 2014 to February 2015; Cooling
period: From May to September 2015. Outdoor and indoor environmental parameters were
continuously measure at 10 minute intervals.
2.3 Logistic regression model
We used a logistic regression model and three machine learning algorithms. A logistic
regression analysis is a traditional statistical method for predicting binary data. A logit
probability distribution can be expressed as follows:
p

,…,

⋯
⋯

(1)

where p is a probability of windows to be opened, x1,…,xn are predictors, α is a constant, β1,…,
βn are coefficients estimated using maximum likelihood estimation. Therefore the equation
calculates window opening probability with given conditions of predictors.
2.4 Machine learning models
The three machine learning algorithms used in this paper are K-Nearest Neighbors (KNN),
Random Forest (RF) and artificial neural network (ANN). KNN stores the data set as training
data and classifies a new data based on a similarity measure. We set the Number of K as
automatic between 3 and 5 and Euclidean distance function was used. RF produces mean
prediction from many decision trees of the data set. We used 10000 nodes with 10 maximum
tree depth. ANN has three different layers and adjusts connection weights and bias of neurons
within the layers. We used feedforward neural network with 4 hidden neurons.
3

RESULT

3.1 Predictive performance
Predictive accuracy of the algorithms were compared to identify an appropriate algorithm for
predicting window opening behaviour. CV(RMSE) was used for accuracy comparison. The
lower CV(RMSE) value, the better predictive performance it is. Table 3 summarizes the
CV(RMSE) of the four algorithms for the 23 subjects. It shows that KNN displayed the best
predictive performance among the algorithms. KNN's average CV(RMSE) is the lowest among
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Table 3: Predictive accuracy comparison of KNN, RF, ANN and LR using CV(RMSE). Values in bold indicate
the best performance algorithm for each subject.
Subjects
a
b
c
d
e
f
g
h
i
j
k
l
m
n
o
p
q
r
s
t
u
v
w
Mean

kNN
0.022
0.034
0.034
0.009
0.026
0.024
0.004
0.007
0.003
0.009
0.005
0.005
0.007
0.015
0.006
0.011
0.006
0.013
0.007
0.018
0.015
0.001
0.014
0.013

RF
0.012
0.050
0.063
0.026
0.026
0.036
0.015
0.021
0.030
0.028
0.011
0.005
0.010
0.023
0.038
0.029
0.011
0.022
0.025
0.068
0.045
0.008
0.018
0.027

ANN
0.062
0.122
0.161
0.080
0.073
0.083
0.043
0.086
0.145
0.101
0.077
0.010
0.069
0.119
0.189
0.096
0.158
0.061
0.071
0.142
0.130
0.102
0.020
0.096

LR
0.045
0.123
0.211
0.096
0.094
0.081
0.042
0.080
0.160
0.118
0.074
0.010
0.077
0.139
0.227
0.097
0.184
0.059
0.069
0.158
0.133
0.330
0.020
0.114

the algorithms, followed by RF, ANN and LR. KNN displayed the best performance from 21
subjects and RF displayed the rest 2 subjects. It indicates that machine learning algorithms
outperforms a logistic regression algorithm and KNN showed the best performance among the
tested algorithms in this paper.
Figure 1 shows predictive performance of the algorithms using the daily proportion of windows
opened. The proportion of windows opened is the number of data that windows are opened
divided by the total number of data. KNN's prediction showed the best fit among the algorithms.
RF and LR showed less accurate result especially during the heating period. LR was showed
the poorest performance and it failed to predict window openings for the first 80 days in the
heating period.
3.2 Variable importance
Optimum variables for model development has to be identified to lower data collection cost
and computational cost. We used Gini importance which can be used as an indicator for feature
relevance. Standardized Gini importance was used to compare relative relevance of parameters.
Figure 2 shows the standardized Gini importance result for each subject. We grouped
parameters into four groups: Temp_out includes outdoor temperature-related parameters such
as daily average outdoor temperature; Temp_in includes indoor temperature-related
parameters; Temp_diff includes temperature difference between outdoor and indoor
environment; Env_out includes outdoor environmental parameters; Env_in includes indoor
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environmental factors; Time includes time series parameter. The result shows that temperaturerelated parameters are the primary parameters that are required to be used as predictors.

(a) KNN

(b) RF

(a) ANN

(b) LR

Figure 1: Comparison of KNN's RF's ANN's and LR's predicted proportion of windows opened with observed
data. The dashed line represents observed data and the solid red line represents predicted data.

Figure 2: Variable importance for each subject.
(Standardized Gini importance was used for the indicator)
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4

DISCUSSION

We compared predictive performance of a logistic regression model which is a traditional
statistical method and the three machine learning algorithms. As a result, KNN showed the best
performance among the tested algorithms. We only focused on predictive accuracy while there
are other features that needs to be considered for model development. As KNN stores and uses
the whole data set at each prediction. The larger the data set is, the more it becomes
computationally expensive. Therefore costs for computation and data collecting have to be also
considered for the model development.
We used standardized Gini importance for evaluating variable importance. However there are
many other method. For example, stepwise method which is comparing performance of an
algorithm by adding variables until it includes the all variables. Other factors that affect the
quality of models can also be considered such as robustness. Further development regarding
model development will be reported.
5 CONCLUSION
This study aimed to identify an appropriate algorithm and primary parameters for predicting
window opening behaviour in residential buildings. We compared predictive accuracy of a
logistic regression model and the three machine learning algorithms. The tested machine
learning algorithms outperformed the logistic regression model. KNN showed the best
performance but it requires to consider its computational cost. Temperature-related variables
are the major predictors to be used for window opening prediction. These results show
improvement of predictive accuracy with the use of machine learning-based control system.
6

ACKNOWLEDGEMENTS

This work was supported by National Research Foundation of Korea (NRF) with a grant
funded by the Korean government (MEST) (NRF- 2017R1A2B3009344).
7

REFERENCES

Raja, I.A., Nicol, J.F., McCartney K.J. and Humphreys M.A. (2001). Thermal comfort : use of
controls in naturally ventilated buildings. Energy and Buildings, 33, 235-244.
Park, J.S. (2013). Long-term field measurement on effects of wind speed and directional
fluctuation on wind-driven cross ventilation in a mock-up building. Building and
Environment, 62, 1-8.
Park, J. S. and Kim, H. J. (2012). A field study of occupant behavior and energy consumption
in apartments with mechanical ventilation. Energy and Buildings, 50, 19-25.
Jeong, B., Jeong J. and Park J.S. (2016). Occupant behavior regarding the manual control of
windows in residential buildings, Energy and Buildings, 127, 206-216.

779 | P a g e

Ventilative cooling effectiveness in office buildings: a
parametrical simulation
Mario Grosso *1, Andrea Acquaviva2, Giacomo Chiesa1, Henrique da Fonseca3
Seyyed Sadegh Bibak Sareshkeh3, Maria José Padilla3
1 Polytechnic University of Turin,
Dept. Architecture and Design
Viale Mattioli n. 39, 10125 Torino, Italy
*Corresponding and presenting author:
mario.grosso@polito.it;
giacomo.chiesa@polito.it

2 Polytechnic University of Turin,
Interuniversity Dept. Regional and Urban Studies
and Planning
Viale Mattioli n. 39, 10125 Torino, Italy
andrea.acquaviva@polito.it

3 Polytechnic University of Turin, DET,
Master Degree Programme “ICT for Smart
Society”, Course “ICT in building design”
C.so Duca degli Abruzzi n. 24, 10124 Torino, Italy

ABSTRACT
Controlled Natural Ventilation (CNV) is one of the potential most effective passive cooling technique to reduce
cooling needs of buildings in temperate-hot climate zones. However, a correct balance amid internal heat
capacity, thermal insulation, and net opening area is important to achieve optimal results. The present paper
shows results from an original simulation process carried out within the Course “ICT in building design” of the
Master degree programme ICT4SS (ICT for smart societies) at the Politecnico di Torino. An office two-zone
unit in Turin was simulated for fixed values of thermal insulation and internal heat capacity and increasing
progressively external net opening area. Dynamic energy simulation was conducted for the cooling season period
(May 1st ÷ September 30th) using Design Builder. The .idf output files were then used for the regression analysis,
carried out by developing a Python script to allow for running the iterative process. A noise level related to a
possible variation of the number of occupants was calculated through the Gaussian method. Results show that,
while the internal heat capacity does not have a significant impact, thermal insulation could have a
counterintuitive effect, i.e., the decrease of cooling energy with increasing opening area is less for the
configuration with low Uvalue than the for the one with high Uvalue , above 20% of net opening area.

KEYWORDS
Ventilative cooling, Simulation, thermal insulation, internal heat capacity

1

INTRODUCTION

The need for reducing worldwide oil-based energy consumptions and correlated GHG is of
paramount importance, as was discussed during the United Nations Climate Change
Conference (COP 21) held in Paris in 2015.
The building sector alone is responsible of about 40% of the total primary energy
consumptions, mainly related to space heating, cooling and ventilation, and electricity for
domestic and office appliances [Orme, 2001; Cuce & Riffat, 2016]. Policies and regulations
at European level have been adopted so far in order to reduce energy demand in buildings,
e.g. Directive 2010/31/EU – EPBD recast. In spite of this, energy consumption for space
cooling has been growing considerably due to several causes including climate changes and
increase in indoor thermal comfort expectations [Santamouris, 2007]. This consumption trend
has been only partially counterbalanced by an increase of the Energy Efficiency Ratio of the
mostly applied space cooling systems [Santamouris, 2016]. The number of installed cooling
units is, in fact, growing fast in both industrialised, and developing countries [Chiesa et al.,
2017].
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The increase in the number of mechanical cooling units suggests that alternative solutions are
essentials. Among these alternatives, passive-dissipative-cooling systems are a valid
alternative to reduce sol-air temperature peaks in buildings [Chiesa, Grosso, 2016].
The most general and easy applicable air-sink dissipative technique is the Controlled Natural
Ventilation (CNV), i.e., a system by which envelope openings are controlled by temperature
sensor-linked devices thus increasing or decreasing the amount of airflow rate, both winddriven and buoyancy-driven, crossing a building space according to indoor-outdoor
temperature difference and the indoor comfort upper limit [Heiselberg, 2018; Kolokotroni &
Heiselberg, 2015]. The CNV effectiveness in reducing the energy cooling demand is also a
function of the envelope Uvalue and the Internal Heat Capacity (IHC) of the considered
building.
In this paper, the cooling energy demand in an office is simulated by an iterative process,
whereby the airflow rate varies as a function of window opening percentage and results of
energy loads are determined for different Uvalues and IHC.
2

METHODOLOGY

The work here presented was carried out by using as the software Design Builder to run a
simulation of the energy demand (dependent variable Q) in a free-floating office module as a
function of windows’ opening, insulation level (Uvalue), and Internal Heat Capacity (IHC) as
independent variables. The reference cooling period was May 1st through September 30th, with
the climate of the City of Turin (Lat. 45°N, Long 7.5°E). The input data were then extracted
on the form of an .idf file, which was used in a Python script developed on purpose to run
iterative simulations by changing the parameters involved and calling the EnergyPlus engine.
In this script, a Gaussian random noise with standard deviation equal to 2 was added to take
the variation of office occupancy into account.
2.1

Model of the reference building

The reference module run in Design Builder is a generic middle section of an x storey linear
office building, whose main façades are exposed to South and North (see figure 1a). It is
composed of three blocks, representing: blocks 1, a typical medium floor; block 2, the top
floor; block 3, a clerestory on the roof for stack ventilation. Blocks 1 and 2 have the same
layout (see figure 1b), composed of two rooms separated by a corridor. Each room has an
external wall with a window and a vent, one North and the other South, oriented. The other
envelope surfaces are: two adiabatic walls; one adiabatic floor slab; one external roof slab;
and the partition towards the corridor. Block 3 is just a technical volume with openings on the
top of the block 2 in correspondence of the corridor, with a hollowed floor to allow for stack
ventilation.

Fig.1a. Perspective representation of the office-building module used in the analyses
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Fig.1b. Axonometric representation of the indoor distribution of the office space (left) and the clerestory (right)

2.2

Scenarios for the thermal input parameters

Six scenarios were considered for the independent variables Uvalue and IHC, as input
parameters of the simulation. These scenarios were defined by combining their values within
the following ranges: 3 levels of Uvalues; 2 values of IHC, representing low and high inertia.
The Uvalues was defined by changing the thickness of the insulation layer (EPS expanded
polystyrene) and the glazing type. The IHC was defined by changing the density of the
concrete used for walls, floor, and roof slabs.
The scenarios are the following:
1st Scenario: high Uvalue (2,4 W/m2K) and low IHC (40 kJ/m2K). Insulation layer thickness of
the walls: 0.0001 m; insulation layer thickness of the roof: 0.0003 m; and 3 mm-thick window
single glazing. Concrete density = 400 kg/m³.
2nd Scenario: medium Uvalue (0,24 W/m2K) and Low IHC (40 kJ/m2K). Insulation layer
thickness of the walls: 0.1314 m; insulation layer thickness of the roof: 0.1316 m; and 3/13/3
mm-thick window double glazing with Argon. Concrete density = 400 kg/m³.
3rd Scenario: low Uvalue (0,1 W/m2K) and low IHC (40 kJ/m2K). Insulation layer thickness of
the walls: 0.3355 m; insulation layer thickness of the roof: 0.3358 m; and 3/13/3/13/3 mmthick window triple glazing with Argon. Concrete density = 400 kg/m³.
4th Scenario: high Uvalue (2,4 W/m2K) and high IHC (180 kJ/m2 K). Insulation layer thickness
of the walls: 0.0001 m; insulation layer thickness of the roof: 0.0003 m; and 3 mm-thick
window single glazing. Concrete density =1800 kg/m³.
5th Scenario: medium Uvalue (0,24 W/m2K) and high IHC (180 kJ/m2K). Insulation layer
thickness of the walls: 0.1314 m; insulation layer thickness of the roof: 0.1316 m; and 3/13/3
mm-thick window double glazing with Argon. Concrete density =1800 kg/m³.
6th Scenario: low Uvalue (0,1 W/m2K) and high IHC (180 kJ/m2K). Insulation layer thickness
of the walls: 0.3355 m; insulation layer thickness of the roof: 0.3358 m; and 3/13/3/13/3 mmthick window triple glazing with Argon. Concrete density =1800 kg/m³.
The parameters related to Uvalue are synthesised in Table 1. The one for IHC, in table 2.
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Table 1. Values of the thickness of walls, roof, and glazing of windows.
U value
Thickness wall (m)
Thickness roof (m)
Glazing windows

High
0.0001
0.0003
Single

Medium
0.1314
0.1316
Double with argon

Low
0.3355
0.3358
Triple with argon

Table 2. Values of the density of the concrete.
IHC value
Density concrete (kg/m3)

Medium
1800

2.3

Low
400

Simulation for modelling energy as a function of airflow rate

A simulation in Design Builder on the reference module described in § 2.1 was carried for
each of the scenarios indicated in § 2.2 in order to obtain the cooling energy demand as a
function of natural airflow rate, which is in turn dependent on the percentage of window net
opening area. The input data of each scenario were exported from Design Builder as a .idf
files, which were used as an extension of Energy Plus, the DB energy calculation engine, in
order to iterate the simulation for various values of net opening area, hence, of airflow rate.
This iterative process was done by developing a python code, in which the .idf file is loaded
in and the energy simulation is performed by Energy Plus. In the same script, a Gaussian
random noise with standard deviation equal to 2 was added to take the occupancy of the zones
in the office in to account.
The script was developed to run a loop of simulations by varying the window opening
percentage from 0 to 100%. The loop was run two times in order to obtain two sets of data,
one to train the model and the other to test its quality. The training data is composed of 40
different opening values, while the test data, 20.
A regression technique, also implemented in Python, was applied to the results from the
simulation on the training data in order to find the best fit for the cooling energy demand (Q)
as a function of the percentage of window opening, according to the following linear
correlation amid input variables:

w0 w 1

,

1

...

(1)

where:
y = target variable (cooling energy demand);
w = weight;
x = input variable (window opening).

The goal was to calculate the weights w in order to minimize the square error between y and
Xw and obtaining the estimated values of w, which is given by:
̂

(2)

The smallest error between target and prediction, while avoiding over-fitting was found by a
sixth-degree polynomial function as the following:
y ,

w0

1 1

2
2 2

3
3 3

4
4 4

5
5 5

6 6

6

3
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This correlation was tested against the test data to verify that the predicted cooling energy
demand were close to the simulation results.
3

RESULTS

The values of the parameters in equation (3) for the different scenarios are shown in Table 3.
In the following sections, the results of simulations and iterations are presented both by graphs
and in tables, showing values of Q as a function of opening percentage.
Table 3. Values of the parameters in equation (3) for the different scenarios
Parameters
W1
W2
W3
W4
Scenarios
W0
W5
High U-value/Low IHC
44.65
-37.45
-305.92
1505.78
-2768.86 2328.72
Medium U-value/Low IHC
52.20
-47.74
-471.25
1829.83
-2705.24 1841.10
Low U-value/Low IHC
52.07
-38.13
-576.01
2140.18
-3126.31 2116.12
High U-value/High IHC
45.05
-28.90
-399.50
1821.20
-3251.48 2666.99
Medium U-value/High IHC
51.51
-27.31
-654.59
2486.07
-3803.51 2703.75
Low U-value/High IHC
51.56
-46.66
-473.43
1714.94
-2306.92 1377.06

3.1

W6
-743.71
-480.79
-550.87
-830.37
-737.98
-299.52

Simulation output data: Q as a function of windows’ openings

The testing data – points representing opening percentages randomly selected for each 10%
step and a fitting curves – are shown in figures 2 and 3, for the scenarios with high and low
IHC, respectively. Selected Q values for 5%, 50%, and 80% of opening are shown in tables 4
and 5, respectively.
a

b

c

c

Fig. 2. (a) High U-High IHC; (b) Medium U-High IHC; (b) Low U-High IHC

784 | P a g e

Table 4. Q values for different U and high IHC.
Uvalue
High
Medium
Low

Q (5% opening)

Q (50% opening)

[kWh/m2]

[kWh/m2]

42.81
48.79
48.24

25.52
20.20
18.41

d

Q (80% opening)
[kWh/m2]

23.14
18.18
17.09

e

f

f

Fig.3. (d) High U- Low IHC; (e) Medium U- Low IHC; (f) Low U – Low IHC
Table 5. Q values for different U and low IHC
Uvalue
High
Medium
Low

Q (5% opening)

Q (50% opening)

Q (80% opening)

[kWh/m2]

[kWh/m2]

[kWh/m2]

42.18
48.85
48.97

25.76
20.19
18.65

23.85
18.46
17.16

As figures 2 and 3 show, for a given value of U and IHC, Q always decreases with increasing
opening percentage. This is reasonable, since an increasing airflow rate with inlet of ambient
air at a temperature suitable for cooling leads at a reduction of the cooling energy needs.
However, tables 4 and 5 show that Q as a function of Uvalue increases for the lowest opening
percentage (5%), while decreases for the other two values (50% and 80%).
This is due to the prevalent indoor-generated cooling load in the period and location of the
case study under investigation. With a low Uvalue, i.e., with a high envelope insulation level,
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the heat generated inside the office space is trapped within the confined volume and the low
airflow rate is not enough to dissipate such a heat.
3.2

Fitting curves of Q as a function of windows opening

The data resulting from simulation and iteration as shown in § 3.1 were fit by equation (3).
The resulting fitting curve of Q as a function of windows’ opening in the case of high IHC is
shown in figure 4, while the curves of the same function for all 6 scenarios are shown in figure
5.

Fig.4. Q as a function of windows’ opening (case with high IHC)

Fig.5. Q as a function of windows’ openings in all 6 scenarios
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As figures 4 and 5 show, the trend of decreasing Q with increasing windows’ opening
percentage, already mentioned in § 3.1, is confirmed up to 60% of opening, above which the
added airflow rate does not have a further reduction effect on cooling energy demand.
It is also confirmed that with a low percentage of windows’ opening, Q decreases with
increasing Uvalue, i.e., with decreasing insulation level, for the reasons explained above.
In addition, the graphs of figures 4 and 5 show that this trend has an inversion at 20% of
windows’ opening in any considered scenario. This means that above 20% of windows’
opening, the insulation level starts having an impact synergic with airflow on the reduction of
cooling energy needs.
As it was already apparent from tables 4 and 5, the IHC is deemed to have an insignificant
impact on the cooling energy reduction related to night ventilative cooling, given the indoorpredominant heat generation of the considered office space.
4

MODEL ACCURACY

In linear regression, the function chosen is of great importance. The objective was to find one
that could generate small errors, without overfitting or increasing too much the complexity.
However, the chosen sixth-degree polynomial function, as any function, approximates the real
phenomenon. In addition, the uncertainty in the occupancy increases the discrepancy between
data and fitting. The size of the polynomial equation used in modelling cooling energy as a
function of opening area was determined by a comparison of the Mean Squared Error (MSE)
of testing data for polynomial equations ranging from 1st to 10th degree.
These values are shown table 6.
Table 6. MSE of testing data for different polynomial equations
Polynomial degree
Scenarios
High U-value/Low IHC
Medium U-value/Low IHC
Low U-value/Low IHC
High U-value/High IHC
Medium U-value/High IHC
Low U-value/High IHC

1st
2nd
3rd
10.572
1.26 0.3385
26.138 2.5105 0.6015
31.723 2.668 1.433
6.503 0.6615 0.344
19.2345 2.1545 0.377
37.791 3.499 0.8635

4th
5th
6th
7th
8th
9th 10th
0.3315 0.306 0.2025 0.1795 0.184 0.2265 0.244
0.442 0.1975 0.1585 0.159 0.159 0.1385 0.147
0.87 0.3635 0.282 0.368 0.367 0.349 0.385
0.2915 0.2265 0.222 0.221 0.224 0.249 0.29
0.3345 0.14 0.1335 0.1355 0.13
0.119 0.114
0.4315 0.226 0.202 0.202 0.1975 0.162 0.166

The size that minimizes the error, indicated in bold, varies from one scenario to another.
However, since the goal was to develop a model that could be applied to all scenarios, the 6thdegree polynomial was chosen as the one generating small errors for all scenarios without
overfitting. Overfitting occurred in some cases when a higher polynomial degree was used.
5

CONCLUSIONS

By analysing the above shown results, a conclusion can be made that the amount of energy
needed to cool an office space (Q) through a CNV technique, in a moderate climate, decreases
with increasing the net area of windows’ opening. This trend stabilises around 60% of
opening, above which no significant effect on the reduction of cooling energy is brought by
further increase of opening. The correlation between Q and percentage of net opening area
can be modelled by a sixth-degree polynomial function with an acceptable accuracy.
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It was also found that, up to 20% of windows’ opening, increasing the envelope insulation
level has a negative effect on the potential reduction of cooling energy need. This trend is
reversed above that percentage, when any additional increase in insulation brings a decrease
in cooling energy need.
Finally, contrary to what was expected, the internal heat capacity of the building showed not
to have any significant effect in the potential cooling energy reduction at any percentage of
windows’ opening area. However, authors aim at improving this early-research outputs by
comparing them with in situ monitoring data.
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ABSTRACT
The interest in phase change materials (PCMs) as a solution for thermal energy storage has been growing for the
last decades. It is clear that PCMs are promising for reducing the summer heat peaks without increasing the energy
demand for cooling. A new modular, reversible, lightweight retrofitting system was developed and integrated in a
real size experimental test cell. The basic idea of the concept is to develop a retrofitting solution for office buildings
which can be rapidly and reversibly installed as an inside layer on the existing structure, like a “box in a box” to
replace air-conditioning by night cooling. It combines ventilated PCM panels with controlled shutters to manage
incoming solar energy. Ventilation has two goals: decrease indoor air temperature, and solidify PCM. During the
night, the PCM recovers its storage potential, which limits the increase in temperature the day after. The
experimental analysis covers 8 months measurement campaign in real climate conditions. They show that the night
ventilation of the PCM panels is efficient and allows a decrease in the inside temperature of about 3°C during
summer nights. Average panel temperature is associated with a value of the thermal capacity of the PCM, thanks
to the theoretical curve Cp(T) deduced from the technical data of the PCM. From the thermal capacities evaluated
every minute, an average daily thermal capacity is calculated. Results of the paper show that the box in the box
concept is able to replace air-condition by free cooling in temperate climates. Nevertheless, wise combination with
space ventilation is crucial to obtain competitive results for hot periods. The simulations show that a PCM changing
phase at 27 °C can decrease the “integrated thermal discomfort level over 26°C” (ITDL26) by 65% compared to
a PCM changing phase at 23°C. Numerical analysis also emphasizes that rise the ventilation rate of the developed
panels from 4 ACH to 8 ACH reduce the ITDL26 by 50%.

KEYWORDS
Phase change material (PCM), night ventilation, free cooling, building simulation, box in the box concept

1 INTRODUCTION
Organic PCMs such as paraffin or fatty acids seems the most interesting for building
applications (low temperature) thanks to their high latent heat, their good chemical stability and
their low supercooling (Zhang et al., 2006). PCM can be integrated in buildings in different
ways, such as direct integration (mixed with the material of constructions), macroencapsulation (important volumes directly integrated in panels, ducts or other container) and
micro-encapsulation (integrated in very small capsules). When the PCM temperature is within
its phase change range, it can store or release much more heat than a comparable mass of a
typical sensible material. PCM can thus bring thermal mass to lightweight buildings while
minimizing the additional thickness and thus the loss of space in the renovated room.
In this study, PCM panels are made of micro-encapsulated paraffin placed in an aluminium
honeycomb matrix designed by CSTB (French Scientific and Technical Center for Buildings)
(Hasse, 2011). The melting peak temperature of the used PCM is 23 °C. Figure 1 shows the
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schema of the ventilated honeycomb wallboard. They contains PCM on room side and a
ventilated cavity part on the backward.
The micro-encapsulation, the conductivity of aluminium and the specific structure of the matrix
had been chosen to maximize the conductivity of the panel (Hasse, 2011). Hence the heat
transfer between the PCM and both the air ventilated in the back of the PCM layer and the
indoor air in the front is optimal.

Figure 1: Illustration of the PCM panel

The first version of the studied system was developed by a previous consortium (Evola et al.,
2011, Evola et al., 2014). As an improvement from that project, a ventilated air cavity was
added to the wallboard to increase energy efficiency by ensuring daily regeneration of PCM.
In the studied system, a mechanical ventilation blows outdoor air into the panels to reach three
goals:




Cooling the panel and the indoor air during the night
Solidifying the PCM to recover every night an important storage potential for the following day
Improve summer thermal comfort of the room by keeping wall temperature on a constant or lower level
than without the proposed technical solution.

The renovation system also includes VIP insulation panels (vacuum insulation technology) on
opaque exterior walls, a double glazed window equipped with controlled blinds, in addition to
the existing window. This latter assure the minimization of unwanted solar gains during the
summer.
2

EXPERIMENTAL STUDY OF THE SYSTEM

The complete system was built at CEA INES’s INCAS experimental platform. The schema of
principle and the built systems are presented in Figure 2.

Figure 2: Illustration of the test cell at CEA INES with the photo of the built system.

Before the system was set, the test cell at INES included a simple glazed window on the south
(non insulated) wall. The PCM wallboards are fixed against the East and West walls of the test
cell. Each PCM panel has two openings in the lower part for the air inlet and two openings in
the upper part for the air outlet. The air is taken from outside, circulate inside the PCM panels
and is rejected to the outside through a sealed duct network. No air exchange is allowed between
wallboards and room air.
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The cell is instrumented with 29 thermocouples and 6 flux meters. One PCM panel studied
more precisely is equipped with 11 thermocouples and 2 flux meters. Each of the two insulating
panels are instrumented with 2 flux meters. The windows have 3 thermocouples. At the centre
of the cell are installed a PT100 probe and a black globe able to measure the radiative
temperature. The data recording frequency is a minute.
The ventilation was first activated in May 2016 and the window blinds were activated in July.
The conditions of wallboard ventilation activation are:




Inoccupation period (20h-7h)
Tint > 24 °C
Tint – Text > 5 °C.

The first observation was about the PCM wallboard ventilation’s efficiency. On average, the
indoor temperature decreases of 3.5 °C during the night when the ventilation is activated, and
of only 0.5 °C when the conditions for activating the ventilation are not met. However, this is
not sufficient to maintain a comfortable temperature in the room.
Figure 3 shows a period when the system was fully efficient. The indoor temperature was 24.5
°C in the evening of June 18th. The ventilation was activated during 8 hours. The surface
temperature of the PCM panels decreased until 21 °C. This is in theory sufficient for the PCM
to release 65% of its latent energy (peak solidification point being 22.5°C). The recovered
storage potential has the effect of limiting the increase of the indoor temperature the following
day (June 19th).
During this day the total solar gains were about 50% higher than at 18/06. However, the
ventilation and the activation of the phase change allow the indoor temperature to stay below
23.5°C during 19/06 and the surface temperature to increase twice as less as the day before.

Figure 3: Combination of wallboard ventilation and phase change activation on 18th of June
Table 1: Effect of wallboard ventilation at June 18th
Direct and diffuse solar radiations (Wh.m-2)
Mean outdoor temperature (°C)
Mean indoor temperature (°C) from 8AM to 7PM
Increase in the surface temperature of the panels from 8AM to 7PM

18th June
4009
16.8
24.6 °C
2.0 °C

19th June
5965
18.3
22.6 °C
0.9°C

The effect of the system on thermal comfort also lies in the fact that the surface temperature
remains stable when the PCMs are melting. Thanks to the natural convection in the room, the
wallboards absorb a significant amount of heat from the indoor air. However the closer the
PCM is to its melting peak temperature during the warming period of the day, the higher the
gap between the indoor air temperature and the surface temperature is. This enhances the “cold
wall sensation” which is beneficial for the summer thermal comfort. On Figure 4 the difference
between the indoor temperature and the wallboards’ temperature (on average from 8AM to
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7PM) is plotted as a function of the average wallboards’ temperature (on average from 8AM to
7PM).
t dt
(1)
(2)
Each point represents an occupation period of a day from February to July 2016. Only the
“warming” days - defined as when the indoor temperature is 1°C higher at 7PM than at 8AM are plotted.
Tpan t dt

Figure 4: Difference between the indoor temperature and the panels’ temperature – average from 8am to 7pm –
function of average panel temperature for the days from February to July 2016

In June, the average gap between the indoor temperature and the mean wallboard temperature
during the “warming days” varies between 0.6°C and 1.2°C. In March, it exceeds three times
more, over 2 °C.
This has a positive effect on thermal comfort since when the latent heat storage is active, the
perceived temperature (which depends on the surface temperature) is lower than the air
temperature. This perceived temperature is close to the operative temperature defined as
follows:
1
(3)
with




a coefficient between 0 and 1 depending on the convective (hc) and radiative (hr) heat
exchanges in the room.
the indoor temperature
the radiative temperature measured with a black globe probe

In a room where the air speed does not exceed 0.2 m.s-1, α is approximately 0.5. That is why
the perceived temperature is often considered as the average between the air temperature and
the radiative temperature (close to the surface temperature). Although the air temperature
increases, the perceived temperature remains more stable and comfortable. But this positive
effect is observed during the periods when the need for cooling are not significant.
The goal of the following part is to evaluate the evolution of the thermal equivalent capacity of
the PCM wallboards during the year. The theoretical thermal capacity Cp(T) of the PCM is
deduced from the data given by the PCM supplier. For every minute of the day, a mean panel
temperature is calculated (from thermocouples installed in the test cell on both sides of two
different panels). This wallboard temperature can be associated with an equivalent thermal
capacity using the theoretical function Cp(T). The assumption is made that the PCM’s
temperature is similar to the temperature of the panels’ surface. More specific measures show
that the difference between the surface temperature and the PCM temperature is limited (lower
than 0,5 °C), due to the high conductivity of the panel. The goal is to determine the evolution
of the thermal capacity over the year period, more specifically over the summer.
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Figure 5: Average equivalent thermal capacities of the PCM panel during the days from Mars to July 2016

The higher the average thermal capacity of the panel is, the more the latent heat (or storage
potential) is exploited during a day. The measures of the panels’ temperature show that the
thermal capacity is highest during the warmest days of April, or the coolest days of May and
June. The three highest points for the month of June (triangles) corresponds to the period plotted
in Figure 5. Since the priority of the system is to limit the thermal discomfort, it is not satisfying
to note that during the warmest days of May and June or during the whole month of July, the
activation of the phase change is very limited. During the warmest periods of the year, when
the need for cooling is most important, the PCM remain melted. Figure 6 shows the frequencies
of the physical states from March to July of 2016. These states are defined using the thermal
equivalent capacity of the PCM and assuming that the average surface temperature of the panels
is identical to the PCM temperature (Table 2).
Table 2: PCM phase dependence on temperature
Solid
T<19.1°C

Phase change
19.1°C < T < 24.25 °C

Liquid
T>24.25 °C

The ventilation of the PCM panels was active after the 11 May and the blinds were activated in
early July. This chart confirms that the latent heat storage is exploited mainly in April and May.
The activation of phase change is frequent when the need for cooling is not the most important.
During the warmest periods of the summer, the ventilation is not sufficient to solidify the PCM.
Thus, the night ventilation of wallboards fulfils its first aim to decrease the indoor temperature
during the night, but not its second one which is to reactivate the inertia potential of the PCM
panels. The combination of ventilation and phase change activation is not frequent enough
during the summer. This was improved by combining the presented prototype by night
ventilation of the room. It requires to use two independent ventilation systems: one for
wallboards’ ventilation and one for room free cooling. These results are not involved in this
paper. To complete the study of wallboards set up as standalone problem, simulations were
performed to observe the influence of the melting temperature of the PCM on the thermal
comfort.
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Figure 6: Monthly frequencies of each of the PCM physical states from March to July 2016

3 MODELISATION OF THE PCM PANEL
The aim of this part was to create a numerical model of the honeycomb wallboard that can be
used in dynamic thermal simulation. The goal was to determine the vertical profile of the
convection coefficient in the air cavity in the panel (along the direction called x) during
ventilation to quantify the convection heat transfer between the ventilated air and the sides of
the cavity.
Each real panel is separated in two half panels to allow two air flows to circulate from the
bottom to the top. A ventilated cavity (dimensions 0.51m x 2.5m x 0.03m) which corresponds
to a half panel is considered. This cavity is divided in ten parts vertically. Each tenth of panel
is a zone characterized by its flow rate (identical for each part), its air inlet temperature and its
air outlet temperature. An air flow rate is chosen as input to the model. The Reynolds number
is calculated based on the determination of a hydraulic equivalent diameter deduced from the
geometry of the wallboard, presented by equation (4).
V.Dh
(4)
ν
The Reynolds number is used to determine the flow regime, in this case laminar or transitional:



Laminar if Re < 2500
Transitional if 2500 < Re < 10000

From here we determine the vertical profile of the Nusselt number Nu(x). The configuration
associated is that of a forced convection through a rectangular duct. In case of transitional
regime, h(x) is calculated separately assuming a fully laminar and a fully turbulent regime.
Then, the h(x) associated with a transitional regime is calculated by linear interpolation
depending on position of the Reynolds number in the interval [2500, 10000] (Incropera et al.,
2013). For a laminar regime, experimental determinations of the Nusselt number are presented
by Wilbulswas (Wilbulswas, 1966). The results correspond to a configuration of a forced
convection in a rectangular cavity. The Nusselt number is given as a function of:


ζ = where a = 0.51m and b = 0.03m are the dimensions of the section of the ventilated cavity
perpendicular to the flow



x* =

where x is the vertical position in the panel, Dh the hydraulic diameter of the cavity, Re

the Reynolds number and Pr the Prandtl number characterising the flow.

For the turbulent regime, the Dittus and Boelter correlation is used (equation (5)):
Nu(x) = 0.023 Re0.8Pr0.4

(5)
To take into consideration the development of the flow in the entry region (x/Dh < 60), the
correlation can be approximated as:
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)0,7)
(6)
Finally, for each rate flow expressed in air changes per hour (ACH), the profile of the Nusselt
number leads to the profile of the convection coefficient h(x):
.
(7)
h(x) =
Nu(x) = 0.023 Re0.8Pr0.4 (1+(

Figure 7: Vertical profile of the convection coefficient for the thermal transfer between the air and the sides of
the panel cavity

4 SIMULATION OF THE TEST ROOM
4.1 Model of the room (EnergyPlus)
A model of the test cell at INES has been created with EnergyPlus. The Table 3 details the main
parameters entered in the model. The East and West walls containing the PCM panels are also
dived in ten thermal zones as described above, in order to model the air flow induced by the
night ventilation with a satisfying precision. The vertical profile of the convection coefficient
in the ventilated cavity is entered in the model of the test room.
Table 3: Parameters of the test cell for simulation
PARAMETER

VALUE
Test cell
V cell volume
31.7 m3
Insulated exterior walls
U thermal transmittance
0.0875 W.m-2.K-1
S surface
53.4 m-2
PCM panels
λ conductivity
2.50 W.m-2.K-1
ρ density
250 kg.m-3
Concrete block wall (South)
U thermal transmittance
5.50 W.m-2.K-1
S surface (incl. window)
7.77 m2
Additional layer including insulating panels
U thermal transmittance
0.0171 W.m-2.K-1
S surface (incl. window)
7.77 m2
Combination of existing and added glazed windows
(South)
U thermal transmittance
1.15 W.m-2.K-1
0.225
g solar factor
Infiltration
I infiltration rate
0.08 ACH

The data sheet of the PCM (Micronal® DS 5400) indicates experimental measures of the
equivalent thermal capacity of the PCM. The enthalpy is determined by integrating the thermal
capacity and entered in EnergyPlus in discretised form, as shown in Figure 8. The hysteresis
observed by the difference between the peak melting temperature and solidification
(supercooling) cannot be entered in the software because one material can be associated with
one enthalpy curve only, but this phenomenon remains limited for paraffin.
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Figure 8: PCM enthalpy function of the temperature

Figure 9: From measurements: inside and outside temperatures; from simulation: inside temperature; between
April 15th and April 30th of 2016 without night ventilation

To save simulation time, a simplified model was also created, containing only two thermal
zones, representing PCM wallboards on the East and West walls. In this model, the average
value of the vertical profile h(x) are entered in EnergyPlus.
4.2 Validation of the model: measurements and simulation comparison
The model of the test cell is integrated in an EnergyPlus simulation using the weather file
created from the data measured by the weather station at INES. These data include dry bulb
temperature, dew point temperature, relative humidity, atmospheric pressure, wind speed and
direction, rain, direct and diffuse solar radiation. The results of the simulations are confronted
with the recorded measures from the real test cell. The mean average error between the indoor
temperatures simulated and measured calculated over 1561 hours arbitrarily chosen between
February and April 2016 is:
|Tint, sim. Tint, meas. | dt = 0.81 °C
(8)
Figure 9 compares the indoor temperature of the test cell obtained by simulation and by
measurements between the 10th and the 30th of April, 2016.
4.3 Impacts of different parameters on the thermal comfort
The indicator used in this part is called integrated thermal discomfort level and is defined by:
ITDLTlim =

e t dt

(9)

With:
-

Tlim a limit indoor temperature of comfort (chosen here between 25 and 28 °C)
e(t) = (Tint – Tlim) when Tint > Tlim and
e(t) = 0 otherwise, with Tint(t) the indoor temperature
T the occupation periods (8h-19h) cumulated from June to August
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This indicator takes into consideration both the cumulated periods of thermal discomfort and
the degree of discomfort considering to what extent the interior temperature is higher than the
limit of comfort. It can be expressed in °C hours or °C days.
For the following simulations, the model of the test cell described above is used. For each series
of simulation, one parameter only is modified. At first, the phase change temperature of the
PCM is the only varying parameter. The total value of the latent heat is unchanged and the
thermal capacity is changed as:
Cp27 (T) = Cp25 (T-2) = Cp23 (T-4)
(10)
The airflow rate is fixed to 8 ACH and the ventilation is active from 22pm to 5am every night.
The results presented in Figure 10 show that the choice of the phase change temperature has a
significant impact on the efficiency of the system. The configuration of the test cell (south
orientation, adiabatic walls) and the climate of Rhône-Alpes region is more adapted to a PCM
changing phase at 27 °C than at 23 °C if we do not combine the wallboard insulation with room
night ventilation. The simulation shows that the thermal discomfort above 26 °C is reduced by
nearly 65% with a PCM changing phase at 27 °C rather than at 23°C.

Figure 10: Integrated thermal discomfort levels for different phase change temperatures

On Figure 11 is plotted the results of the simulation for a melting temperature of 23°C (red) and
27°C (green) from the 1st to the 11th of July 2016. During the five first day when the average
outside temperature is 20°C, the thermal mass is more important for the phase change
temperature of 23°C. The variations of the inside temperature are much reduced compared to
the configuration with the PCM changing phase at 27°C. Yet there is no effect on the thermal
discomfort above 26°C because in both configurations the indoor temperature remains below
this limit (represented in black). The thermal discomfort above 26°C that corresponds to the
area between the 26°C limit and the curve of the indoor temperature is notably higher for a
change phase temperature of 23°C than 27°C. In order to reduce the thermal discomfort in July
in the configuration of the test cell and for the climate of Lyon (France), a melting temperature
of 27°C is more adequate than 23°C without room night ventilation.

Figure 11: Outside temperature and Inside temperatures with phase change temperatures of 23°C and 27°C, from
a simulation of the test cell using a weather file of Lyon (Rhône-Alpes, France) from 2015
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In a second test, the intensity of the air flow rate (and the convection coefficient associated in
the model) is the only varying parameter. The PCM temperature is set to 27 °C. Figure 12 shows
that this parameter has a major impact on the thermal discomfort and thus on the efficiency of
the system. For example, intensifying the ventilation flow rate from 2 to 4 ACH allows a
decrease by half of the integrated thermal discomfort level above 26 °C.

Figure 12: Integrated thermal discomfort levels for different airflow rates

5

CONCLUSIONS

Results of the paper show that the box in the box concept is able to replace air-conditioning by
free cooling in the studied temperate climate. Nevertheless, wise combination with space
ventilation is crucial to obtain competitive results for hot periods. Numerical simulations show
that a PCM changing phase at 27 °C can decrease the “integrated thermal discomfort level over
26°C” (ITDL26) by 65% compared to a PCM changing phase at 23°C. Numerical analysis also
emphasizes that rise the ventilation rate of the developed panels from 4 ACH to 8 ACH reduce
the ITDL26 by 50%. Results of combination of the presented solution with room night
ventilation are object of an upcoming analysis and are intentionally not included in this paper
by lack of space for detailed description.
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ABSTRACT
Advancing energy efficient renovation solutions in buildings necessitate adopting high-insulation and airtightness
to avoid heat loss through transmission and infiltration, which can result in overheating. Elevated indoor
temperatures have a highly negative effect on building occupants’ health, wellbeing and productivity. With the
possibility of remote working, people spend more time at home, and therefore addressing the elevated indoor
temperatures and the overheating risks in residential buildings proves to be essential. Even more so, as these high
temperatures during daytime are followed by consequent high temperatures during night-time, which distorts sleep
quality. The current Danish building regulations suggest that the operative temperature in dwellings should not
exceed 27 °C for more than 100 hours per year and 28 °C for more than 25 hours per year. However, in many new
and renovated dwellings in Denmark the temperature during spring and summer exceeds these measures. The
paper presents the first results from a larger study focused on typical Danish apartment buildings from the period
1850-1950 many of which currently undergo extensive renovation. The main objective of the project is to study
facade solutions that eliminate overheating. The present paper reports an effect of different ventilation strategies
on overheating in renovated apartment buildings from the period 1850-1890. The investigation showed that energy
renovation in this type of buildings, including adding insulation and exchanging windows, yielded energy saving
of approx. 60%, but resulted in an increase of overheating hours when no mechanical ventilation system was
added. All studied mechanical ventilation systems with heat recovery were able to decrease the overheating hours
below limit specified by the Danish building code in the case of the building situated in the narrow street canyon.
In the absence of shading from surrounding buildings, the CAV ventilation operating with minimum airflow
required by the Danish building code reduced overheating hours insufficiently.

KEYWORDS
Overheating, energy renovation, residential ventilation, apartment building, energy consumption

1

INTRODUCTION

Reduction of energy consumption and improvement of the indoor climate have been on the
agenda in the building sector in recent years. The EU's goal is to reduce its total greenhouse gas
emissions by 30% by 2020 compared to the levels from 1990, and by 80% by 2050 (European
Parliament, 2010). Denmark has set an even more ambitious goal of being completely free of
fossil fuel by 2050 (Danish Government, 2014). Energy consumption in buildings, including
primarily energy used for heating, ventilation, domestic hot water and lighting, accounts for
around 40% of the total energy consumption in Europe (BPIE, 2011). Efficiency of the energy
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use in buildings therefore plays a crucial role in achieving the political goals. At the same time,
newly built constructions account only about 1% of the building stock in many developed
countries. Thus, a reduction of energy use in buildings can only be achieved with focus on
existing buildings. Furthermore, the residential stock is the biggest segment with an EU floor
space accounting for 75% of the building stock and should consequently be in focus. Commonly
applied renovation approach aims to limit heat transfer through the building envelope (thermal
insulation, window replacement, tightening of building envelope). These solutions lead to
energy savings during the heating season, but at the same time to high indoor temperatures
during periods with higher solar heat gains.
Elevated indoor temperatures have a highly negative effect on occupants’ health, wellbeing and
productivity (NHBC Foundation, 2012). With the possibility of remote working, people spend
more time at home, and therefore addressing overheating risk in residential buildings becomes
more important. Moreover, certain vulnerable groups as infants, children and the elderly, as
well as the obese and people with chronic diseases mostly stay at home. Excess heat even in
shorter periods can have significant health implications for them (Brown and Walker, 2008).
Additionally, higher night-time temperatures are documented to increase the risk to health due
to the inability to recover from daytime heat stress (Kovats and Hajat, 2008) and interrupt sleep
(Raymann et al., 2008; Strøm-Tejsen et al., 2016). It has been reported that a change of as little
as 1 K in skin temperature can affect the quality of sleep obtained, particularly in the elderly
(Raymann et al., 2008).
According to the Danish building regulations 2018 (BR18, 2018) the operative temperature in
dwellings should not exceed 27 °C for more than 100 hours per year and 28 °C for more than
25 hours per year. However, in many new and existing dwellings in Denmark the temperature
during spring and summer often exceeds these measures (Psomas et al., 2016; Larsen, 2011).
Ventilation required in new and renovated Danish dwellings is designed to supply fresh air and
avoid moisture related problems. It is not designed to cool. Thus, there is a risk of overheating,
especially in warm months. The effect will be multiplied by the overall trend of increased
external temperatures due to the climate changes (CIBSE TM36, 2005).
In Denmark 28% of the residential building area is associated with apartments (BPIE, 2011). A
currently ongoing research project “Reduction of overheating in Danish dwellings by use of
effective solar control without comprising visual comfort” focuses on buildings from the period
1850-1950. Energy effective solutions to the problem with overheating include limiting the
solar heat gains through the glazed parts of the facade (REHVA Guidebook no. 12, 2010) and
effective ventilation (IEA EBC, 2018). The project’s challenge lays in identifying combinations
of shading and glazing solutions that reduce overheating risk without disturbing appearance of
the facade and aggravating daylight conditions. However, in the study reported in this paper the
use of external solar shading is limited due to the architectural heritage value of the facades of
buildings from the period 1850-1890. The paper reports results from the underlying study that
had an objective to examine the impact of different ventilation strategies applicable in renovated
buildings on overheating risk and energy consumption. The results will be further utilized for
investigation of facade solutions.
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2

METHODS
2.1

Building and its surroundings

Altogether three apartment buildings representing relevant building typologies according to
Engelmark (2013) were identified. The present paper reports results for one of the buildings –
a historical residential 5-storey building located in the northern area of Copenhagen – Figure 1
(left), representing a typical apartment building from the period 1850-1890 common in Danish
cities. Solid masonry and bricks are the main characteristics of the facades. The inner walls are
mainly made of timber construction and bricks. Floors and staircases are made of wood. The
roofing material is brick, slate or metal carried by a wooden structure. All windows consist of
four openable parts where the two lower parts count for 2/3 of the window size. This type of
buildings comprises parts of a rectangular arrangement of similar buildings with the backside
facing to the courtyard in the middle and the front facade facing the street with other buildings
of the same height – Figure 1 (right).

Figure 1: Case study building (left) and outline of surrounding (right)

The IDA Indoor Climate and Energy (IDA ICE) software was used to model the building,
Figure 2 (left), with and without the surrounding constructions and the greenery always omitted.
The cases without shading from the surrounding buildings represent the apartments on higher
floors as well as occasions where similar buildings are not located in a tight street canyon. In
the model, the apartment was located on the first floor with a gross floor area of 56.6 m2 and
consisted of a kitchen, living room, bedroom, small bathroom and hall – Figure 2 (right).
The windows in the building before renovation were assumed to be clear double pane (4-12-4)
with the heat transfer coefficient of glazing Ug = 2.8 W/(m2∙K), light transmittance LT = 82%
and total solar heat transmittance g = 79%. The heat transfer coefficient of the window frame
was set to Uf=2.0 W/(m2∙K). The fraction of the frame to the total window area was calculated
to 39% for windows in the living room and the bedroom, and 28% in the kitchen.
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Figure 2: Building model (left) and layout of simulated apartment (right)

Energy renovation for the simulated building included an addition of 95 mm of internal thermal
insulation and exchange of all windows. Internal insulation brings a risk of moisture
condensation in the construction and reduction of the internal space; however, it is often used
in practice due to the architectural value of the facades in this type of buildings. The Knowledge
Centre for Energy Savings in Buildings (2017) recommends the thickness of the internal
insulation to be below 100 mm to reduce the risk of condensation. The windows were changed
to clear double pane energy windows (4-12Ar-S(3)4) with Ug=1.3 W/(m2∙K), LT = 82% and g
= 65%. The U-value of the window frame was changed to 1.3 W/(m2∙K) with the same frame
sizes as before the renovation.
In none of the simulated cases solar shading devices were used.
2.2

Location and weather data

The building model was located in Copenhagen, Denmark. The simulation period was set from
the 1st of January to the 31st of December 2010 using weather data by the Danish Reference
Year, DRY 2013.
2.3

Heat loads and schedules for occupancy

With respect to internal loads (heat from appliances, sensible and latent loads from occupants,
moisture load from activities), a recent Danish guideline for indoor climate calculations (Vorre
et al., 2017) was followed. Based on the apartment size and only one bedroom, the apartment
was assumed to be occupied by two adults employed with standard work hours (weekdays 8:0016:00). The occupants were assumed constantly present in the apartment during weekends. The
distribution of occupancy in the particular rooms followed the guideline and is shown in Table
1. Metabolic rate of the occupants was assumed to be 1 met during the day and 0.8 met while
sleeping. Occupant loads included both sensible and latent heat production. The schedules
suggested by Vorre et al. (2017) include an overlap in the occupancy for common spaces and
bedrooms to accommodate various users’ behaviour. As this overlapping leads to relatively
high occupant heat loads during afternoon/evening hours it was decided to reduce the
occupancy loads to 54% in order to obtain an average load of 1.5 W/m2 as assumed in the
Danish energy frame calculations (Aggerholm, 2018).
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Table 1: Occupancy schedules for different rooms for weekdays and weekends based on Vorre et al. (2017)
Weekdays

00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 16:30 17:00 18:00 19:00 20:00 21:00 22:00 23:00

Bedroom

100% 100% 100% 100% 100% 100% 100%

100% 100% 100% 100%

Living room

100% 100% 100%

Kitchen

100%

100% 100% 100% 100% 100% 100%

Bathroom
Hall
Weekend

00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 16:30 17:00 18:00 19:00 20:00 21:00 22:00 23:00

Bedroom

100% 100% 100% 100% 100% 100% 100% 100%

100% 100% 100% 100%

Living room

100% 100% 100% 100%

Kitchen

100% 100% 50%

50%

50%

50%

50%

50%

50% 100% 100% 100% 100% 100% 100% 100%

Bathroom
Hall

2.4

Heat loads from equipment and lighting

The heat loads from equipment and lighting in the kitchen, living room and bedroom were based
on recommendations from Vorre et al. (2017). The hourly schedules for the heat loads are
shown in Table 2 with the maximum internal heat loads for the kitchen 10 W/m2 but min. 350
W, for the living room 5 W/m2 but min. 100 W, and for the bedroom 6 W/m2 but min. 60 W.
Table 2: Schedules for heat loads from equipment and lighting in different rooms for weekdays and weekend
based on Vorre et al. (2017)
Weekdays

00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

Bedroom

25%

100% 100%

Living room
Kitchen

100% 100% 100%
10%

10%

10%

10%

10%

10%

10%

75%

75%

10%

10%

10%

10%

10%

10%

10%

10% 100% 100% 50%

50%

50%

10%

10%

Bathroom
Hall
Weekend

00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

Bedroom

25%

100% 100% 100%

Living room
Kitchen

100% 100% 100% 100%
10%

10%

10%

10%

10%

10%

10%

10%

75%

75%

50%

50%

50%

50%

50%

50%

50%

50% 100% 100% 50%

50%

50%

10%

Bathroom
Hall

2.5

Moisture load from activities

The moisture production from typical activities occurring in the apartment was set to 60 g/h per
person based on Valbjørn et al. (2000). Since the guideline by Vorre et al. (2017) does not
assume occupancy in the bathroom, the whole moisture production was added in the kitchen
and was constant during 24 hours for the whole week.
2.6

Ventilation and infiltration

The building before renovation (case URNV) was assumed to be naturally ventilated. This was
modelled using fixed infiltration of 0.5 l/(s∙m2) of the heated floor area (i.e. including external
walls). The building after renovation was first simulated as naturally ventilated (case NV) with
fixed infiltration of 0.3 l/(s∙m2) of heated floor area corresponding to the minimum fresh air
supply required by the Danish building code (BR18, 2018). Additionally, four mechanical
ventilation strategies were investigated for the building after renovation: two types of constant
air volume (CAVmin and CAVmax) and two types of variable air volume (VAVRH and VAVT)
systems – all systems operated with balanced supply and exhaust airflows. The CAVmin case
represented a minimum requirement of 0.3 l/(s∙m2) fresh air supply to the whole apartment as
well as each habitable room (BR18, 2018). The CAVmax system simulated the case when
designers determine airflows according to requirements for forced extraction from a kitchen
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and a bathroom, as the Danish building regulations (BR18, 2018) demand possibility to increase
exhaust to min. 20 l/s and min. 15 l/s in a kitchen and a bathroom, respectively. Many
practitioners therefore set the CAV system to operate constantly with aforementioned airflows
(Bocanegra-Yanez et al., 2017). Both VAV ventilation systems represented decentralized onedwelling solutions with the airflows controlled by either temperature (VAVT) or relative
humidity sensor (VAVRH) placed in the exhaust duct. The minimum airflows for both systems
were the same as the airflows for the CAVmin system. The maximum airflows were determined
to fulfil the requirements to the amount of exhaust air from a bathroom and a kitchen and
therefore assumed to be 300% of the minimum airflow. The airflows for all investigated
ventilation systems can be seen in Table 3.
Table 3: Airflows in CAV and VAV systems for different rooms
(in blue colour supply and in green colour extraction)

Area
2

CAVmin

CAVmax

VAVmin

VAVmax

Airflow

Airflow

Airflow

Airflow

2

2

2

2

m

l/(s∙m )

l/s

l/(s∙m )

l/s

l/(s∙m )

l/s

l/(s∙m )

l/s

Bedroom

18.43

0.40

7.3

0.82

15.1

0.40

7.3

1.20

22.0

Living room

24.20

0.40

9.6

0.82

19.9

0.40

9.6

1.20

28.9

Kitchen

8.17

1.19

9.7

2.45

20.0

1.19

9.7

3.57

29.1

Bathroom

1.07

6.82

7.3

14.06

15.0

6.82

7.3

20.47

21.8

Hall

4.77

-

-

-

-

-

-

-

-

Sum

56.63

The VAVRH system was controlled by a proportional (P) controller: RHset-point = 50%, P-band =
20%. The VAVT system was controlled by a proportional-integral (PI) controller: Tset-point =
23 °C, K = 0.3. The control algorithm included also a condition with respect to outdoor
temperature: Tout ≤ (Troom - 2) °C.
A typical air handling unit used in Danish residences consisting of heat recovery and two fans
was simulated. Neither heating nor cooling coil was used. The dry temperature efficiency of the
heat recovery was set to 85% at the maximum airflow, while the set point for the supply
temperature was 18 °C. The maximum specific fan power (SFP) for each fan was assumed to
be 0.5 kJ/m3 fulfilling the requirement for a maximum total SFP = 1 kJ/m3 (BR18, 2018). The
primary energy factor for electrical power was set to 2.5 (BR18, 2018).
Infiltration of 1 l/(s∙m2) floor area at 50 Pa pressure difference for all cases with mechanical
ventilation was assumed as the maximum allowed infiltration for new and renovated buildings
according to BR18 (2018).
2.7

Heating system

Idealized heating units ensuring the heating temperature set point of 20 °C in all rooms of the
apartment (16 °C in the staircase and fire escape) were used in all cases. The heating system
was switched off in the summer period i.e. from the 1st of May to the 30th of September (Vorre
et al., 2017). The heating was supplied by district heating with a primary energy factor of 0.8
(BR18, 2018).
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2.8

Window, doors and infiltration

A crude estimate of the occupants’ window opening behaviour was simulated using temperature
control by a PI controller: Tset-point = 23 °C, K = 0.3. Additional conditions with respect to
outdoor temperature: Tout ≤ (Troom - 2) °C and the presence of at least one of the occupants in
the apartment were also applied. The effective window opening area was assumed to be 60%
(15% during night-time) according to Vorre et el. (2017). It was assumed that the upper parts
of the window were never open (inconvenient due to a high position of these parts), while 60%
of the window opening was implemented to the lower parts. Only one of the two windows in
the living room was set to open.
The VAVT system was assumed to be used in apartments located towards polluted and noisy
street as a solution allowing minimising a need for window opening. In this case, the set point
for window opening was 27 °C i.e. - the occupants open the windows only when the mechanical
ventilation cannot reduce the overheating.
The doors to all rooms were kept closed during the whole simulation period in order to avoid
unrealistic large airflows between the rooms. A leak with an area of 0.01 m2 and discharge
coefficient Cd = 0.65 was placed at each door.
2.9

Energy consumption

In the present study, the energy consumption analysis included only energy demand for
ventilation and heating. The energy consumption for lighting and domestic hot water was
neglected.
3

RESULTS AND DISCUSSION

The results regarding energy consumption and overheating are summarized in Figure 3. Energy
renovation clearly intensified overheating regardless the presence of surrounding buildings.

Figure 3: Energy consumption and a number of hours with indoor temperature over 27 °C in the zone with
maximum overheating hours (kitchen) for the investigated ventilation strategies for cases with surrounding
buildings (left) and without (right)

The mechanical ventilation system running constantly on the minimum supply airflow
(CAVmin) could bring the overheating hours below 100 only in the case of the building in the
street canyon. The CAVmax and both cases with VAV systems showed ability to keep
overheating within the required limits.
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The lack of shading from surrounding buildings (e.g. apartments on higher floors or a building
facing a square) resulted in increased overheating in summer. On the other hand, reduced solar
gains to the building in the street canyon led to higher energy use for heating. This effect was
the highest for the building before renovation (about 11 kWh/m2year more primary energy use
for the shaded building), while the mean increase for the renovated building with mechanical
ventilation was 7.7 kWh/m2year. Energy renovation reduced the energy use for heating by 57%
and 62% for the cases with and without surrounding buildings, respectively. With respect to
mechanical ventilation, the CAVmax system used 34-105% more electricity and approx. 70-80%
more energy on heating compared to the other three mechanical ventilation systems. However,
it still reduced the energy use for heating by 31-39% compared to the renovated building with
natural ventilation. Compared to natural ventilation, the CAVmin or VAV systems reduced the
total primary energy use by approx. 40% and 50% for the cases with and without surrounding
buildings, respectively. Both VAV systems performed equally well in regards to the total
energy consumption and overheating, except that the system with temperature control for the
case with the exposed building has slightly higher energy consumption for ventilation due to
frequent boost of the airflows during elevated temperature in the apartment. CAVmax can also
effectively reduce the heat excess, but it results in higher electricity use for ventilation.
In the present study, the overheating hours were evaluated for occupied hours for particular
rooms of the apartment. This parameter indicated that the kitchen was the most problematic
room. As the kitchen was oriented towards north, the overheating was rather caused by high
internal loads from occupants and equipment per a relatively small floor area than by solar heat
gains. Figure 4 (left) presents yearly duration curves for the operative temperature in all rooms
for the VAVRH system, which showed the best potential for reduction of overheating. It is clear
from the figure that the living room had the highest amount of hours above 27 °C, when
considering also unoccupied period. Moreover, it can be seen from the figure that the operative
temperature in the kitchen was consistently higher than in the rest of the apartment.

Figure 4: Duration curve for operative temperature for a whole year (left) and development of operative
temperature during a week in August (right) in the case of VAVRH system without surrounding buildings

Figure 4 (right) shows operative temperature development for one week in August. It illustrates
that the operative temperature in the kitchen follows the occupancy schedule rather closely,
while in the living room it is driven by solar gains, which besides weekend, occur when the
apartment is unoccupied. This highlights the importance of occupancy schedules with respect
to occupants’ exposure to elevated indoor temperatures. Several alternative occupancy
schedules will therefore be investigated during the continuation of the present study.
Window opening behaviour of the occupants is another crucial factor, when simulating
residential ventilation. The present study applied rather crude estimate of window opening
based on indoor temperature. The detailed studies focused on human behaviour, e.g. Andersen
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et al. (2013), show that window opening behaviour is a complex phenomenon and is not
necessarily driven by indoor temperature. However, the Danish energy frame calculation
assumes venting or increased mechanical ventilation in periods when the room temperature
exceeds 23 °C (Aggerholm, 2018). The same approach was used in the present study.
Aggerholm (2018) recommends the mean airflow through windows during warm summer
months equal to 0.9 l/(s∙m2). Table 4 shows an example of the monthly mean supply airflow
through open windows (including infiltration) for the NV and VAVRH cases together with the
monthly mean supply airflows provided by the mechanical ventilation in the VAVRH case. It
can be seen that the airflows provided by venting in the case of the naturally ventilated building
are larger than in the case of the building with mechanical ventilation, but the grand mean
normalized by the total heated floor area did not exceed 0.9 l/(s∙m2).
Table 4: Monthly mean supply airflows through windows and mechanical ventilation for summer months; Q –
monthly mean, ܳത – grand mean. Indexes: LR – living room, B – bedroom, K – kitchen, ms – mechanical supply,
ra – normalized with room heated floor area, ta – normalized with total apartment heated floor area

4

CONCLUSIONS



Energy renovation (adding insulation and exchanging windows) of a Danish apartment
building from 1850-1890 yielded energy saving of approx. 60%.
At the same time energy renovation resulted in clear increase of overheating hours when no
mechanical ventilation system was added.
All studied mechanical ventilation systems with heat recovery were able to decrease the
hours with overheating below the limit specified by the Danish building code in the case of
the building situated in a narrow street canyon. In absence of shading from surrounding
buildings, the CAV ventilation operating with minimum airflow required by the Danish
building code reduced overheating hours insufficiently.
The VAV system with a centrally located sensor for relative humidity was the most efficient
system in the recent study. The temperature controlled VAV system gave worse
performance than the humidity controlled one with respect to overheating while using
similar amount of energy. This was probably caused by the increased set point for window
opening as this system was intended to be utilized in buildings where window opening is
not preferable due to outdoor noise or pollution.
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5

The schedules for internal loads and occupancy suggested by the Danish guideline for
indoor climate calculations should be revised with respect to concurrence of occupants and
loads in particular rooms.
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ABSTRACT
Indoor carbon dioxide (CO2) concentrations have been used for decades to purportedly evaluate indoor air
quality (IAQ) and ventilation. However, many applications of CO2 as a metric have reflected a lack of
understanding of the connection between indoor CO2 levels, ventilation and IAQ. In many cases, an indoor
concentration of 1800 mg/m3 (1000 ppmv) has been used as a metric of IAQ and ventilation without
understanding its basis or significance. After many years of effort trying to dissuade practitioners as well as
researchers from using this value, or some other concentration, as a metric of ventilation and IAQ, the author has
developed an approach to determine a CO2 level that can be used as a meaningful indicator of the outdoor
ventilation rate per person. Rather than a single CO2 concentration for all spaces and circumstances, this paper
describes an approach to estimating a space-specific CO2 concentration from several relevant factors. The
concept is based on an estimate of the CO2 concentration that would be expected in a specific space type given
its intended or expected ventilation rate per person, the number of occupants and the rate at which they generate
CO2, and the occupancy schedule. A calculation method is described for estimating the CO2 concentration for a
given space and the timeframe for achieving that concentration, which provides a more meaningful metric than a
single value for all spaces.

KEYWORDS
Building performance; carbon dioxide; indoor air quality; metrics; ventilation

1

INTRODUCTION

Indoor air quality (IAQ) is characterized by the chemical and physical constituents of air, plus
other properties (e.g., thermal), that impact occupant health, comfort and productivity. The
number of measurable airborne contaminants in most indoor environments is quite large,
easily in the hundreds, and their impacts on building occupants is known for only a very small
number. The large number of airborne contaminants, and their wide variation among
buildings and over time, makes it extremely challenging to quantify IAQ conditions via a
small number of parameters, let alone to distinguish between good and bad IAQ based on a
single metric. There have been several efforts over the years to define IAQ metrics, but none
have been shown to capture the occupant impacts of IAQ very well or have been accepted by
the field (Hollick and Sangiovanni, 2000; Moschandreas et al., 2005; Jackson et al., 2011;
Teichman et al., 2015).
Nevertheless, the indoor concentration of carbon dioxide (CO2) has been widely promoted as
a metric of IAQ and ventilation, in many cases without a clear understanding or explanation
of what it is intended to characterize or a description of its application or limitations as a
metric (Persily, 1997). At the simplest level, many practitioners use 1800 mg/m3 (roughly
1000 ppmv) as a metric, erroneously basing it on ASHRAE Standard 62.1 (ASHRAE, 2016a).
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Despite numerous statements to the contrary, that standard has not contained an indoor CO2
limit for almost 30 years (Persily, 2015a). The CO2 concentration limit was removed based on
the confusion that it caused and the fact that it is not a good indicator of ventilation or IAQ.
There have been many papers, presentations and workshops that have attempted to clarify the
meaning of indoor CO2 concentrations and even to advocate that they not be used as IAQ and
ventilation metrics. However, it appears clear that calls to stop using indoor CO2 to
characterize IAQ and ventilation are not succeeding. Instead, efforts to educate designers,
practitioners and others in the field need to continue, and this paper proposes an approach to
using indoor CO2 concentrations as a metric of ventilation rate per person based on a
thorough consideration of the relevant parameters that determine indoor CO2 levels.
2

BACKGROUND ON INDOOR CO2 CONCENTRATIONS

Indoor CO2 concentrations have been prominent in discussions of ventilation and IAQ since
the 18th century, when Lavoisier suggested that CO2 build-up rather than oxygen depletion
was responsible for “bad air” indoors (Klauss et al., 1970). About one hundred years later,
von Pettenkofer suggested that biological contaminants from human occupants were causing
indoor air problems, not CO2. Since that time, discussions of CO2 in relation to IAQ and
ventilation have evolved, focusing on the impacts of CO2 concentrations on building
occupants, how these concentrations relate to occupant perception of bioeffluents, the use of
indoor CO2 concentrations to estimate ventilation rates, and the use of CO2 to control outdoor
air ventilation rates (Persily, 2015b).
Indoor CO2 concentrations are certainly relevant to the outdoor air ventilation rates per person
specified in standards, guidelines and building regulations (CEN, 2007; ASHRAE, 2016a;
ASHRAE, 2016b). These outdoor air requirements reflect more than 100 years of research,
which first focused on the amount of ventilation needed to control odor associated with the
byproducts of human metabolism, i.e., bioeffluents (Klauss et al., 1970). This research found
that about 7.5 L/s to 9 L/s per person of ventilation air diluted body odor to levels judged to
be acceptable by individuals entering the room from relatively clean air, i.e., unadapted
visitors. Some of these experiments also included measurements of CO2 concentrations,
allowing examination of the relationship between CO2 concentrations and body odor
acceptability. The finding that about 8 L/s per person of ventilation controlled human body
odor such that about 80 % of unadapted visitors found the odor to be acceptable was
accompanied by the result that the same level of acceptability occurred at CO2 concentrations
about 1200 mg/m3 above outdoors. For an outdoor CO2 level of 600 mg/m3, this concentration
difference corresponds roughly to the commonly-cited indoor value of 1800 mg/m3. (Note
that outdoor levels have increased to 700 mg/m3 or more since these odor acceptability studies
were done (NOAA, 2018).) This body of research supports 1800 mg/m3 of CO2 as a reflection
of body odor acceptability perceived by unadapted visitors to a building. Of course, there are
many other important indoor air contaminants that are not associated with the number of
occupants, and CO2 concentration is not a good indicator of those contaminants.
ASHRAE Standard 62-1981 contained an indoor CO2 limit of 4500 mg/m3 for use when
applying the performance approach to complying with the standard, i.e., the Indoor Air
Quality Procedure. That limit was changed without written explanation to 1800 mg/m3 in the
1989 version of the standard. That value was viewed by many a de facto standard without a
sound understanding of its basis as an indicator of body odor acceptability to unadapted
building occupants (Persily, 1997). This 1997 reference notes the existence of anecdotal
discussions associating CO2 concentrations in this range with occupant symptoms such as
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stuffiness and discomfort, also noting that peer-reviewed studies do not support these
associations with the CO2 itself. While several studies have shown associations of elevated
CO2 levels with symptoms, absenteeism and other effects (Apte et al., 2000; Shendell et al.,
2004; Gaihre et al., 2014), these associations are likely due to lower ventilation rates elevating
the concentrations of other more important indoor contaminants.
Indoor CO2 concentrations are typically well below values of interest based on health
concerns, though some recent work has shown evidence of impacts on human performance
(Persily, 2015b). Two studies of individuals completing computer-based tests showed
statistically significant decreases in decision-making performance at CO2 concentrations as
low as 1800 mg/m3 (Satish et al., 2012; Allen et al., 2016). These experiments were carefully
designed to expose the subjects to elevated CO2 and not to other contaminants. However,
other studies have not shown performance impacts at similar concentrations, therefore, it is
premature to conclusively link CO2 concentrations in this range with such occupant impacts
(Zhang et al., 2016; Liu et al., 2017).
In summary, indoor CO2 has not been shown to be a meaningful indicator of IAQ, and typical
indoor levels do not have significant impacts on occupant health and comfort. Instead, this
paper proposes using CO2 as an indicator or metric of outdoor air ventilation rates per person.
As discussed below, indoor CO2 concentrations depend primarily on the rate at which the
occupants generate CO2 , the outdoor air ventilation rate of the space, the time since
occupancy began, and the outdoor CO2 concentration. Therefore, for indoor CO2 to serve as a
meaningful indicator of ventilation, all of these factors need to be considered.
2.1

Single-zone mass balance theory

The approach described in this paper, as well as many other discussions of indoor CO2,
employs a single-zone mass balance of CO2 in the building or space of interest, which can be
expressed as follows:
,

(1)

where V is the volume of the building or space being considered, C is the CO2 concentration
in the space in units of mg/m3, Cout is the outdoor CO2 concentration, t is time in hours, Q is
the volumetric flow of air into the building (space) from outdoors and from the building
(space) to the outdoors in m3/h, and G is the CO2 generation rate in the space in mg/h. Note
that, in general, Q, Cout and G are functions of time, but they are assumed to be constant in
this discussion. Also, air density differences between indoors and out are being ignored by
using the same value of Q for the airflow into the space (building) and out. Finally, this single
zone formulation ignores concentration differences between building zones and the CO2
transport that occurs between zones. This last assumption is not always valid, and its
appropriateness in any application of Equation 1 must be considered.
The solution to Equation 1 can be expressed as follows:
0

1

,

(2)

where C(0) is the indoor concentration at t = 0 and Css is the steady-state indoor
concentration. Note that the indoor concentration will only reach steady-state if conditions,
specifically Q and G, are constant for a sufficiently long period of time, which can be many
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hours as discussed below. In particular, a constant value of G requires that the occupancy
remain constant, and in many spaces occupancy will be too short or too variable for steadystate to be achieved. A convenient means of assessing whether steady-state is likely to be
achieved is by considering the time constant of the system, which is equal to the inverse of
Q/V in Equation 2, i.e., the inverse of the air change rate. One can consider that the system is
essentially at steady-state after three time constants. For example, for a space with an air
change rate of 1 h-1, steady-state will exist after three hours. For a space with an air change
rate of 0.5 h-1, it will take six hours.
2.2

CO2 generation from building occupants

The ventilation and IAQ fields have long used the following equation to estimate CO2
generation rates from building occupants (ASHRAE, 2017):

VCO2 

0.00276 AD M RQ
 0.23RQ  0.77

(3)

where VCO2 is the CO2 generation rate per person (L/s); AD is the DuBois surface area of the
individual (m2); M is the level of physical activity, sometimes referred to as the metabolic rate
or met level (dimensionless); and RQ is the respiratory quotient (dimensionless). The
respiratory quotient, RQ, is the ratio of the volumetric rate at which CO2 is produced to the
rate at which oxygen is consumed, and its value depends primarily on diet. Based on data on
human nutrition in the U.S, specifically the ratios of fat, protein and carbohydrate intake, RQ
equals about 0.85 (Persily and de Jonge, 2017).
More recently, an approach to estimating CO2 generation rates from building occupants based
on concepts from the fields of human metabolism and exercise physiology has been described
(Persily and de Jonge, 2017). This approach uses the basal metabolic rate (BMR) of the
individual(s) of interest, which is the energy needed to sustain the basic functions of human
life, including the function of cells, the brain and the cardiac and respiratory systems, as well
as the maintenance of body temperature. The BMR value of an individual is a function of their
sex, age and body mass, which when multiplied by their level of physical activity or met level
M yields their rate of energy expenditure. The rate of energy expenditure can then be related
to oxygen consumption, and then CO2 generation via the value of RQ. The noted reference
provides equations to estimate BMR as well as data on met levels for different activities.
Assuming RQ equals 0.85, the CO2 generation rate of an individual can be estimated by the
following equation:
0.000484

(4)

This updated approach for estimating CO2 generation rates from individuals offers important
advantages. First, Equation 3 is based on a 1981 reference that provides no explanation of its
basis, while the new approach is derived using established principles of human metabolism
and energy expenditure. Also, the new approach characterizes body size using mass rather
than surface area, which in practice is estimated and not measured. Body mass is easily
measured, and data on body mass distributions for various populations are readily available.
The new approach also explicitly accounts for the sex and age of the individuals being
considered, which is not the case with Equation 3.
3 CO2-BASED VENTILATION METRIC
While a single CO2 concentration metric that characterizes IAQ would be attractive, such a
metric is not possible. As discussed earlier, there are many other indoor air contaminants with
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more significant health and comfort impacts than CO2, and indoor CO2 levels are rarely at
concentrations of concern with respect to health effects. Instead, a CO2 metric to evaluate
outdoor air ventilation rates on a per person basis relative to a design value or a requirement
in a standard is still of value, but it must be based on the space in question and its occupancy.
The relevant space information includes the required outdoor air ventilation rate, its geometry
(floor area and volume), and the number of occupants and their characteristics that impact the
rate at which they generate CO2 (sex, age, body mass and met level). This information can
then be used to calculate the expected CO2 concentration at a point in time, and that value can
be related to a ventilation metric for a given space. However, performing such a calculation
for each space is not realistic for many practitioners and applications. The approach taken in
this paper is to perform these calculations using assumptions for the factors affecting CO2
generation rates and ventilation rates. In order to explore these dependencies and how they
relate to potential CO2 metric values, indoor CO2 concentrations were calculated for the space
types listed in Table 1.
Table 1: Assumptions for CO2 concentration calculations

Space Type

Occupant
density
(#/100 m2)

Classroom (5 to 8 y)

25

Outdoor air
ventilation
L/s per
h-1
person
7.4

2.2

Occupants
(age, body mass in kg, met level)

Average CO2
generation
per person
(L/s)
0.0043

12 males (6 y, 23 kg, 2 met);
12 females (6 y, 23 kg, 2 met);
1 male (30 y, 85 kg, 3 met)
Classroom (>9 y)
35
6.7
2.8
17 males (15 y, 68 kg, 1.7 met);
0.0059
17 females (15 y, 61 kg, 1.7 met);
1 male (30 y, 85 kg, 2.5 met)
Lecture classroom
65
4.3
3.3
32 males (20 y, 83 kg, 1.3 met);
0.0046
32 females (20 y, 71 kg, 1.3 met);
1 male (30 y, 85 kg, 2.5 met)
Restaurant dining
70
5.1
4.3
33 males (30 y, 85 kg, 1.5 met);
0.0053
room
33 females (30 y, 75 kg, 1.5 met);
2 males (30 y, 85 kg, 2 met);
2 females (30 y, 75 kg, 2 met)
Conference meeting
50
3.1
1.9
25 males (30 y, 85 kg, 1.3 met);
0.0044
room
25 females (30 y, 75 kg, 1.3 met)
Hotel/motel bedroom
10
5.5
0.7
5 male (30 y, 85 kg, 1 met);
0.0033
5 female (30 y, 75 kg, 1 met)
Office space
5
8.5
0.5
2.5 male (30 y, 85 kg, 1.4 met);
0.0047
2.5 female (30 y, 75 kg, 1.4 met)
150
2.7
4.9
75 males (30 y, 85 kg, 1.3 met);
0.0044
Public
75 females (30 y, 75 kg, 1.3 met)
assembly/Auditorium
Public
150
2.7
4.9
75 males (30 y, 85 kg, 2 met);
0.0067
assembly/Lobby
75 females (30 y, 75 kg, 2 met)
Retail/Sales
15
7.8
1.4
7.5 male (30 y, 85 kg, 2 met);
0.0067
7.5 female (30 y, 75 kg, 2 met)
Commercial/Institutional space types based on ASHRAE Standard 62.1-2016; outdoor air ventilation based on
default occupancy density; ceiling height assumed to equal 3 m.

The space types considered in this analysis were selected from the longer list of
commercial/institutional building space types in ASHRAE Standard 62.1 (ASHRAE, 2016a).
Future analyses will consider residential buildings covered by Standard 62.2 and other
standards (ASHRAE, 2016b), and perhaps other commercial/institutional space types. The
second column of Table 1 is the occupant density, expressed as number of people per 100 m2
of floor area (corresponding to the default values in Standard 62.1). The third and fourth
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columns are the outdoor air ventilation rate in L/s per person and h-1 based on Standard 62.1,
with the conversion to h-1 using a ceiling height of 3 m. The fifth column contains information
on the occupants (number, sex, age, body mass and met level) used to calculate their CO2
generation rates, with the average per person generation rate in the last column. Most of the
average CO2 generation rates range from 0.004 L/s to 0.005 L/s. Higher values are seen for
more active occupants, i.e., Public assembly/Lobby, Retail/Sales spaces and Classrooms
(>9 y). A lower value of about 0.003 L/s is seen in the Hotel/motel bedroom spaces where the
occupants are assumed to be sleeping, i.e., physical activity levels of 1 met.
For each space type the steady-state CO2 concentration (relative to the outdoor level) and the
time required to achieve steady-state were calculated using the assumptions listed in Table 1.
These values are presented in the fourth and third columns in Table 2, along with the CO2
concentration that would occur one hour after the space is fully occupied (in the fifth column).
Also, a value of tmetric is listed for each space type in the second column of the table. This
value is the length of time over which the particular space type may be expected to be fully
occupied; the CO2 concentration at that time is also listed in the table. These calculations
assume all of the occupants enter the space at the same time, which is not necessarily the case
in an actual building. The last three columns of the table contain the three CO2 concentration
values (steady-state, 1 h after full occupancy and tmetric) for a ventilation rate that is 25 %
below the assumed value in Table 1. These reduced-ventilation cases are considered based on
the desire for a CO2-based ventilation metric to be able to capture ventilation deficiencies of
this magnitude. The concentration calculations in this table employ the single-zone
formulation in Equation 2 and therefore neglect any air and CO2 transport from adjoining
spaces. All of the input values used in these calculations can be revised in additional analyses.
An online calculator is being developed to allow users to perform these calculations to
examine the impact of different inputs.
Table 2: Calculated CO2 concentrations
CO2 concentration above
outdoors (mg/m3)
Steady1h
tmetric
state

CO2 for 25 % reduced
ventilation rate (mg/m3)
Steady1h
tmetric
state

Time to
steadystate (h)*
Classroom (5 to 8 y)
2
1.4
1060
940
1040
1410
Classroom (>9 y)
2
1.1
1580
1490
1580
2110
Lecture classroom
1
0.9
1940
1870
1870
2590
Restaurant
2
0.7
1871
1850
1870
2490
Conference room
1
1.6
2526
2130
2130
3370
Hotel/motel bedroom
6
4.5
1080
520
1060
1440
Office space
2
5.9
985
390
630
1310
Auditorium
1
0.6
2900
2880
2880
3870
Lobby
1
0.6
4467
4430
4430
5960
Retail/Sales
2
2.1
1546
1170
1450
2060
* Time to achieve 95 % of steady-state CO2 concentration, i.e., three time constants
Space Type

tmetric
(h)

1140
1860
2370
2390
2530
560
420
3770
5800
1340

1360
2080
2370
2490
2530
1370
700
3770
5800
1810

The time to reach steady-state in Table 2 is linked to the air change rate in Table 1, i.e., it is
three times the inverse of that rate. For most of the spaces, the time to steady-state is less than
1.5 h. In those cases, the three calculated CO2 concentrations are generally within 100 mg/m3,
making the timing of a measurement for comparison to a metric less critical than in other
spaces. For spaces with longer times required to achieve steady-state, the three calculated CO2
concentrations cover a broader range. For these spaces, the concentration after 1 h of
occupancy is more sensitive to the timing of the CO2 measurement than the values at tmetric or
at steady-state. It is worth noting that the concentrations at tmetric (and at steady-state and at 1 h
for low time constant cases) tend to cluster around a discrete number of values: 600 mg/m3,
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1000 mg/m3, 1500 mg/m3, 2000 mg/m3, 3000 mg/m3 and 4500 mg/m3. Concentrations for
other values of the inputs used in these calculations will likely be different, and the ability to
identify characteristic concentration values will be reassessed after additional analyses. Of
particular note is the Office space, which takes almost 6 h to reach steady-state due in large
part to its low occupant density and low air change rate. As a result, the three concentrations
values are all quite different. It’s unlikely for a typical office space to be at full occupancy for
6 h given lunch schedules; therefore, the tmetric value of 2 h and the corresponding
concentration of about 600 mg/m3 are more relevant.
Consideration of the last three columns of Table 2 is useful for identifying a time at which the
CO2 concentration can be applied as a metric. As seen in this table, the CO2 concentrations at
tmetric generally exhibit a significant difference between the assumed ventilation rate and the
25 % ventilation deficiency. In cases where the time to reach steady-state is less than 1 h, the
concentration at tmetric and at 1 h are essentially the same.
Based on the results in Table 2, and the desire to have a CO2 metric that can capture
ventilation deficiencies and be less sensitive to the timing of the concentration measurement,
Table 3 summarizes potential CO2 metric values for these spaces along with the
corresponding measurement time. Given the transient nature of indoor CO2 concentrations
and the time to reach steady-state in many cases, it is not surprising that a potential CO2
metric needs to be linked to a concentration measurement time. Therefore, reported CO2
concentrations relative to these and other metrics need to include the time that has passed
since the space reached full occupancy. Based on the analysis presented here, the time values
are 1 h, 2 h and 6 h. A more complete analysis of other space types with different input values
may yield other characteristic times. Future publications will present these additional analyses
and an updated consideration of potential metric values.
Table 3: Potential CO2 concentration metrics
Space Type
Classroom (5 to 8 y)
Classroom (>9 y)
Lecture classroom
Restaurant dining room
Conference meeting room
Hotel/motel bedroom
Office space
Public assembly/Auditorium
Public assembly/Lobby
Retail/Sales

CO2 concentration metric,
above outdoors (mg/m3)
1000
1500
2000
2000
2000
1000
600
3000
4500
1500

Corresponding time
(h after full occupancy)
2
1
1
1
1
6
2
1
1
2

The use of these concentration-time combinations as metrics of per person ventilation rates
requires consideration of occupancy schedules. If the occupancy increases to the assumed full
occupancy value over time, which is often the case, but one starts the calculation at the start
of any occupancy, then the measured concentration at a given time will be less than the
calculated value. Therefore, if the 1 h concentration value is used as a metric, the space could
“pass” this criterion even though it would not do so over the long term. However, if the
calculation doesn’t start until full occupancy exists, then there would be some occupants in
place before then, and the measured concentration would be “artificially” higher than it would
be if occupancy started all at once. This situation would make the metric conservative, i.e.,
some spaces might “fail” even though they would pass if the space achieved full occupancy at
a single instant in time. Note also that if the early occupants are different from the full
occupants (in terms of CO2 generation), it could be problematic.

815 | P a g e

If the space is not at the occupancy level assumed in Table 1, which could easily be the case
for retail or lobby spaces, one could estimate the fraction of the assumed occupancy and
reduce the metric in Table 3 accordingly by multiplying by that fractional value. In fact, when
applying this metric approach, the actual occupant density must be identified, and the
concentration metric adjusted accordingly. It may not be practical to apply these metrics to
spaces with particularly transient and short-term occupancies, such as retail and lobbies
spaces, which speaks to the need to characterize the space occupancy and schedule as part of
any such application.
Application of this CO2 metric approach would require one to report, at a minimum, the
following information: space type, occupant density, time at which full occupancy starts, time
of CO2 concentration measurement, and measured indoor and outdoor CO2 concentrations.
These measurements could then be compared with the values in Table 3, or a subsequent and
more comprehensive version, as an indication of whether the ventilation rate per person
complies with the value in Standard 62.1 or other ventilation requirement of interest. A more
complete application of the approach could involve additional information, including: the
ventilation rate per person target value (as an alternative to Standard 62.1), CO2 concentration
measurements at 15 min intervals starting at initial occupancy, and information on the
ventilation strategy and system operation. As additional analyses are performed and the
concept discussed with ventilation and IAQ practitioners and researchers, it is anticipated that
the approach will become more well defined.
4

CONCLUSIONS

This paper presents an approach to using indoor CO2 concentration measurements as a metric
for ventilation rates per person, which accounts for the ventilation requirements and
occupancies of specific space types. Calculations of steady-state CO2 concentrations, as well
as concentrations at other time intervals, are presented based on space-specific inputs of
ventilation rate, space geometry and occupancy. These calculations are used to generate
potential CO2 concentration metrics for several space types in commercial/institutional
buildings, along with measurement times after full occupancy that need to accompany CO2
concentration measurements that are compared to these metrics. It is clear from these analyses
that reported CO2 concentrations for comparison to these, or any other metrics, need to be
associated with a measurement time relative to the start of occupancy. Without information on
time, such measurements cannot be interpreted.
Note that all of the input values used in these calculations can be revised to examine the
impact of other values on the resulting CO2 concentrations. An online calculator is being
developed to allow users to perform these additional calculations. In addition, analyses are
planned to study the concentrations in residential occupancies. These calculations will
consider ventilation requirements from various international standards in single-family homes
and multi-family units of different sizes.
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ABSTRACT
Buildings represent a major end use of energy throughout the world and are typically the dominant
sector for electricity. The use of that energy is to provide buildings services, the most important of
which is Indoor Environmental Quality (IEQ). Heating and air conditioning systems typically handle
the thermal comfort aspects of IEQ; the energy impacts and economics of such systems is well
studied. The most important remaining aspect of IEQ is Indoor Air Quality (IAQ). IAQ combines
health aspects odour and moisture but is typically not represented by a health-based performance
metric. As a result, ventilation rates are used as a surrogate for IAQ. Recent research has developed
“Smart Ventilation” technologies that economically optimize ventilation by considering utility rate
structures, exposure to outdoor contaminants, as well as peak loads and total energy demand.
Enabling this optimization of Smart Ventilation requires IAQ performance metrics that can be
monetized. Lawrence Berkeley National Laboratory and others have used Disability Adjusted Life
Years (DALYs) to quantify health impacts of contaminant exposure, which shows IAQ may be a
critical economic driver. This paper reviews these general concepts and presents some of the most
recent work we have done on both Smart Ventilation and economic metrics for IAQ.

KEYWORDS:
Indoor Air Quality (IAQ), Smart Ventilation, DALY, Metrics
1
INTRODUCTION
Buildings use a roughly one-third of energy production in western countries. After the oil
shocks of the 1970s, the developed world began looking for ways to reduce energy use in
buildings. Since as much as half of the space conditioning energy was attributable to leaky
building, there was a major effort first on research and finally on implementation of air
tightening for both new and existing buildings.
As buildings got tighter and the energy loss from infiltration was reduced, there was a concern
in the health community and elsewhere that there would be insufficient ventilation to control
exposures from indoor-generated contaminants. While Indoor Air Quality had not been a
major concern before the oil shocks, it became one by the 1990s.
The leading professional and standard-writing societies then developed or expanded their
IAQ-related work and released standards on minimum ventilation rates for providing
acceptable IAQ. Currently standards by ISO, CIBSE and CEN are available for international
use, with the most utilized one being the Standard 62 series by the American Society of
Heating Refrigerating and Air Conditioning Engineers.
What such standards have in common is that at their core they set a minimum ventilation rate
in order to control contaminant exposure; the rates themselves were fundamentally set for
odour control—assuming that that would also deal with health. Such a ventilation rate is set
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based on the engineering judgement of experts because there are no performance metrics that
can be quantified or monetized.
The ideal standard would look at the impact of exposure to contaminants to set minimum
performance standards. The economic impact to all affected parties, ideally, could be
calculated to determine the economic optimum for meeting or exceeding those standards.
Unfortunately, the information, research and technologies necessary to fully realize this ideal
does not currently exist.
This paper will point out some of the recent and current efforts being made to advance this
ideal by looking at appropriate metrics for IAQ. The first issue to consider is Smart
Ventilation, which allows the user to meet existing ventilation standards while optimizing
other economic criteria. The more forward-looking approach allows a monetization of the
health impact on the occupants of contaminant exposures. We will examine Disability
Adjusted Life Years as an IAQ metric.
2 PROBLEM IDENTIFICATION AND BASIC PRINCIPLE
Building materials and systems, and the activities carried out in them, can be a source of
contaminants that are harmful to human health. For example, there is evidence that some of
the materials used to construct and furnish buildings emit harmful gases and harbour
biological organisms. Unvented combustion processes for space and food heating emit
gaseous and particulate contaminants and can be a source of moisture that is a primary driver
of biological growth. Human activities, such as cooking and vacuum cleaning, also emit
particulates, cleaning and deodorizing products emit gaseous contaminants and particulates,
and smoking emits over 7000 different compounds of which many are harmful (CfDC, 2010).
Pets harbour and transport biological contaminants and can themselves be allergens. People
and pets also emit gaseous bio-effluents that are disagreeable to smell, and harbour pathogens
that produce disease. These examples show the many potential hazards and contaminant
sources in buildings, for which there are multiple exposure pathways, and not all of them are
airborne.
The measurement of airborne contaminant concentrations is generally a task carried out by
experts and reported in academic journals and technical reports. The presence and
concentrations of contaminants is often measured without careful consideration of their
relevance, and those measured may not be the most prolific or the most harmful. Some
contaminants are inappropriately grouped together; for example, there are over 1 million
volatile organic compounds and their toxicities are generally unknown, yet they are
sometimes reported as single values and referred to as total VOCs. Carbon dioxide (CO2) is
often used as an indicator of poor IAQ, although it does not negatively affect the health of
occupants in the concentrations usually found in buildings, it is a marker of human bioeffluents. Its presence is a function of occupancy, occupant activity, gender, age and
physiology, combustion, and transport from elsewhere. Without an understanding of these
variables, indoor CO2 cannot be used to assess indoor air quality or ventilation. And, it can
never be used to indicate the presence of other important indoor contaminants, such as
formaldehyde emitted from building materials, whose emission is unrelated to CO2
concentration.
However, existing measurements of contaminants, whose type and toxicity are known, still
give cause for concern (Logue et al., 2011). They could negatively affect the health of
occupants of any building they were found in and, when extrapolated to larger building
stocks, could adversely affect healthcare systems and economies.
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3 SMART VENTILATION
Ventilation is the primary method of contaminant dilution and removal in buildings.
Ventilation standards generally agree that indoor air should be perceived as fresh and pleasant
by a significant majority of occupants and so they set a baseline ventilation requirement of
around 8 l/s per person to dilute bio-effluent odours to an acceptable level for anyone who
enters an occupied room from relatively clean air (Persily, 2015). They then attempt to
account for other contaminants, such as building materials and furnishings, by increasing the
baseline rate to around 10l/s per person, although the increase is not based on specific
contaminants (Persily, 2006). Ventilation rates in national standards around the world differ
by up to 4 times, and their origins aren’t always known or documented (Borsboom, 2017).
Smart Ventilation is a way of providing ventilation in an economically optimal way that still
achieves a prescriptive ventilation goal. The Air Infiltration and Ventilation Center describes
Smart Ventilation as “a process to continually adjust the ventilation system in time or by
location to provide the desired IAQ benefits while minimizing energy consumption, utility
bills and other non-IAQ costs (such as thermal discomfort or noise)”.
A Smart Ventilation system adjusts ventilation rates in time or by its location in a building to
be responsive to one or more of the following: occupancy, outdoor thermal and air quality
conditions, electricity grid needs, direct sensing of contaminants, operation of other air
moving and air cleaning systems.
In addition, Smart Ventilation systems can provide information to building owners,
occupants, and managers on operational energy consumption and indoor air quality, and
signal when systems need maintenance or repair. Being responsive to occupancy means that a
Smart Ventilation system can adjust ventilation depending on demand and reduce ventilation
if the building is unoccupied.
Smart Ventilation can time-shift ventilation to periods when indoor-outdoor temperature
differences are smaller and away from peak outdoor temperatures and humidity, or when
indoor-outdoor temperatures are appropriate for ventilative cooling, or when outdoor air
quality is acceptable.
Continually
adjusts
ventilation
system
Provides
IAQ

Minimizes
energy cost

Smart
ventilation

Improves
thermal
comfort

Minimizes
noise

Minimizes
utility bills

Figure 1: Main economic features of a Smart Ventilation system.
Being responsive to electricity grid needs means providing flexibility to electricity demand
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(including direct signals from utilities) and integration with electric grid control strategies.
Conceptually a Smart Ventilation system can be displayed by Figure 1.
Smart Ventilation systems can have sensors to detect, for instance, air flow, systems pressures
or fan energy use in such a way that systems failures can be detected and repaired, or when
system components need maintenance, such as filter replacement.
Walker et al. (2017) have conducted a literature review on current research on Smart
Ventilation. There are many active projects utilizing Smart Ventilation approaches. For
example, Less and Walker (2016) have studied how Smart Ventilation can be used to
minimize periods of high indoor humidity in homes in humid climates in order to reduce the
risk of mould.
Figure 2 is taken from that paper and demonstrates how one particular Smart Ventilation
strategy (based on measured indoor and outdoor humidity identified as “Control 7” in the
paper) can significantly reduce the number of at-risk hours (i.e. hours over 60% relative
humidity) in six humid climates in the United States and the increase in energy necessary to
achieve that.

Figure 2: Fraction of the year >60% RH in Baseline (red) vs. Control 7 (blue) cases, and
changes in annual HVAC energy consumption from baseline when using Control 7 (black
triangles, 2nd y-axis).
That study concluded that various Smart Ventilation strategies could be used to reduce high
humidity levels but that all of them would increase energy use. The economic impact of
increased energy use is straight-forward to estimate, but the economic impact of high
humidity levels awaits further study because of the indirect aspects. While initial cost and
energy metrics can be expressed in monetary terms many indoor environmental quality
metrics either don’t exist or have yet to be monetized.
4 IAQ METRICS
An air quality metric should identify when the quality of indoor air is unacceptable and
should be based on its effects on human health and comfort, acknowledging that they may not
be immediate.
One method of analysis is to ask occupants to personally assess IAQ. The human nose is as
sensitive to some gaseous contaminants as chemical analyses and using it indicates occupant
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preference and ensures that people are the focus of an assessment. Perceived air quality
(PAQ) is the basis of most ventilation standards and is used to assess indoor odours (ISO,
2014) and air quality in buildings (Wargocki et al., 2004). However, its very subjectivity, the
inability of the nose to smell all harmful contaminants (Carbon monoxide is odourless, for
example), its high dependence on temperature and relative humidity (Fang et al., 1998), and
the propensity of people to adapt to malodours after only a few minutes (Berg-Munch et al.,
1986), are acknowledged by some as fundamental concerns.
A second method might be to identify properties of a building that are known to affect IAQ
directly, for example using a tick-box approach. Each feature could be weighted according to
their hazard and aggregated to produce a single metric. This method could be used to develop
a third-party rating system, similar to many existing energy rating schemes, and should be
helpful to someone who is particularly sensitive to specific contaminants in choosing a house
to live in.
To obtain a comprehensive picture of the IAQ in a building it would be necessary to measure
a range of contaminants, but their individual concentrations may be incomparable because of
different health impacts and time scales, and units; for example, radon (Bq.m-3) and
particulate matter (μg.m-3). One approach is to convert the individual contaminant
concentrations into sub-indices, which may be a function of their health risks, before they are
aggregated into a single index. However, the summing of sub-indices can lead to situations
where they are all under individual health thresholds, but the final index shows exceedance.
Conversely, the averaging of sub-indices can lead to a final index that indicates acceptable
IAQ when one or more sub-indices are greater than their individual thresholds. One solution
is to use the maximum of all sub-indices as the final index (Sharma and Bhattacharya, 2012),
but this does not indicate overall IAQ. Other methods weight the sub-indices before
aggregation (Abadie et al., 2016).
Exposure limit values are used in occupational environments to prevent or reduce risks to
health from hazards, such as vibrations (HSE, 2008), by setting a maximum quantity
experienced per person per day. This principle could be applied when measuring the
concentrations of a range of contaminants in a building. Here, the ratios of their maximum
concentrations to their respective ELV concentrations give a quick indication of risk, where a
ratio ≪1 might be acceptable but one approaching or exceeding unity may be problematic.
A problem with IAQ indices and ELVs is that it isn’t clear how a change to either metric, say
by 10%, would affect occupant health and comfort. Here, an indication of the relationship
between exposure and health consequences is required.
Health-adjusted life years (HALYs) are population health measures that allow morbidity and
mortality to be described simultaneously (Gold et al., 2002). One type of HALY is the
disability adjusted life year (DALY), which is a measure of time where a value of unity is one
year of healthy life lost to some disease or injury. DALYs are calculated as the sum of years
of life lost to premature mortality and morbidity in a population for some negative health
effect. Disability is weighted by its effect on person’s life in general, and so can account for
mental illness. In the case of IAQ, the burden of disease is a measurement of the difference
between the current health status of a population of building occupants and an ideal situation
where they all live into old age, free of disease and disability (WHO, 2009). The DALY has
been used by the AIVC (2016) to prioritize indoor contaminants found in houses for
mitigation; see Figure 3. DALYs are used hereon as a focus for our discussion on IAQ,
although there are other HALY metrics, because it is appropriate for assessing the health of
populations (Gold et al., 2002; AIVC, 2016) and because it can be monetized.
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Figure 3: Estimated population averaged annual cost, in DALYs, of chronic air contaminant
inhalation in U.S. residences (AIVC, 2016).
5 ECONOMICS DISCUSSION
Traditionally economics has entered the IAQ debate through optimizing the costs providing
ventilation. The benefit of meeting the criteria were not monetized.
There are the first costs of designing, purchasing and installing the ventilation system and
there are the operating costs of running the system including not only the direct operating
costs (e.g., the electricity to run the fans), but the indirect costs (e.g., the energy to condition
the outdoor air that is brought in to dilute contaminants).
For ventilation systems the simple operating costs usually exceed the first costs, which
encourages technology such as heat-recovery ventilators to optimize the life-cycle costs. In
any case, the economic optimization is straight-forward with all the usual economic
assumptions. This does not include the far larger economic impact of productivity.
With the advent of Smart Ventilation, the optimization becomes a bit more complex and
valuable, because it can provide other services while still meeting the IAQ criteria. Some of
those services are easily incorporated in a standard economics model and some are not. Time
shifting ventilation and reducing over-ventilation can save energy costs or utility peak
charges. Taking account of ventilative cooling or exogenous local exhausts can also cut these
energy costs.
Smart Ventilation can also provide benefits that are not as easily monetized. For example, it
can shift ventilation away from times where the outdoor air quality is bad thus reducing
exposure. An example of this would be to shift ventilation away from afternoons in urban air
basins that typically see high outdoor ozone concentrations. It is clearly a benefit to reduce
exposures to ozone, but it is not easy to put a value on that benefit and thus determine what
mitigation is worth.
IAQ metrics, such as DALYs, provide a method of monetizing contaminant exposure because
various economic studies have been done to determine what a DALY is worth to people.
Unfortunately, there is no single value for what a DALY is worth because it depends strongly
on the culture and socio-economic status of the person whose DALY one is considering. We
would expect a DALY in a developed western society to be worth more (measured in a hard
currency) than in a poor country based simply on standards of living.
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We will not develop the monetization of a DALY any further in this report, but to provide
context a rough value of a DALY in a developed country is on the order of magnitude of
$150,000. This monetization, however, does not include loss of productivity or costs of
health care; it only includes the value of the lost health to the individual and therefore
represents a lower limit of the economic cost.
The DALY approach can monetize the health aspects of the IAQ. Other efforts are underway
to quantify the comfort aspects of the indoor environment and increases in productivity (Allen
et al. (2016)) or improved learning (Haverinen-Shaughnessy (2011)). Looking forward, we
can see that both the health and perceived aspects of IAQ could be fully monetized.
The advantage of being able to put a monetary value on indoor contaminant exposure is that it
facilitates a more efficient means of providing economic value:
 A designer can trade-off source control, ventilation, and air cleaning options to meet
performance requirements.
 A Standards-writer will be able to create standards by looking at the monetized value that
its protections provide and allow performance-based rather than prescriptive approaches.
 A policy-maker can determine the relative costs and benefits of specific policy options
such as those intended to protect occupant health.
 Future IAQ systems can be based more on the control of contaminants and their impact
rather than on providing ventilation.
6 CONCLUSIONS, SUMMARY AND RECOMMENDATIONS
Until recently the economics of indoor air quality was limited to finding the least cost way of
providing and operating prescribed ventilation systems. Advances in Smart Ventilation are
allowing ventilation systems to provide other benefits, but many of them cannot be yet be
quantified.
Advances in IAQ metrics are providing means for the impact of contaminants and the benefits
of controlling the indoor environment to be quantified. Monetizing those metrics such as the
DALY is a key step in being able to use the full power of economic analyses to improve the
indoor environment.
Further research is needed to monetize the metrics that are being developed by the indoor
environmental community. Such tools would allow the appropriate engineering and design
communities to implement the most economically efficient systems, which would provide
high occupant value at least cost.
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ABSTRACT
Product connectivity makes products and systems remotely controllable and possibly
interoperable with other devices in the house.
The most common way to achieve this interoperability is to connect these devices locally. On
the other hand, products may also be cloud-connected, which allows an easier and seamless
interoperability between devices. Hence, data are collected and stored in the cloud. As soon as
the measured data is sent to the cloud, large set of data are available and can be anonymously
retrieved and statistically analyzed.
Whereas until recently analysis were performed on a small number but well identified and
sometimes perfectly customized test sites, we have now access to large scale real life data from
ordinary people living in real houses.
Thanks to the availability of miniaturized and affordable technology, we have developed and
deployed low cost measurement systems embedding a limited but relevant number of sensors.
Measured parameters are temperature and relative humidity, CO2, VOC and PM2.5. Data were
recorded over a period of time in 2016 and from March to summer 2018.
For the purpose of the study, we retrieved the data on a sample of customers’ houses equipped
with dedicated indoor air quality (IAQ) connected objects and either individual exhaust or
bidirectional ventilation system.
A theoretical approach by simulation was first carried out on four ventilation strategies in a four
room dwelling to present the indicators before testing them on field data. The constant airflow
bidirectional ventilation system appeared to be the one ensuring the best IAQ in main rooms
while humidity controlled exhaust ventilation appeared to be the one ensuring the best comfort
in the bathroom.
Assessing CO2 levels is relevant in periods where people are present. That is why an algorithm
for the detection of people from CO2 concentration analysis was developed. Thus, it is possible
to automatically calculate CO2 based IAQ indicators. We performed the calculation for four
examples of IAQ field data and results were compared. The conclusion of this comparison is
that ICONE is the best indicator between the three we analyzed: the scale is easy to understand,
the output is independent of the length of the measurement period and it is less sensitive to
threshold effect.
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The availability of these easily accessible data will help to raise the awareness of all
stakeholders regarding the importance of verified and guaranteed results.
The study demonstrates that this data allows a future refinement of models used for normative
evaluation of systems.
Another conclusion was obtained regarding PM 2.5 pollution. The IAQ object collects outdoor
air quality information computed from publicly available data, and compares it to inside
measurement. In an occupied dwelling, outdoor and indoor levels are strongly correlated, which
means that PM2.5 indoor concentration is mainly driven by the outside concentration. The
human activity inside has no or little influence on the level.
KEYWORDS
Ventilation, IAQ connected object, simulation, air stuffiness indicator, PM2.5.
1

INTRODUCTION

Indoor Air Quality (IAQ) sensor technology has evolved very quickly in the last few years,
enabling low cost monitoring of IAQ thanks to sensors included in ventilation products or in
dedicated IAQ connected objects. We expect a spreading of these products in the following
years, which will open a new area for the ventilation industry. These sensors will be used to
implement diverse demand control ventilation (DCV) strategies aiming at either lowering
thermal losses due to the ventilation airflow or improving the IAQ by ventilating only the right
airflow in the right place at the right time (van Holsteijn, Laverge, & Li, 2017). DCV systems
have been developed for more than 30 years1 and will see huge improvements in coming years.
The advent of low cost sensors and data analysis will allow more advanced airflow control
strategies based on self-learning and electronic airflow control.
Until now, it was very difficult to assess the effect of ventilation on pollutants onsite. A heavy
instrumentation was necessary to monitor the IAQ as it was done in the study “Performance de
la ventilation et du bâti” (air.h, 2007) which aimed at assessing onsite performance of humidity
controlled ventilation systems. Because of these difficulties, residential ventilation performance
has, until now, been mainly assessed by multizone indoor air quality and ventilation analysis
simulation. The advent of low cost sensors makes however possible to continuously monitor
the performance of systems, thus ensuring that the system delivers as expected.
The assessment of the IAQ performance is done through the calculation of IAQ indicators, but
these indicators are calculated only for occupation periods. Detection of people’s presence in
rooms is a challenge we will have to overcome. In this paper, we will present some stuffiness
indexes and compare them for several ventilation systems, firstly through simulation results.
We will then investigate a way to detect people’s presence with cheap IAQ sensors in order to
learn about occupancy patterns and compute IAQ indicators from field data.
Thanks to connectivity, we are able to examine, in a second step, a huge amount of data to
statistically assess the IAQ and compare it with model outputs.
We will also examine the correlation between particle concentration (PM 2.5) outside and in a
dwelling.
2

IAQ INDICATORS

IAQ indicators are based on physical parameters and they may be used for regulatory or
normative compliance purposes. Most commonly used parameters for normative IAQ
assessment in a residential building are relative humidity and CO2 (carbon dioxide), relative
1

Humidity controlled ventilation has been used in France since the 1980’s.
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humidity being the best tracer for condensation risk in bathrooms and in kitchens and CO2 the
best tracer for air stuffiness due to human presence in main rooms. However, there may be a
difference between the parameter used for normative IAQ assessment and parameters actually
measured by sensors in demand control ventilation systems. For instance, humidity sensors are
capable of tracking human presence and they have been used with success for more than 30
years in France in humidity controlled ventilation systems (Savin & Jardinier, 2009). More
recently, due to sensor price drop, CO2 sensors have been directly used in demand control
ventilation systems to control airflows. CO2 is a more reliable occupancy tracer than humidity
since, in a dwelling, it is only emitted by human metabolism and combustion whereas humidity
is affected by other factors such as various human occupancies or weather conditions.
VOC (Volatile Organic Compound) sensors are also more and more included on board of
ventilation products or IAQ monitoring devices. But, despite their cheapness, they have not
been used for a normative or regulatory purpose, except to detect human presence in toilets,
because of their lack of discrimination capacity between the many types of VOCs. Devices to
measure specific and harmful VOCs, like formaldehyde and benzene, are still expensive and
not available for continuous monitoring.
Moreover, affordable and miniaturized particles matter (PM) sensors have also been developed
in recent years and have raised interest due to the massive negative impact of PM pollution on
human health. According to European Energy Agency estimates, 428 000 premature deaths
originated from long‑term exposure to PM2.5 concentrations in Europe in 2014 (European
Environment Agency, 2017). And, in China, the issue of PM2.5 is even more critical and
concentrations regularly reaches levels as high as 600 μg/m32.
When we assess a ventilation system according to those parameters, we rarely use the raw
concentration itself as it varies during the day according to human activities. Indicators integrate
the concentration over the time and thus take into account the level and the duration of the
exposure.
We will now present a sample of indicators based on CO2 and humidity.
2.1

Cumulated CO2 values in ppm.h – threshold 2000.

This indicator has been developed for the assessment of humidity controlled systems by the
Expert Group in charge of assessing Demand Control Ventilation Systems in France (n°14.5,
2015). It is calculated in each sleeping or living room, during occupancy time and from 1st of
October to the 20th of May, this part of the year being considered as representative of the heating
period. Each hour, if the CO2 concentration exceeds 2000 ppm, the concentration is added to
the indicator result (see Figure 1).
The advantages of this index is that it is discriminative and thus there are large differences in
cumulated CO2 values in ppm.h from the different systems assessed. However, the threshold is
very high and that indicator is not suitable for instance for control strategies based on CO2
sensors where the set point could be 1950 ppm, which is rather high, and nevertheless sallows
to keep the cumulated ppm.h to zero. Another drawback of this indicator is that the value
obtained is dependent on the duration of the simulation or measurement: the longer the period,
the higher the value.

2

Measured in April 2017 at the US ambassady. http://www.stateair.net/web/historical/1/1.html
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2.2

Cumulated CO2 values in ppm.h – threshold 1200

In the Netherlands, a cumulative ppm CO2 indicator is also often used. The threshold is set at
1200 ppm and is consistent with the standard NEN 1087 setting 1200 ppm as the maximum
concentration value acceptable in individual rooms (Itard, Ioannou, Meijer, Rasooli, & Kornaat,
2016). Only the CO2 concentrations in excess of the threshold are considered. This indicator is
slightly less discriminative than the previous one.

2.3

ICONE Air stuffiness index (CO2)

More recently, a new stuffiness indicator called ICONE has been introduced in France by the
CSTB (Centre Scientifique et Technique du Bâtiment) in 2007 for IAQ assessment in schools.
Ribéron (Ribéron, et al., 2016) presented this indicator and discussed its possible use for
residential buildings.

a) Cumulated ppmh CO2 > 2000 ppm

b) Cumulated ppmh CO2 > 1200 ppm

c) ICONE

Figure 1: Illustration of the determination of 3 stuffiness indicators

The founding principles of ICONE are:
 a logarithmic law, similarly to olfactive perception,
 a scale from 0 to 5, 0 being the best score and 5 the worst,
 if all CO2 concentrations are below 1000 ppm, the ICONE indicator value is 0,
 if all CO2 concentrations are above 1700 ppm, the ICONE indicator value is 5,
 if all CO2 concentrations are in the range of 1000 to 1700 ppm, the ICONE indicator
value is 2.5.
The 0 to 5 scale is very easy to understand for a non-expert and the value is independent of
the duration.

831 | P a g e

2.4

Condensation Risk

In France, in the frame of the assessment of humidity controlled ventilation, the condensation
risk is evaluated through the number of hours where the relative humidity exceeds 75%.
3

3.1

COMPARISON OF INDICATORS BY SIMULATION WITH SEVERAL
VENTILATION SYSTEMS
Models and assumptions

Simulations are performed using the Mathis software, a multizone IAQ analysis tool. Demouge
(Demouge, 2017) described the models and assumptions used in the software. The building is
a 4 room 2 storey equipped with one toilet and one bathroom. The occupancy scenario considers
3 people living in the dwelling and the weather data is typical of Paris. The simulation is
performed during the heating period and four ventilation strategies are investigated:
 No ventilation at all.
 Natural air inlet in main rooms, constant airflow mechanical extraction grilles in service
rooms - UVU CA.
 Humidity controlled natural air inlet in main rooms, humidity or presence controlled
mechanical exhaust grilles in service rooms - UVU HB.
 Bidirectional ventilation system with constant airflow grilles: supply in main rooms,
exhaust in service rooms - BVU CA.

3.2

Stuffiness indicators comparison in a dwelling with different ventilation strategies

Stuffiness indicators are calculated in both the living room and the main sleeping room
supposed to be occupied by two adults.

Figure 2: Comparison of stuffiness indicators in the living room and the main sleeping room of a dwelling
equipped with either constant airflow extraction ventilation (UVU CA) or humidity control exhaust ventilation
(UVU HB) or constant airflow bidirectional ventilation (BVU CA).

The three stuffiness indicators give similar results. The ranking of systems is the same except
for ICONE where UVU CA and BVU CA in the sleeping room lead to the same level whereas
BVU CA was slightly more efficient with cumulated ppm.h indicators.
Cumulated ppm.h indicators have to be reported on a logarithmic scale in order to be easily
readable, validating in some way the logarithmic law chosen by Ribéron for the ICONE
indicator.
Of course, the case with no ventilation is by far the worst from an IAQ perspective. Among the
cases with ventilation, BVU CA is the system ensuring the best results, followed by the UVU
CA, UVU HB coming third. UVU HB system performs well in the living room (ICONE = 2)
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but is struggling to lower the stuffiness in the sleeping room (ICONE = 3). However, the
stuffiness is much lower than without ventilation.

3.3

Condensation risk in a dwelling with different ventilation technologies

The condensation risk is two times higher in the bathroom than in the kitchen (Figure 3). The
case with no ventilation has not been reported because the number of hours with a relative
humidity over 75% was above 5000 and was difficult to compare with values obtained with
ventilation. In the kitchen, the three ventilation systems studied performed quite similarly. In
the bathroom, the UVU HB has the best performance with the lowest number of hours with
condensation risk. This is due to the peak airflow being higher than for other systems (45 m3/h
compared to 30 m3/h). A lower number of condensing risk hours means also less condensation
on the mirror, which is much appreciated by occupants.

Figure 3: Condensation risk in the kitchen and in the bathroom of a dwelling equipped with either constant
airflow extraction ventilation (UVU CA) or humidity control exhaust ventilation (UVU HB) or constant airflow
bidirectional ventilation (BVU CA).

4
4.1

IAQ MONITORING WITH AN IAQ CONNECTED OBJECT
Description of the IAQ connected object and protocol

The IAQ connected object consists in different sensors to account for several aspects of air
quality: usual data on CO2, on relative and absolute humidity (accessible through simultaneous
temperature measurement) are collected but also data on VOC and on particles.
The accuracy of the sensors is given in the table below.
Air Quality Sensor Module:
PM2.5 (0.3-2.5um)
CO2: 0-2000ppm
VOC: 0-3ppm
RH:0-99%
T:-10-50℃
Table 1 – specifications of the sensors.

Thanks to an optional wireless connection to customers, each IAQ connected object but also
every ventilation product equipped with these sensors send data every 5 minutes to the cloud.
The number of data is very high for each dwelling.

833 | P a g e

The datasets available are of several kinds: those of the sensors but also the ones of user’s
settings like speed control (boost), vacation schedule etc.
Data is encrypted and decrypted at the end of the chain in the cloud where it joins data directly
obtained from the Breezometer3 cloud for external pollution evaluation: we calculate a subindex of indoor and outdoor pollution which allows the user to follow daily, weekly or monthly
indicators reporting air pollution. PM 2.5 concentration measured inside is compared to hourly
outside PM 2.5 concentration at the same location.

Figure 4 – Principle of IAQ connected object.

Thanks to this IAQ connected object, work can be carried out on real data and compared to
results obtained from simulated models, especially on CO2.
For this study, we selected sleeping room datasets spanning over a duration of more than 3
months amongst the ca 100 available datasets. Four datasets fulfilled these conditions.

4.2

Detection of occupancy

Occupancy detection is needed to compute IAQ indicators as they are calculated only during
occupancy periods. Indeed, if people are absent, the CO2 level will be low and the IAQ
indicators will be artificially good, even with a poor ventilation system. The goal of these
indicators is to assess the IAQ when people are present. This is particularly important for onsite
monitoring where occupancy scenarii may vary a lot from a dwelling to another.
But onsite monitoring and occupancy detection may be tricky. Itard (Itard, Ioannou, Meijer,
Rasooli, & Kornaat, 2016) developed a hybrid methodology based on the analysis of CO2
concentration variations and the data from a PIR sensor. They obtained good results although
the methodology hasn’t been cross-compared with any other reliable method.
We developed our own method based on CO2 concentration dynamic analysis. It was calibrated
to detect only significant presence and neglect very short time movements. We applied our
detection algorithm to our available sleeping room datasets. We decided to focus on sleeping
rooms since it is where the stuffiness usually reaches the highest level in dwellings.
Furthermore, it is really difficult to track presence in the rest of the dwelling as underlined by
Ribéron (Ribéron, et al., 2016).
3

https://breezometer.com/ Breezometer is a company providing an outdoor air quality map computed from air
quality monitoring organizations’ data, meteorological data and traffic data.
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Figure 5 – Occupancy detection examples over a 3-day period for several sensors.

We applied the detection algorithm on datasets with sufficient data (duration > 4 weeks). As
we can see on Figure 5, the detection algorithm performs very well. However, there are some
limitations: the detection could be disturbed by window or door openings inducing fast CO2
drops and making the algorithm falsely detect people leaving the room. A compromise is also
to be found between the robustness and the accuracy of the detection. A more accurate detection
will probably detect movements that are not meaningful while a more robust algorithm will
probably miss movements. It may be useful for further validation of the algorithm to compare
its detection results with the presence occurrences obtained through an accurate reporting from
inhabitant or thanks to a webcam. It would also help to assess the detection uncertainty which
may be useful when we calculate IAQ indicators.

4.3

Calculation of indicators and discussion

Now that we have detected occupancy, it is possible to compute the stuffiness indicators. They
are computed with sleeping room datasets for the entire period of the dataset, ranging from 14
to 22 weeks depending on sensors. For the need of the study, the cumulated ppm indicator is
recomputed over a one week duration in order to compare the values whatever the length of the
datasets.
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Figure 6 – Air stuffiness indicator value for 4 sensors in sleeping rooms.

The sensor 20182398FD42 (green) was positioned in a dwelling ventilated by humidity control
exhaust ventilation. A bathroom is connected to the sleeping room. The bathroom is equipped
with an extraction grille. The ICONE value is 2 which is good.
The sensor ACCF2398E2F0 (violet) was positioned in a dwelling with bidirectional ventilation
in a sleeping room adjacent to a bathroom with an extraction grille. The ICONE value is 1. This
means that the CO2 concentration is rarely above 1000 ppm. The IAQ is very good.
We do not have any information on the ventilation system of the dwelling where sensors
ACCF239930DC (dark grey) and ACCF2398FD42 (light grey) were positioned.
Regarding sensor comparison, the purple one did not account for any value with the cum. ppm.h
2000 indicator due to a too high threshold. This indicator does not capture as much information
as the two other.
A drawback of cum ppm.h indicators is that the value obtained is proportional to the
measurement duration and does not allow a real time calculation. To compare the cum ppm.h
2000 indicator with a simulation, the measurement should last for a year! Real time calculation
is only possible with the ICONE indicator. Another benefit of ICONE is that it is constructed
on 2 thresholds, which makes it less sensitive to threshold effects than cumulated ppm
indicators.
Monitoring IAQ on site is now possible and allows the calculation of stuffiness indicators. This
can be done after the reception of the ventilation system to check if it performs correctly. The
information may also be displayed in real time to the user to alert him and to provide him with
advices in case the IAQ deteriorates too much. For these reasons, ICONE is the most convenient
stuffiness indicator among the 3 investigated ones for onsite monitoring.
4.4

Other uses of occupancy data

Beyond the calculation of IAQ indicators, occupancy data and IAQ parameter monitoring opens
the door to more advanced control strategies for the ventilation system.
We can also use these data at large scale to increase our knowledge of typical occupancy
patterns or habits. This knowledge may be used in future normative or regulatory work to
improve the accuracy of the models and in turn the efficiency of ventilation systems.
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a)

Typical weekly CO2 and occupancy pattern.

b)

Average typical weekly occupancy pattern.

Figure 7 - Typical weekly patterns.

From occupancy data further analyses can be made such as the average time spent in the
bedroom as displayed in Table 2.
It is also possible to detect intrusions during vacations. The case occurred with one sensor and
it was possible to know the exact schedule (start time and duration) of the robbery!

20182398FD42
ACCF2398E2F0
ACCF239930DC
ACCF2398FD42

8.0 h
8.4 h
8.9 h
7.3 h

Table 2: Duration of the night (presence in the room).

4.5

PM 2.5 : comparison of indoor and outdoor concentrations

As explained in 4.1, the IAQ connected object also measures PM2.5 concentrations and gathers
the data of the outside environment. We used this data to investigate the PM2.5 transfer from
the outside to the inside.
Kirchner (Kirchner, et al., 2002) conducted an experiment in 2000 in an unoccupied ventilated
apartment in Paris to investigate the transfer of pollutants from the outside to the inside. They
found that the indoor / outdoor (I/O) ratio was around 0.8. A ratio lower than 1 means that there
are less particles inside than outside.
They also found that the value of the correlation factor between hourly outdoor and indoor
concentrations was 0.89. The correlation factor expresses the statistic relationship between two
data series. A value of 1 means that inside and outside concentrations fluctuates in an exactly
proportional way, therefore a value of 0.89 reflects a very high synchronization.
We positioned an IAQ connected object in an occupied dwelling in Lyon’s urban area, the
dwelling being equipped with humidity controlled extraction ventilation (UVU HB). The
PM2.5 level was monitored in the sleeping room and in the kitchen during May 2018. The
dwelling was regularly occupied by a 4 people family.
The measured PM2.5 level inside is compared to the estimated level outside and plotted n
Figure 8.
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a) Sleeping room and outside.

b) Kitchen and outside.

Figure 8 - comparison of outside and inside PM2.5 concentrations.

The first takeaway is that inside and outside curves fit very well and have a correlation factor
of respectively 0.79 and 0.78 in the sleeping room and in the kitchen. This is a very good
correlation since measured data inside were compared to estimated data outside. Most of
outside peaks coincide with inside peaks. In our study, the correlation is slightly lower than the
one measured by Kirchner since Kirchner measured the outside level whereas in our case the
value is estimated from distant measurement and computation which is of course less accurate.
Furthermore, there may be also some influence of human occupancy in the dwelling, especially
in the kitchen.
The second takeaway is that the levels in the sleeping room and in the kitchen are strongly
correlated (cor = 0.93). Actually, settlement time for PM2.5 is ranging from hours to weeks,
which means that, in a ventilated dwelling, PM2.5 entering main rooms will not have time to
settle, being removed quickly by the ventilation in service rooms. This also makes us conclude
that there are few or no PM 2.5 sources in the dwelling. There are some emissions in the kitchen
due to the use of the oven but this pollution is short lasting and does not affect significantly
average values.
From Figure 8 we could conclude that the PM2.5 level is lower in the kitchen than in the
sleeping room. Actually, we made a verification by putting the two sensors side by side. There
was still a discrepancy of a few μg/m3 between the two sensors. For this reason, we cannot
conclude further on the absolute level. In the same way, it does not make any sense to compute
an indoor/outdoor ratio since any offset between a sensor output and an outdoor value would
dramatically impact the ratio value.
However, based on the high correlation factor between outside and inside concentrations, we
can conclude that PM2.5 levels in a dwelling are mainly due to ambient pollution and that there
is no or little PM2.5 emission or reemission in the dwelling itself, even in the kitchen. PM 2.5
being harmful, it would make sense to block them with high efficiency filters when fresh air is
entering the dwelling. We expect this filtration would strongly decrease the indoor level
compared to the outdoor one.

5

CONCLUSIONS

Multizone simulation of ventilation systems in a 4 room dwelling shows that the bidirectional
ventilation system is the one ensuring the best IAQ in main rooms and humidity controlled
exhaust ventilation is the one ensuring the best comfort in the bathroom.
The analysis of data collected from cloud connected IAQ objects has enabled us to compute
and to compare stuffiness indicators. Until now, these indicators were mainly used in simulation
for normative compliance verification purposes. Actually, they are calculated only for
occupancy period and this information is difficult to get. Now, thanks to IAQ connected objects
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and the detection algorithm developed, it is possible to assess them onsite, either as post
calculation or in real time. Post calculation is useful to compare real life data (IAQ indicators
and occupancy scenarios) to simulation outputs. It may lead to adapt the normative
assumptions. Real time data is useful to the user to detect anomalies and carry out corrective
measures such as activating the boost ventilation in case of internal pollution overshoot. Thanks
to connectivity and a dedicated smartphone application, the boost function is very easy to
trigger.
The comparison of air stuffiness indicators enables us to conclude that the ICONE is the best
indicator between the three we analyzed: the scale is easy to understand and the output is
independent of the length of the measurement period.
Furthermore, we found out that in an occupied dwelling, outdoor and indoor levels are strongly
correlated which means that PM2.5 indoor concentration is mainly driven by the outside
concentration. The human activity inside has little or no influence on that level of pollutant.

6

REFERENCES

air.h. (2007). Performance de la ventilation et du bâti - PHASE 1 et 2 - Rapport final.
Demouge, F. (2017). Mathis : guide technique. CSTB -Centre scientifique et technique du
bâtiment.
European Environment Agency. (2017). Air quality in Europe — 2017 report. Luxembourg:
Publications Office of the European Union.
Itard, L., Ioannou, T., Meijer, A., Rasooli, A., & Kornaat, W. (2016). Development of
improved models for the accurate prediction of energy consumption in dwellings.
OTB – Research for the Built Environment.
Kirchner, S., Laurent, A.-M., Collignan, B., Moullec, Y. L., Ramalho, O., Villenave, J. G., &
Flori, J.-P. (2002). Impact of the urban pollution on the indoor environment Experimental study on a mechanical ventilated dwelling. 9th International Conference
on Indoor Air Quality and Climate Indoor Air’2002. Monterey, United States: HAL.
n°14.5, G. S. (2015). VMC simple-flux hygroréglable - Règles de calculs pour l'instruction
d'une demande d'avis technique. CCFAT/CSTB.
Ribéron, J., Ramalho, O., Mickaël, D., Bruno, B., Wyart, G., Kirchner, S., & Mandin, C.
(2016). Indice de confinement de l’air intérieur : des écoles aux logements.
POLLUTION ATMOSPHÉRIQUE.
Savin, J.-L., & Jardinier, M. (2009). Humidity Controlled Exhaust Ventilation in Moderate
Climate. AIVC - Ventilation Information Paper.
van Holsteijn, R. C., Laverge, J., & Li, W. L. (2017). Methodology for assessing the airexchange performance of residential ventilation systems. 38th AIVC conference.
Nottingham.

839 | P a g e

Subjective Evaluation for Perceived Air Pollution
Caused by Human Bioeffluents
Lisa Yoshimoto*1, Toshio Yamanaka1,
Akihisa Takemura2 and Kaoru Ikeda3
1 Osaka University
Suita 565-0871
Osaka, Japan
*:yoshimoto_risa@arch.eng.osaka-u.ac.jp

2 Setsunan University
Neyagawa 572-8508
Osaka, Japan

3 Panasonic Corp.
Kadoma 571-8501
Osaka, Japan

ABSTRACT
The concentration of carbon dioxide is used as an important index of indoor air quality representative of body
odor or bioeffluents in Japan. In the construction field of Japan, there is a CO2 concentration standard of a thousand
ppm or less. However, property of occupants (such as sex, age and nationality) has non-nogligiblw effect on the
room odor environment. Thus the standard of ventilation air volume should be decided suiting up for building use
and occupants. In this research, we made the exposure experiments of human bioeffluents caused by occupants
and considered the difference between the subjectively reports. Five conditions were set. The first one is “under
twenty-five years old under uncontrolled condition” made up of people in the age of twenty-five and without
restrictions on clothes and the use of cosmetics etc. The second one is “over thirty-five years old condition” made
up of people in the age of thirty-five and the third one is “non-Japanese condition” made up of people with mainly
Asian nationality except Japan. The fourth one is “minimum emission condition” made up of people in the age of
twenty-five and with restrictions on clothes and the use of cosmetics to limit the body odor derived from pure
human body. And the last one is “sweating condition” whose occupants do step up&down aerobics activity to
sweat before the experiment. We made panel evaluate using three evaluation scales. Odor intensity, hedonic scale
and acceptability. We called into account the influence of olfactory adaptation, so we prepared six occupant panel
and six visitor panel separately. As an experimental procedure, we let the occupant panel enter a chamber and the
CO2 concentration becomes five thousand ppm by controlling the ventilation rate. Panel evaluate multiple times
during the ascent process of body odor and CO2. And in order to identify the components contained in the indoor
air, we obtained samples at CO2 concentration of five thousand ppm and did quantitative analyses. And to increase
the number of data, the evaluations were conducted three times with almost three minutes intervals. But the
statistical reliability is unknown for the multiple evaluation by a small number like this time, so we needed to make
a study about that. In particular, we developed a probabilistic prediction method based on normal distribution. As
a result of experiments, we confirmed the influence of property of occupants on the subjective evaluation and the
difference between evaluations of occupants and visitors. For example, in odor intensity, evaluation of occupants
is almost flat throughout the experiment. On the other hand, visitors gained higher evaluation at CO2 concentration
increased. And evaluation of occupants is more sensitive on “non-Japanese people condition” than other
conditions. It seems that the occupants responded more sensitively to each other’s body odor because people with
different nationalities existed in the same place.

KEYWORDS
Odor, Subjective Evaluation, Odor Ingredient, the Statistical Inference Model

1

INTRODUCTION
The concentration has been used as an index of perceived air pollution caused by human
bioeffluents provided by the Act on Maintenance of Sanitation in Buildings in Japan and 1000
ppm is target value to maintain comfortable indoor environment. However, discomfort odor is
different depending on building use (e.g. [1] S, Okada, 1992), so the standard of ventilation
rate is required to be set in view of building use and users not across the board.
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The atmospheric CO2 concentration has been gradually increasing, and now it is
approximately 400 ppm. Thus, the target value of 1000 ppm regulated in the legislation needs
to be re-considered. A level of 5000 ppm of CO2 is used as an occupational exposure limit in
factory environment, so if the exposure to CO2 at this level lasts longer than 8 h, it might
cause toxic effects. In non-industrial indoor environment, the major source of CO2 is human
metabolism. The levels of indoor CO2 concentration thus depends predominantly on human
occupancy and on the rate of ventilation. It is generally known that the olfactory adaptation
occurs in the panel, and they could lose their sense of smell. So far, the ventilation design
method taking the olfactory adaptation into account has not been established, which is worth
making sufficient study. If we can save unnecessary ventilation rate considering such an
adaptation, there could be further contribution to energy-saving.
In this research, the authors conducted the exposure experiment of occupants’ human
bioeffluents, and the main purpose of this study to figure out the influence of characteristics
of occupants on subjective odor environment. This paper shows the results of the subjective
reports of the exposure experiment and the measurement of quantitative analysis to identify
the component in indoor air. In addition, the statistical reliability of data in the experiments is
also studied because multiple evaluations were performed by a small number of panels.
Moreover, we proposed the statistical model to predict the percentage of dissatisfied based on
the ISO scale of acceptability.
2 METHODS
2.1 Approach
6 subjects were adopted as ‘occupant panel(panel means subject here)’ who were assumed to
be source of body odor and assessed indoor air. Other 6 subjects were adopted as ‘visitor
panel’ to assess indoor air immediately after entering the room. After occupant panel entered
the chamber, the CO2 concentration was increased by controlling ventilation rate, and panel
rated their levels of odor intensity, assessed their comfort, and reported whether they could
accept the air quality. The visitor panel were blind to experimental conditions. CO2
concentration, temperature and humidity were monitored continuously. Air in the chamber
was sampled and analysed to identify the components at CO2 level of 5000 ppm.
2.2 Facilities
The experiment was carried out in two adjacent 5.8×2.2×2.2 m stainless steel laboratories
(Fig. 1) located at Osaka University in Japan, one with a test chamber (the volume is 7.65m3)
, and the other as a waiting room for visitor panel. The chamber has a ventilation system with
a duct through which the air is exhausted. The air temperature was controlled at the range
from 18°C to 25 by a room air conditioner so that panel didn’t sweat.

Fig. 1 Plane of the laboratories
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2.3 Subjects
Three male and three female college-age subjects (mean ± SD age: 23.0 ± 1.2 years), five
males and one female over 35 years old (mean ± SD age: 48.0 ± 8.0 years) and three male and
three female college-age subjects with non-Japanese nationality (mean ± SD age: 23.8 ±1.6
years, nationality: Myanmar, Russia, Indonesia, India, Malaysia) were recruited for the
experiments as ‘occupant panel’ who were assumed to be of body odor source and assessed
indoor air as well. The occupant panel with non-Japanese nationality were good at English but
not good at Japanese. Other eleven male and ten female college-age subjects (mean ± SD age:
22.1 ± 2.0 years) were recruited, and six people at one time as ‘visitor panel’ to assess indoor
air immediately after putting their head into the chamber. For all subjects T&T olfactometer
consisting of six standard odors to test human’s olfactory was carried out to check if they had
normal sense of smell before the experiments. They were all non-smokers and did not take
any medication during the experiments. This information was obtained from a questionnaire
completed by the subjects upon recruitment and was not verified by examining medical
records. The subjects received financial compensation for participating in the experiments.
2.4 Experimental conditions
Five exposure conditions were prepared.
In three exposures, the occupants in the chamber were fixed with the six Japanese collegeage panel as mentioned in Secton 2.3. They participated in the experiment with no restrictions
on clothes and the use of cosmetics, which is hereinafter referred to as “under twenty-five
years old uncontrolled condition”. In another condition named “minimum emission
condition”, they had a limitation such as bathing the day prior to the experiment day with
non-fragrance bath detergents that were supplied, without using cosmetics or hair conditioner
on the day, wearing clean clothes made of hemp during the experiment. In “sweating
condition”, in addition to the limitation of “minimum emission condition”, they stayed for ten
minutes in a climate chamber with the air temperature of 35 and humidity of 70% assuming
summer condition, and did step up&down aerobics activity for five minutes to get sweat
before the experiment.
In two further exposure conditions, occupant conditions were the same as “uncontrolled
condition” assuming usual clothes as mentioned above. In “over thirty-five years old
condition”, the occupants were made up with six Japanese over 35 years old, and in “nonJapanese condition”, the occupants were made up of people with six non-Japanese
nationalities as mentioned above.
“Minimum emission condition” was conducted three times to confirm the reproducibility of
the experiment.
2.5 Measurements
Air temperature, relative humidity and CO2 concentration were continuously measured and
recorded by thermos-hygrometer (RTR-53A, T&D Corp.) and CO2 concentration recorder
(TR-76Ui, T&D Corp., and, GM70, VAISALA Ltd.) at measurement points shown in Fig. 1.
Pen-and-paper questionnaires were used to collect subjective votes, which included
questions such as odor intensity, hedonic scale and acceptability of the air quality. The
responses of subjects were obtained using visual analog scales shown in Fig. 2. The odor
intensity was measured using the 6-point category scale and the hedonic scale was measured
using the 9-point category scale used by Matsuo and Yamanaka et al. [2]. Perceived air
quality was recorded using a continuous scale describing the acceptability of air quality; the
scale is divided at the middle to force subjects to rate the air as either acceptable or not
acceptable [3]. The subjects evaluated acceptability assuming two stay situations for short
time (about five minutes) and long time (about eight hours). All scales were presented to
Japanese subjects in Japanese and to non-Japanese subjects in English.
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Fig. 2 Evaluation scales

2.6 Experimental procedure
The experiment was conducted from October 2016 to January 2017.
(1) Creating odor After occupants entering the chamber, CO2 concentration in chamber was
controlled to be steady state by regulating hand valve when CO2 concentration at
measurement point a in Fig. 1 reached predetermined concentration.
(2) Instruction The visitors moved the next room that had the chamber one by one, smelled
odor in the chamber through a window and evaluated air quality. They were given
instructions on the odor method, such as putting all the face in the window and making
two natural breaths at this time. It was announced that the smell was of air in the room
where several healthy men and women stayed. This was to prevent the evaluation from
being affected by noticing that it was a smell of people during the experiment. Both
occupants and visitors were instructed on how to evaluate, timing and so on.
(3) Air Quality Evaluation by occupants in the process of increasing CO2 concentration
The occupants evaluated air quality in the chamber at 1080, 1270, 1800, 2170, 3260, 4030
ppm in the process of increasing CO2 concentration.
(4) Air Quality Evaluation in CO2 concentration steady state The occupants and visitors
evaluated air quality in the chamber at 1500, 2650, 5000 ppm steadied by operating the
ventilation fan. The visitors breathed deeply several times with outside air during the
movement between the rooms. After that, they placed the face in the chamber through the
window to smell the odor as shown in Fig. 3 and then evaluated immediately. They
evaluated three times at each concentration (eighteen times in total) per person (outside of
the first day of the minimum condition).
A schematic of the time schedule illustrated was shown in Fig. 4.
The subjects were asked to avoid spicy food and the consumption of alcohol on the day prior
to the experimental day or on the day itself. They were asked not to wear strong perfumes nor
to use strongly perfumed hygienic products on any experimental day. The study was
conducted under the approval of the ethical committee of Osaka University and written
informed consent was obtained from each subject prior to participation in the experiments.
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Fig. 3 The image of smelling odor
Fig. 4 Time schedule image

2.7 Statistical analysis
In this experiment, the visitors evaluated three times at the same conditions and
concentrations (outside of the first day of the minimum condition), and it is possible to obtain
percentage of dissatisfied from the evaluation data of acceptability. However, the standards of
AIJ (Architectural Institute of Japan) [4] requires that sixty people evaluate acceptability once
in order to calculate it. The statistical reliability is unknown on the date of this study.
Considering that the acceptability scale combined at the middle part, rotated by 90°, and the
horizontal axis was set by connecting the line (Fig. 5), and the evaluation value assumed as a
normal distribution was divided into an inter-individual error 2 and an intra-individual error
2 . The probability density distribution of samples
2 should include inter-individual error
and intra-individual error as shown in Fig. 6, and the following equation (1) holds.
1

When n subjects repeatedly evaluated m times, the variance of the average value is calculated
by the following equation (2). The index a indicates the variance of the average value.
2

Since the minimum condition was conducted three times, it is possible to calculate variance
for occupants.

Fig. 5 The image of probability density distribution

Fig. 6 The concept of probability density of one sample by one panel
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3 RESULTS & DISCUSSION
(1) Odor intensity
Fig. 7 shows the results of odor intensity for each condition. The values shown in all figures
are the average of panel. By using the variance of average of three times of evaluations for six
panel and the variance of average of six panel, it is possible to test the difference between the
average of occupants’ once evaluation and the average of visitors’ three time evaluations.
Here “normal distribution” was used instead of “t-distribution”. (The same is true for hedonic
scale and acceptability.) Occupants evaluated almost flat through the environment and it can
be considered to be influence of adaptation. The positive correlation between odor intensity of
visitors and CO2 concentration can be seen in each condition. In “non-Japanese condition”,
occupants evaluated more intense than other conditions under the concentration over 1800
ppm. Since occupants with various nationalities were in the same space, they might feel
strangeness to body odor of occupants from different countries.

Fig. 7 The results for odor intensity

(2) Hedonic scale
Fig. 8 shows the results of hedonic scale for each condition. The difference of evaluation
between occupants and visitors is smaller than that for odor intensity in all conditions. The
visitors tended to perceive the air as less acceptable with increasing CO2 concentration, and
occupants evaluated almost flat through the environment.

Fig. 8 The results for hedonic scale

(3) Acceptability
Fig. 9 shows the results of acceptability for each condition. The visitors evaluated less
acceptable than occupants in all conditions. Comparing short-time and long-time assumptions,
the visitors evaluated less acceptable at long-time assumption, while evaluations of occupants
were not largely different. Comparing each condition, occupants evaluated less acceptable in
“sweating condition” and “non-Japanese condition” than other conditions, and it was
correlated with odor intensity.

Fig. 9 The results for acceptability
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(4) Quantitative analysis of the air in chamber

To quantify ingredients involved in body odor, a quantitative analysis was performed for the
air in the chamber of which CO2 concentration was 5000 ppm in each condition. Table 1
shows the results of the analyses. “ND” in the table indicates lower limit of determination,
“*” indicates that the quantitative value was calculated by extrapolating the calibration line
because it exceeded the calibration line range, and “No Data” indicates that it was not
possible to confirm the odor threshold in literatures etc. Nonanal and Decanal that were
identified as body odor ingredients by Iwashita et al. [7] were also detected in all conditions
in this experiment. 3-Metyle-2-Hexenoic acid that was reported as a major body odor
ingredient wasn’t detected in any conditions. P-Dichlorobenzene was detected more from
occupants over 35 years old than other occupants. It was brought in clothes because it was
mainly involved in repellent and five of six occupants over 35 years old wore own suits in the
day of the experiment. Nonenal is an ingredient of old people’s body odor, but it was not
detected particularly from occupants over 35 years old. This may be because Nonenal is an
ingredients of not only old people’s body odor but also stress odor. Comparing “minimum
condition” and “sweating condition”, Folmaldehyde increased in “sweating”. Ingredients that
were as perfume such as Hexanal, Octanal, Decanal, 6-Metyl-5-Hepten-2-one were detected
more in “non-Japanese condition” than others. Decanal that was acknowledged as fruit odor
and involved in perfume and spice, in particular, exceeded calibration range. Non-Japanese
people who participated in this experiment tended to use things with strong fragrance than
Japanese. Acetaldehyde and Decanal were detected in all conditions, and especially the
detected amount of Decanal greatly exceeded the threshold. It is considered that these
ingredients may be identified as odor ingredients that we ordinarily perceive as body odor, but
body odor ingredients have individual differences greatly. Therefore, further research using
more subjects seems to be required.
Table 1 Quantitative analysis of indoor air in the chamber

(5) Standard deviation of acceptability

Table 2 shows values of standard deviation of acceptability and 95% confidence interval
calculated using the method mentioned in section 2.7. Since no correlation was observed
between calculated and CO2 concentration, averaging was taken for each condition. When
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we set “Clearly acceptable” as +1, “Just acceptable” and “Just not acceptable” as ±0 and
“Clearly not acceptable” as -1, 95% confidence interval is equal ±1.96 . Intra-individual
error is larger than inter-individual error in each condition. 95% confidence interval narrowed
when six people repeatedly evaluated three times compared to when six people evaluated
once. However, it’s important in conducting subjective evaluation experiment to identify
statistical confidence interval at each number of panel and evaluation times.
Table 2 Calculation results of standard deviation and 95% confidence interval

(6) Proposition of true percentage of dissatisfied (PD)

By excluding the influence of variation within individuals and considering the fluctuation of
the average value due to the variation among individuals, it is possible to calcurate percentage
of the evaluation as of “unacceptable side” obtained by using σ in the probability density
distribution of acceptability as shown in Fig. 10. Here, the calculated percentageis regarded as
“true PD”. This method makes it possible to calculate 95% confidence interval in PD unlike
the usual calculate method. Fig. 11 shows an example of CPD (cumulative probability
distribution) of acceptability (long time) in minimum condition. It is represented the average
value as blue line, 95% confidence upper limit as ash line, 95% confidence lower limit as
orange line and estimated “true PD” as value in the figure. Table 3 shows the results of “true
PD” calculated by this method. The PDs of occupants are almost 0%. The PDs of visitors are
larger than that of occupants and a lot of values exceeding baseline of 20% are seen. The
standard of AIJ [4] requires to calculate PD based on the evaluation of panel not adapted to
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smell (in this case, visitor). So it can be said that we could reconfirm the importance of
ventilation on indoor environment comfort through this study.

Fig. 10 Estimating method

of true PD

Fig. 11 An example of CPD of acceptability

Table 3 Calculation results of true PD

4 CONCLUSIONS
・The influence of olfactory adaptation was seen in occupants and visitors’ evaluation, which
was correlated with CO2 concentration from subjective evaluation.
・ For odor intensity, non-Japanese occupants evaluated stronger than other conditions ’
occupants and it is suggested that people with different characteristics may be sensitive to body
odor.
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・For acceptability, occupants evaluated less acceptable in “sweating condition” and “nonJapanese condition” than other conditions, and it was correlated with odor intensity.
・In quantitative analysis, Acetaldehyde and Decanal were detected in all conditions, and it is
considered that these ingredients may be identified as odor ingredients that we ordinarily
perceive as body odor.
・We analysed statistically the reliability of data evaluated multiple times with a small number
of panel and proposed a probabilistic prediction method of PD. The difference between 95%
confidence interval of evaluation when six people repeatedly evaluated three times and sixty
people evaluated once is much larger than when sixty people evaluated once so substitution
cannot be possible by repeatedly evaluation.
5
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ABSTRACT
The use of heat recovery ventilation systems is becoming more and more common. It is clear
that these systems contribute to energy efficiency and good indoor air quality. Still there is
room for improvement. Analyses by monitoring and modelling have uncovered drawbacks
and flaws, especially for the use and application of HR ventilation in highly energy efficient
dwellings. This paper will deal with these issues, turning them into suggestions to improve
HR ventilation systems.
An important finding is the poor ability of HR ventilation systems to anticipate on increasing
differences in room heating/cooling needs within a dwelling. The HR ventilation systems are
not able to redistribute recuperated heat with differentiated ventilation, distinguished in time
and per location. This invokes additional window use, not only resulting in a poor control of
the indoor environment, but also highly reducing the overall energy gain of the HR ventilation
system. This energy gain itself is often overestimated, due to insufficient insulation of the
unit’s outdoor ducting and blockage of the heat exchanger by condensation moisture.
Furthermore, the high practical all year electricity use is not incorporated as well.
Another finding is the rigidity of HR ventilation as the anticipation on seasonal fluctuations is
concerned. In fact the system is designed for non-freezing winter use, despite its summer
bypass. Hence it operates most of the year in a non-optimal mode.
Several suggestions are done to improve the utilization of HR ventilation systems, such as
zonal differentiation, incorporation of short term heat storage, moderations of the ventilation
unit and improved control, as well as design recommendations for a low-noise moderate
pressure ducting system.
KEYWORDS
Heat recovery, temperature differentiation, short-term heat storage
1 INTRODUCTION
The use of heat recovery ventilation (HRV) systems is becoming more and more common. It
is clear that these systems contribute to energy efficiency and good indoor air quality.
In general, their application is in increasingly well-insulated dwellings. Due to the reduced
convective heat losses in these dwellings, ventilation heat losses are more dominant and as a
next energy saving step recuperation of them is obvious. However, it is not fully realised how
this affects the dwellings heat balance. Hence, indoor climate conditions become less optimal,
not to say sometimes even that poor that people will overrule the HRV system. The resulting
discomfort may lead to less system adoption by users. Also, the energy saving effect of HRV
will decrease and sometimes even becomes negative. This paper deals with this phenomenon
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and also reviews other ventilation and energy performance aspects as well as usability of
HRV systems. Suggestions are done to improve HRV-systems on these aspects.
2

EFFECTS ON THE HEAT BALANCE

2.1 History of heating
In the early days houses were equipped with local fire places in occupied areas, only fired
when people were present. They had a high degree of demand control. After the introduction
of central heating systems people were able to heat up every room to a desired extend, just by
controlling the local radiator valve.
Numerous measurements showed that desired indoor temperatures of living rooms were
around 20°C and of bed rooms around 17°C. In poorly insulated dwellings this needed
operation of the heating system below outdoor temperatures of about 19°C and 14°C for the
respective room types. So, apart from very mild outdoor conditions there was an overlap in
heat demand, though the level differed. Therefore, one could do with a climate system
restricted to only heating mode.
Since heat losses were high and time constants were low (i.e. the product of building heat
storage capacity and heat resistance), it was easy not only to differentiate in temperature
between each room, but also to adapt the temperature level in a room quit fast. It meant that
bed rooms cooled down to the restricted night temperature within a few hours after lowering
the set point of the thermostat. Research of Hoes and Knoll [1] showed this was very
convenient, since people initially need higher temperatures to fall asleep, but a decreasing
room temperature after a while to prevent overheating (an uncomfortable sweaty bed).
2.2 Heating season temperature control of well-insulated dwellings
It is obvious that in modern, well-insulated dwellings the heat demand is lower than in noninsulated ones, apart from a more or less fixed addition for heating up. Less known is that
heating system operation ends at lower outdoor temperatures and that the difference between
the operation end points for living and bed rooms gets larger in the low energy building. This
is shown in Figure 1 [Note the outdoor temperature at probability scale].
The 1975 dwelling in the graph represents the non-insulated building. This emerges to the
2020 dwelling at nearly zero energy level (NZE). The dotted lines are for the bed rooms. They
show a clear distinction with the drawn lines of the living space, getting bigger at increasing
energy efficiency. For instance, the 2005 dwelling [Rc = 3.5 m².K/W, glazing HR+, n50 =
3.5 ach and 50% ventilation energy reduction] has a heating need in the living area during
85% of time, while in the sleeping area this is only 10%. In other words, while heating the
living area most of time there is a cooling need in the bed area. Hence, modern low-energy
dwellings should have a climate system that is able to simultaneously heat and cool in the
different areas, preferably in an energy efficient way. However, this is far from common
practice. Surplus heat is just rudely spilled by opening large windows during the heating
season. This certainly is the case with central HRV systems. They impede the desired
temperature differentiation by redistributing regained heat to rooms with cooling need. For
this type of dwelling research by Jacobs [2] showed an energy impact of their window
opening in the order of 7 GJ/a.
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Figure 1 Heating and cooling demand of different rooms depending on insulation level

Another aspect is the ‘short term’ variation of the average dwelling heat demand. Often a
dwelling of common insulation level is heated up at the start of day, needs to be cooled down
again during daytime, to be heated again in the evening. Figure 2 is showing this (red colours
is heating, blue colours is cooling; demand in W per dwelling).

Figure 2 Energy-efficient dwellings often show both heating and cooling need within one natural day
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The fast variation in heating and cooling over daytime is highly inefficient as energy is
concerned. Efficiency would highly improve if one could extract the excess daytime heat, to
temporarily store it and release it again in the evening or early morning, only in rooms with
heat demand. Partly this damping of heat flux is already done passively by the building mass.
However, both the dosage and dynamics do not fit. So inhabitants will intervene on this in a
rude way. To prevent this, addition of an actively controlled short term storage is preferred.
The suggestion is to use ventilation heat (recovery) exchangers to either withdraw excessive
heat from the dwelling or to transfer stored heat to it. Since the heat or cold demand differs
per room and in time, local heat exchangers are preferred, having a separate control per room.
This improved HRV system distinguishes from the present system type by local ventilation
heat exchangers, acting with an intermediate fluid and a central short term storage.
2.3 Passive cooling of well-insulated dwellings
Well-insulated dwellings do need proper means for passive cooling during summer time. In
NZE dwellings the rate of the cooling need will even become competitive to the heating need.
Combined with effective solar shading ventilative cooling has a good potential in the
moderate Dutch climate. The flows should preferably be up to the order of 0.5 m³/s, though
0.2 m³/s will do to satisfactory limit the number of temperature overshoot (TO) hours. In any
case, this range is well above the capacity of the HRV system. This means that a separate
ventilative cooling system is necessary and that bypass control of the HRV system will only
mitigate the temperature overshoot.
Analyses of HRV bypass control in practice had some remarkable findings.
At first, the most commonly used type is the partly bypass. This means the heat recovery will
stay in function, but the larger part of the system flow (about 2/3) is bypassed around it.
Hence, the system flow is not fully applied for passive cooling.
A more severe finding was the lack of control intelligence (see Figure 3).

Figure 3 Illustration of bypass operation
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In the illustrated case the bypass was allowed to operate if outdoor temperature was over
10°C. It opened when outdoor temperature got above a comfort set point (19°C) and outdoor
was lower than indoor. It closed again when this was reversed, but taking into account a
certain off set to prevent commuting. Due to this control behaviour during the warmest part of
the day warm outdoor air was supplied, while at night this warmth was conserved by the heat
recovery, being operated again. As a result indoor temperature rises day after day, while the
good possibilities for night cooling were neglected as well as the possibilities to conserve cold
by operating the HR at day time when outdoor temperatures were above indoor.
3 ENERGETIC PERFORMANCE
Apart from the high extra energy use mentioned before for
window opening, to derive differentiated room temperatures
in the heating season, other critical issues from HRV are to
be mentioned.
A major aspect of HRV of course is how much ventilation
energy is recuperated. Figure 5 shows the overall HR
efficiency derived from TNO measurements for three
systems with a specified unit efficiency of 95%. The real
overall efficiency appeared to be a fraction 0.35 to 0.72 of
the unit’s spec. Roulet [3] reported comparable results
ranging from 0.10 to 0.86 times the unit specs. In case of
large deviations often clear deficiencies were the cause. But
even in apparently well designed and installed situations
overall HR efficiency seldom was higher than 70%. Two
major reasons for that were insulation losses through the
unit ducting to and from outside and buildup of condensate
in the small ducts of the HR block, which persisted there
for many weeks (Figure 5).

Figure 4 Condensate build-up within
the exhaust ducts of the HR block

Figure 5 Measured efficiency of heat recovery in 3 cases
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The heat recovery efficiency is defined as the temperature raise of supply air compared to the
difference between inside and outside temperature. However, in respect to energy use not the
temperature efficiency but the enthalpy efficiency would be more suitable. In general
exhausted air from HRV systems has an absolute humidity increase of about 1.5 g/kg
compared to outside. In a moderate climate, the latent heat portion of this is in the order of
half the sensible heat. Hence, what is defined as an overall 70% heat recovery in fact is only
about 50% saving on ventilation energy. It is replicated that latent heat isn’t produced by the
heating system, which allows the use of temperature efficiency as a test standard. However,
this is only partly true. What’s more, every heat regain should be welcome, whatever the
source. Also a HRV enthalpy efficiency would compare better to heat pump efficiency, which
does account for both sensible and latent heat. Since a usual heat pump COP of 5 compares to
a heat recovery efficiency of 80% a ventilation heat pump has a better performance than the
HRV system with its realistic 50% enthalpy efficiency, being sold as COP = 20 because of its
95% unit’s temperature efficiency.
Another issue in the comparison to heat pump performance is the electricity use. Where the
heat pump is only operated when heat regain is possible and useful, the HR ventilation system
is operated continuously, though with different settings, because ventilation is necessary all
year. For ventilation of 42 dm³/s at an average specific fan power of 1 W per dm³/s the HRV
unit would consume 370 kWh/a electricity, compared to 150 kWh for a fan-only system. This
corresponds to an extra 2.0 GJ/a primary energy. In the moderate Dutch climate the
ventilation energy saving of the HRV system in a well-insulated dwelling is estimated in the
order of 6 GJ/a. So the extra energy for electricity use will roughly reduce the total saving on
ventilation energy to about 35%. Therefore, a low pressure design is recommended. This
would also favor the noise reduction of the system, often addressed as a bottleneck for good
usability. This should be combined with a more hybrid multi-mode system, only operating in
HR-mode when necessary.
4 CONCLUSIONS AND RECOMMENDATIONS
Improved energy efficiency of dwellings has led to more diversion of heat and cold need
between rooms. Central HR ventilation impedes this desired temperature differentiation by
redistributing regained heat to rooms with cooling need. This induces extra window airing
during the heating season, adversely affecting the HRV efficiency to a high extend.
Energy efficient dwellings show an increasing variation in heat and cold need over the day.
This advocates for implementation of a controllable short term heat storage.
A new system set-up is suggested, in which HRV local ventilation heat exchangers per room
transfer desired or excess heat to and from this buffer, thus also improving temperature
differentiation. Furthermore, the new system needs to operate in season dependant mode, to
adapt for ventilative cooling and to restrict electricity use. With this, improvements on
condense drain, bypass control and low pressure, low noise design should be addressed.
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ABSTRACT
In a recently built zero-carbon neighborhood, demand controlled exhaust ventilation systems (DCMEV) and
mechanical ventilation systems with heat recovery (MVHR) are compared under operational conditions, with focus
on the energy performance of both systems. The analysis is based on automatically gathered monitoring data,
complementary in situ measurements and occupants surveys.
This paper comments on both ventilation systems and their energy saving potential according to literature. In this
case study, demand controlled ventilation the electricity use of the system proved to be lower, heating demand
proves to be comparable and the IAQ seems to be comparable.
When taking into account the electricity and heating prices, the total cost or net present value of the DCMEV
system is nearly a third lower than that of the MVHR system, partly due to a higher investment and maintenance
cost of the latter.
Further research should focus on the carbon footprint of ventilation systems, reliability and lifetime of sensors and
the impact of regular filter cleaning/replacement in case of MVHR.
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Demand controlled ventilation, heat recovery ventilation, energy performance

1

INTRODUCTION

Due to climate change and an increasing environmental awareness, regulations concerning
energy consumption have become stricter. Improving the airtightness and level of insulation of
residential buildings is a priority in order to reduce the energy demand.
In these well insulated airtight buildings, ventilation is crucial to guarantee a healthy indoor
climate (Savin and Jardinier, 2009). As heat losses through the building shell are small,
mechanical ventilation losses are of relatively higher importance in the building’s heating
demand. Moreover, mechanical ventilation can increase the total electricity use of households
up to 50% (without domestic appliances ) (Manz and Huber, 2000).
Ventilation can represent up to 30% to 60% of the total buildings’ energy demand. Therefore
reducing the ventilation’s energy use is a key parameter to further reduce the buildings’ energy
demand (Liu et al., 2010) while at least maintaining a good indoor air quality. In Belgium,
mechanical ventilation systems with heat recovery (MVHR) are often used in today’s high
performance buildings, as their use is implicitly prescribed by the passive house standards.
However, demand controlled exhaust ventilation systems (DCMEV) with natural air supply
through vents can be a worthy alternative to these MVHR systems (Laverge, 2010).
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In the context of the European CONCERTO ECO-Life project, the existing social housing
neighborhood ‘Venning’ in Kortrijk is transformed into a zero-carbon neighborhood (Himpe et
al., 2015).
The ECO-Life project in Belgium is a residential community consisting of 274 dwellings,
grouped into six clusters based on their location, typology, construction approach and timing.
Three clusters are located in the Venning neighborhood and three others at the sites of
Pottenbakkershoek, Gutenberg and Drie-Hofsteden (see Fig. 1). In Venning phase 1,
Pottenbakkershoek and Gutenberg in total 6 multi-family buildings were newly constructed. In
Venning phase 2 and 3 single-family houses that are grouped into 20 housing blocks were newly
built and refurbished respectively.

Figure 1: Overview of the demonstration sites in Kortrijk
Table 1: Demonstration buildings overview and time schedule of monitoring

2

MONITORING OF THE DEMONSTRATION BUILDINGS

Without going further into detail, three levels of metering were installed: general metering in
all dwellings, detailed metering in a sample of dwellings and additional metering in a small
sample for in-depth studies, such as end-user comfort evaluations and performance assessment
of the ventilation systems.
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2.1 Venning demonstration buildings
The building design in all 3 phases was guided by the passive house standards aiming at a net
space heating energy demand of 15 kWh/m²/year, leading to building envelope U-values below
0.15 W/m²K and an airtightness n50 of maximum 0.6 h-1. Living rooms are oriented as much as
possible to the south, while both fixed and movable shading elements were applied to reduce
the overheating risk. The case-study is used to investigate the real energy performance of the
ventilation systems, as well as to compare MVHR and DCMEV ventilation systems under
operational conditions. This is done based on the available automatically gathered monitoring
data.
One phase of the project consists of 64 new single-family dwellings. Half of the dwellings is
provided with a MVHR (system D) and the other half is provided with a DCMEV (system C+)
(see Fig. 2). Furthermore, the two groups of dwellings are similar in terms of typology,
architecture, building construction and orientation.

Figure 2: Overview of the demonstration sites in Kortrijk

The dwellings equipped with a demand-controlled ventilation system typically have a higher
predicted net space heating demand compared to the passive house standard, up to
25 kWh/m²/year, but a lower use of auxiliaries. The real performance is investigated in this
study.
The Venning district heating network supplies heat to the dwelling substations for space heating
and domestic hot water production. The heating system consists of radiators in the main rooms
and, in case of houses with balanced mechanical ventilation, a heating coil to preheat the supply
air if necessary. Grid-connected photovoltaic systems are provided on the rooftops of all
buildings.

2.2 Characteristics demand controlled mechanical extract ventilation systems
Various researches have already shown a high energy saving potential for demand controlled
ventilation compared to constant air flow rate systems. Control strategies that interact with only
one component provide energy saving potentials around 25%. The strategy that manipulates
independently most of the buildings zones has an energy saving potential of up to 60%.
In both phase 2 and phase 3, a Healthbox EVO II of the manufacturer Renson is installed, in
combination with supply vents above the windows of the type Invisivent EVO from the same
manufacturer. The Healthbox included a 84W (max. capacity) fan.
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In phase 2, air is extracted in all wet areas such as kitchen, bathroom, toilet and laundry room
(see Fig. 3 left). Every wet room has a separate extraction point to the ventilation device, where
a valve regulates the flow through at the end of each duct. The valve is activated by a stepper
motor that is controlled by a sensor located at the valve and a control algorithm.
Following sensors are used to control the extraction of the different rooms:
‐ Bathroom
Humidity sensor (Relative Humidity RH)
‐ Toilet
Volatile Organic Compound sensor (VOC)
‐ Bathroom with toilet RH and VOC sensor
‐ Kitchen
CO2 sensor
‐ Laundry room
Moisture sensor (RH)
In phase 3, a so-called 'smart zone' configuration is used where air is supplementary extracted
in the bedrooms, in addtion to the wet rooms (see Fig. 3 right). The airflow control of the
bedrooms is done on the basis of a CO2 sensor. With a 4-position switch the demand control
can also be switched off to (temporarily) ventilate with an increased or decreased airflow.

Figure 3: Demand controlled mechanical extraction ventilation without (left) or with (right) ‘Smartzone’

2.3 Characteristics mechanical ventilation systems with heat recovery
The MVHR system installed in the case study is the
Swegon CASA R120 (see Fig. 4). The ventilation system
uses the RECOnomic rotary heat exchanger, of which
the rotor has an aluminum foil structure which consists
of a multitude of narrow passages. The temperature
effectiveness of the heat exchanger is specified as
approximately 80% under steady laboratory conditions.
There are two fans of 120 W in the device.
The supply air goes through a heating battery before
entering the rooms, to ensure a supply temperature of
19°C. Besides, the system is equipped with an automatic
summer bypass.
By default, the device is set to 'home' (intermediate
setting on a 3 position switch). Unfortunately, the
control panel is often located in a hard-to-reach place,
making it difficult to change settings.

Figure 4: Mechanical
ventilation with heat recovery
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3

RESULTS

3.1 Ventilation heat losses
The total heat use is monitored for all dwellings of the Venning neighbourhood.
In dwellings monitored in detail, the domestic hot water use is monitored as well. In most cases,
the heat use for space heating is not measured, but can be derived by subtracting the domestic
hot water use from the total heat use. The use of domestic hot water stays rather constant
throughout the year. Heating on the other hand will not be turned on during summer, so the
total daily heat use in that period will only be due to the use of domestic hot water. This average
daily hot water use can then be subtracted from the total heat use to get an approximated energy
use for space heating.
In dwellings with demand controlled extract ventilation, the fresh air enters the dwelling
without pre-treatment, which can have an influence on the additional heating needs. It is
expected that due to this inlet of cold air, the heating demand of dwellings with demand
controlled extract ventilation is larger than for dwellings with heat recovery ventilation.
First of all it is noted that the general metering results in phase 2 show a space heating demand
much lower for demand controlled extract ventilation (system C) than expected by EPB
calculations (national energy performance calculation software), as illustrated in Fig. 5. Even
when these expected values are scaled, taken into account the smaller amount of heating degree
days of the considered year (May 2015 – April 2016), the monitored space heating demand
deviates much from the expected energy use.
A first reason for this can be that the heating demand in the EPB calculation is overestimated
for dwellings with the DCMEV system. For these dwellings the ventilation losses represent half
of the total heat losses. The demand control is taken into account in the EPB calculation through
a reduction factor for the intended ventilation rate, that is used for calculating the ventilation
losses. For the ventilation unit and configuration installed in this case study, the reduction factor
is 0.65. This actually means that 65% of the design airflow rate is taken into account for the
calculation of the ventilation losses. If the actual average ventilation rate is lower than 65% of
the design airflow rate, ventilation losses will be lower and the space heating demand is
reduced. Another potential explanation is the reduced temperature in non heated spaces.
For dwellings with mechanical ventilation with heat recovery (system D), the monitored heating
demand is close to the scaled values expected from the EPB file (Fig. 5). The monitoring data
follow the trend of the expected heating demand, larger dwellings have higher heating demands.
The monitoring results also indicated there were no significant differences between the space
heating energy needs in both types of dwellings with different ventilation system (Fig. 6). This
can be explained by the low airflow rates due to the demand control, reducing the ventilation
heat losses and thereby reducing the heating demand. Additionally, the heat recovery of the
MVHR system is affected by the ‘use factor’ introduced by Laverge et al. (2017).
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Figure 5: Phase 1 - Yearly space heating demand according to EPB calculations and monitoring in several
buildings in phase 2, in case of DCMEV (C) and MVHR (D)

Figure 6: Phase 1 – Average yearly space heating demand according to EPB calculations and monitoring in
phase 2, in case of DCMEV and MVHR

For the dwellings in Venning phase 2 and phase 3 combined, usable detailed data was
available for 22 dwellings.
On average for phase 2 and 3, the dwellings with a DCMEV show a slightly higher energy use
for space heating than those equipped with a MVHR (10-15%), although the large uncertainty
intervals show that this difference is not significant (Fig. 7). Energy use in phase 3 is a little
higher than in phase 2 for both systems.
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Figure 7: Phase 2 & 3 – Average yearly space heating demand according to monitoring, in case of DCMEV (C)
and MVHR (D)

3.2 Fan consumption
Mechanical supply and extract ventilation has a higher electricity use than simple exhaust
ventilation due to the additional electricity use of the supply fan. Heat recovery ventilation has
an even higher energy use: due to the protective filters and the narrow passages of the heat
exchanger, an increased pressure drop is induced, which in turn causes a higher fan electricity
consumption.
Demand control reduces the actual electricity use of the ventilation system to one third of the
expected electricity use, as lower fan speeds resulting from the demand control were not taken
into account when determining the expected values.
The ventilation fan electricity use based on the Belgian energy performance calculations
methodology, is compared to monitoring results in the dwellings in the Venning neighborhood.
According to the Belgian methodology, the results are expressed per volume of the dwelling.
For DCMEV, an energy use of 0,74 kWh/m³/year is assumed, when no demand-controlled
ventilation is taken into account. However, monitoring results in phase 2 showed a three times
lower energy use resulting in 0,25 kWh/m³/year, mainly due to demand control (See Fig. 9).
For a MVHR, an electricity use of 1,31 kWh/m³/year is assumed in the Belgian methodology.
According to the monitoring results, this is an underestimation as the real energy use was two
times higher at 2,63 kWh/m³/year. A poorly designed ventilation system with a pressure drop
larger than expected could be responsible for this high energy use, or an underestimation in the
EPB calculation.

Figure 8: Phase 1 - Yearly fan consumption according to EPB calculations and monitoring in several buildings
in phase 2, in case of DCMEV (C) and MVHR (D)

For phase 2 and 3 combined, after data filtering, 26 dwellings remained for which useful
detailed data is available. Data are expressed as an average per dwelling. The fan consumption
of DCMEV compared to MVHR was respectively 15 and 25%.
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Figure 9: Phase 2 & 3 – Average yearly fan consumption according to monitoring, in case of DCMEV (C) and
MVHR (D)

3.3 IAQ in-situ measurements
Reduction of ventilation losses may not lead to improper air quality. Ventilation should be
designed to avoid a low indoor air quality (IAQ), corresponding to a relative CO2 concentration
higher than 1000 ppm (above outdoors) and preferably to obtain relative CO2 concentrations is
smaller than 600 ppm. In between these limits the IAQ is assumed to be moderate to medium.
With the use of measurement data of the CO2 concentrations during winter, the indoor air
quality in the various dwellings can be assessed.
For both types of ventilation systems, there are dwellings with good IAQ and low IAQ; there
is no ventilation system that provides a significantly better IAQ over the other ventilation
system (Derycke, 2016).
For dwellings with DCMEV the position of the inlet grilles is of key importance. Closing the
inlet grilles results in higher indoor CO2 concentrations and therefore a lower IAQ. A minimum
opening is recommended. For dwellings with MVHR the operation mode of the ventilation unit
has a large influence, minimizing the airflow rates typically leads to a poor indoor air quality.

3.4 Overall comparison between ventilation systems
Combining the available data on the energy consumption for heating and auxiliary energy
(electricity), allows to calculate the real performance in detail. Contrary to what is usually
expected from existing simulations/calculations, the monitoring results demonstrate that the
total energy consumption is very similar for both ventilation systems (Table 2).
Table 2: Yearly mean space heating and fan consumption in case of DCMEV and MVHR

Space heating consumption (kWh)
Fan consumption (kWh)
Total energy use (kWh)

DCMEV
6592
186
6778

MVHR
5826
853
6679

Finally, the total energy cost (electricity and heating) of the ventilation systems was compared.
Due to high electricity prices compared with natural gas per kWh (5 times higher in Belgium),
DCMEV systems have about 30% lower yearly total energy costs ( 408€) when compared
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with MVHR ( 536€). These results confirm the conclusions made in earlier research papers
(Krus et al., 2011).
Furthermore, Figure 10 illustrates that the energy cost to ventilate cannot be seen apart from
the total cost of a system, including investment (product and installation cost) and maintenance
cost (cleaning, sensors, filters). DCMEV systems show the lowest net present value after 15
year.

Figure 10: Comparison of total actual cost for DCMEV and MVHR after 15 year

4

CONCLUSIONS

In general, monitoring results revealed that dwellings with the demand controlled ventilation
system show similar heating demand than those with heat recovery ventilation. Besides, the
dwellings where a DCMEV was applied, use an average of 186 kWh auxiliary energy for
ventilation on an annual basis, while the MVHR system used up to 853 kWh. This is a difference
of at least 4 due to the presence of two fans, the higher airflow resistance of the system and a
less demand controlled air flow rate. Space heating consumption cannot be seen apart from
auxiliary consumption.
Therefore from an energetic viewpoint demand controlled ventilation system seems a good
alternative for the heat recovery ventilation. Of course, a good air quality should be maintained.
Dwellings with demand controlled ventilation showed no significant better or worse indoor air
quality than dwellings with mechanical ventilation with heat recovery.
The total cost or net present value of qualitative DCMEV systems with or without demand
control is nearly a third lower than that of a qualitative MVHR system, due to higher investment
and maintenance cost of this latter.
Further research should focus on embedded carbon of the system, sensors lifetime and the
impact of regular filter cleaning and replacement in case of MVHR, optimizing the DCMEV
system with respect to design air flow rates and control algorithms.
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ABSTRACT
Mechanical ventilation systems with heat recovery are considered the most optimal systems for residential
ventilation. This research focuses on decentralized ventilation which do not need any ducting. Therefore, this
system is very suitable for use in retrofitting. The performance criteria of these units are similar to those of central
systems. A recuperative and two regenerative ventilation units were tested in a double climate chamber where
temperature, air velocity and contaminant concentration were monitored on a fixed 80 point grid. The results are
reported in terms of thermal comfort, ventilation efficiency and energy consumption. The results showed that, by
using decentralized ventilation, rooms can usually be efficiently ventilated at a good level of thermal comfort. The
energy consumption of one ventilation unit is low, but several units have to be installed in order to adequately
ventilate a residential building.
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1

INTRODUCTION

As a result of the energy performance regulations in Flanders, buildings are becoming more
and more airtight. This prevents the contaminated air from leaving the house in a natural way.
However, sufficient fresh air is of great importance for the health of the residents. In order to
supply fresh air to the residents and to remove polluted indoor air, a ventilation system is
needed. Mechanical ventilation systems with heat recovery are considered the most optimal
systems for domestic ventilation (Manz, 2000). Almost all of the new mechanical systems are
ventilation systems with a central heat recovery and a network of ducting.
The need to find room for an elaborate duct system is a serious impediment to the incorporation
of a well-designed traditional ventilation system in building refurbishments. This pushed a
number of small, local, ductless ventilation systems (usually including some form of heat
recovery) onto the market. In these systems, heat recovery is decentralized (per room) and can
be recuperative or regenerative. The performance of these systems is usually characterized
based on the effectiveness of the heat recovery unit, while the induced flow pattern in the space
and associated air quality issues are largely ignored. In addition, the noise production and the
energy consumption will also be investigated.
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2

METHODS

2.1 Investigated units
Three different units were examined during this research. In the first unit, the heat recovery is
regenerative (Endura Twist by Renson). The unit is placed in the joinery of a window. Two
ventilation modules and two heat exchangers are the main parts. Each module consists of two
little fans, which can be rotated to change the direction of the air flow. If air is extracted from
the room, heat of this warm air flows into the heat exchanger. After the change of the flow
direction, fresh air is supplied to the room. The cold fresh air is preheated by the heat exchanger.
By default, always one module is extracting air from the room while the other module is
supplying air into the room. The direction of the air flow over each module changes every 30
s. This unit can be modified so the air is blown vertically upwards or vertically downwards into
the room. Both possibilities were examined.
In the second unit, the heat recovery occurs recuperatively in a counterflow heat exchanger
(Provent D-luxe by Profel). This unit can be mounted on the inner side of an external wall or in
the joinery of a window. Only the last option was examined.
In the third and last unit, the heat recovery is also regenerative (Tempero eco 150 ceram by
O.ERRE). One fan and a ceramic heat exchanger are the main parts. As with the first unit, the
heat from the indoor air will be partly stored in the heat exchanger when the air flows from the
inside out. If the air subsequently flows from the outside to the inside, the fresh air will be
preheated by the heat exchanger. The direction of the air flow changes every 70 s. The unit can
be placed in a gap with a round cross-section within an external wall.
2.2 Experimental setup
All units were examined in terms of thermal comfort, ventilation efficiency, acoustics and
energy consumption.
Thermal comfort was analyzed for each unit in a test room at two different ventilation rates and
with temperature differences of 0°C and 20°C. Therefore the temperature, the velocity and the
turbulence intensity had to be measured in the test room for each set-up.
Also ventilation efficiency was analyzed for each unit in the test room at two different
ventilation rates. Therefore the concentration of tracer gas had to be measured for each set-up
at regular intervals during a certain period of time.
Afterwards, the sound production of each unit was measured at different ventilation rates in the
test room.
Finally, the energy consumption at different ventilation rates was measured for each unit for
one hour.
2.3 Criteria
In this section, the evaluation criteria that are used to benchmark the experimental results are
described:
A.
Thermal comfort
In the NBN EN ISO 7730 standard, thermal comfort is determined by global and local thermal
comfort. The global comfort is determined on the basis of the predicted mean vote (PMV) and
the predicted percentage dissatisfied (PPD). The local thermal comfort is studied on the basis
of the draught rate
(DR). Depending on the desired thermal comfort, the standard gives maximum values for these
parameters in three different categories. The most commonly used category is category B,
which means that the PPD has to be limited to 10% and the DR to 20%.
The PMV and the PPD depend on many different parameters. These values are therefore
usually calculated using a computer program.
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Local thermal discomfort is usually caused by draught, which can be visualized with the
draught rate (DR). The DR is the percentage of dissatisfied residents as a result of draught
phenomena and is calculated as [3]:
(1)
Where Ta is the average air temperature, va the average velocity and Tu the turbulence
intensity. The turbulence intensity describes how much the air velocity fluctuates. It is defined
as (Chao & Wan, 2004):
(2)
Where SD represents the standard deviation of velocities at the measured point.
B.

Ventilation Efficiency

Ventilation measurements are mostly carried out by using tracer-gas techniques. In these
techniques, a gas is injected into the studied zone and its concentration response is measured.
These techniques can be applied for determining the air age distributions and the ventilation
efficiency in this space. Several tracer gas methods can be conducted, but the concentration
decay is the most commonly accepted since its implementation is the easiest (Cui. This method
was also used during this research to calculate the air change efficiency (εa). The detailed
description of this method can be found in the standard ISO/DIS 12569.
The air change efficiency (εa) represents the ratio between the nominal time constant (τn) and
the average time for air exchange (τexe) (Cui, 2015):
(3)
The average time for air exchange can be calculated as τexe = 2·‹τ›, where ‹τ› represents the
average of local values of age of air [4]. The nominal time constant (τn) and the mean age of
air (‹τ›) are defined as (Mundt, 2004):
(4)
(5)
C.

Accoustics

The Belgian standard, NBN S 01-400-1, specifies maximum noise levels (LAinstal,nT) in
areas where noise-producing system components of mechanical ventilation are installed.
These maximum noise levels are presented in table 1.
Table 1: Maximum noise levels from mechanical ventilation (Wuyts)
Room
Bathroom / toilet
Kitchen
Living room

Normal acoustic comfort
LAinstal,nT [dB]
≤ 35
≤ 35
≤ 30

Increased acoustic comfort
LAinstal,nT [dB]
≤ 30
≤ 30
≤ 27
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3

RESULTS

For each set-up tested, the PMV and the PPD meet the conditions of category B according to
ISO 7730.
It is noticeable that with a ventilation rate of approximately 60 m³/h, combined with a
difference of 20°C between the indoor and the outside temperatures, the limit value of 20%
for the DR is exceeded by each unit. Only when the air is blown upwards into the room by the
Endura Twist, does draught not occur. In addition, no draught is measured at ventilation rates
of approximately 30 m³/h or when the difference between the inside and outside temperature
is 0°C.
For each set-up, the draught occurs in different places in the test room. That's because the air
flow pattern that arises in the room is different for each unit. Figures 1 and 2 show, for each
device, a vertical longitudinal section of the test chamber with the locations where draught
occurs. The orange/red colored zones on the graphs are the zones where the DR is 20 % or
greater. In these places, draught will be felt. On these figures, the devices are located at the top
left, at a height of about 2.4 m.

DR [%]
DR [%]

Perpendicular distance [mm]

Perpendicular distance [mm]

Figure 1: Locations where draught occurs when using the Endura Twist downwards (left) and upwards (right)

DR [%]

Perpendicular distance [mm]

DR [%]

Perpendicular distance [mm]

Figure 2: Locations where draught occurs when using the Provent Dluxe (left) and Tempero eco 150 ceram (right)

Before the measurements were started, a certain amount of tracer gas (CO2) was released into
the test room. By using a fan, the gas was mixed with the air. If the CO2-concentration in the
entire room had risen sufficiently, the measurements could be started. Ten sensors, distributed
over the entire space, registered the concentrations at regular intervals (13 s.). If the
concentrations in each point were sufficiently reduced again, the measurements were stopped.
Table 2 shows the average air change efficiency (εa) for each set-up.
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Table 2: Average air change efficiency for each set-up
Unit
Endura Twist (downwards)

Ventilation rate [m³/h]
30
60

Average εa [%]
54
49

Endura Twist (upwards)

30
60

52
48

Provent D-luxe

36
50

50
43

Tempero eco 150 ceram

30
60

51
53

Endura Twist (downwards)

30

54

In comparison with the other units, the differences between the different measuring points are
much greater with the Tempero eco 150 ceram. The decay curves with this unit are more
irregular than with the other units. That’s because the Tempero eco 150 ceram is equipped with
only one fan and therefore there’s never simultaneous pulsation and extraction. To ensure
proper operation, an even number of these units has to be installed. Two units of the Tempero
eco 150 ceram must be installed to sufficiently ventilate a room.
Before measuring the average sound levels at different ventilation rates for each device, the
background noise was measured in the test room. This background noise was 32.7 dB(A), with
everything turned off in or around the test room. This means that, even without the devices
being in operation, the standard is not met for several room types.
The average sound levels, measured at different ventilation rates of each device, are presented
in table 3.
Table 3: Average sound levels at different ventilation rates of each device
Unit
Endura Twist

Ventilation rate [m³/h]
30
60

Average sound level [dB(A)]
33.3
37.5

Provent D-luxe

36
50

36.7
40.2

Tempero eco 150 ceram

30
60

34.5
42.0

The Endura Twist produces the least noise and is the only one that, at a ventilation rate of 30
m³/h, meets the standard for normal acoustic comfort in the bathroom, toilet and kitchen during
this research.
To measure the energy consumption of each ventilation unit at different ventilation rates, a
power meter was used. When comparing the energy consumption of decentralized ventilation
units with a central ventilation system, it is important to remember that an average of eight units
are required to sufficiently ventilate a house [7].
The energy consumption of each unit at different ventilation rates was measured during one
hour. Based on these measurements and because ventilation never works at a continuous
ventilation rate during a whole year, only an estimate of the annual energy consumption can be
made. As previously reported, two units of the Tempero eco 150 ceram are needed to adequately
ventilate the room. The consumption of two devices is comparable to the consumption of one
Endura Twist. The estimated annual energy consumption of one Provent D-luxe is 45% higher
compared to one Endura Twist.
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An example of the annual energy consumption of a central ventilation system with low system
pressure (100 Pa at 300 m³/h) in a case study is 445 kWh (Camps, 2014). An installation of
eight units of the Endura Twist results in an estimated energy consumption of 424 kWh, which
is slightly less than the central system in the example. On the other hand, an installation of eight
units of the Provent D-luxe results in an energy consumption of 616 kWh in one year. Finally,
a comparable energy consumption to the central system can be achieved with an installation of
sixteen units of the Tempero eco 150 ceram.

4

CONCLUSIONS

By using the Endura Twist by Renson or the Provent D-luxe by Provent, rooms can be
efficiently ventilated at a good level of global thermal comfort. For each set-up, local thermal
discomfort occurs in different places in the test room. That's because the air flow pattern that
arises in the room is different for each unit. Only when the air is blown vertically upwards by
the Endura Twist, no draught phenomena does occur.
The results of the tracer-gas test showed very irregular decay curves when using the Tempero
eco 150 ceram. That’s because this device is equipped with only one fan and, therefore, there’s
never simultaneous pulsation and extraction. Two units of the Tempero eco 150 ceram must be
installed to sufficiently ventilate a room.
Limiting the noise production seems to be the main difficulty in the design of these units. The
Endura Twist produces the least noise and is the only one that, at a ventilation rate of 30 m³/h,
meets the standard for normal acoustic comfort in the bathroom, toilet or kitchen during this
research. It should be noted that the background noise was 32.7 dB(A), without the devices
being in operation. With reference to acoustic properties, further research and development of
these units seems necessary.
The energy consumption of one ventilation unit is low, but several units have to be installed in
order to adequately ventilate a residential building. The energy consumption of two units of the
Tempero eco 150 ceram is comparable to the energy consumption of one Endura Twist. The
estimated annual energy consumption of one Provent D-luxe is 45% higher compared to one
Endura Twist.

5
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SUMMARY
In these three presentations, we review the origins and history of the Indoor Environmental Quality Global
Alliance, AIVC’s view of the potential value of IEQ-GA, and directions it is taking and may take over the next
decade.
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1

HISTORY OF IEQ-GA

The Indoor Environmental Quality Global Alliance (IEQ-GA) was formed following
discussions initiated by 2013-2014 ASHRAE President William Bahnfleth and carried forward
by a committee chaired by future President Bjarne Olesen. The intent was to bring together
organizations concerned with one or more aspects of IEQ: indoor air quality (IAQ), thermal
comfort, lighting, and acoustics to foster collaboration in a number of areas.
The reasons for fostering the development of such an organization were many. A key
consideration was a perceived lack of recognition in the building design, construction, and
operation industry of the impact of indoor environments on health due to the high importance
attached to energy efficiency and environmental protection. Another was the lack of an holistic
approach to IEQ that results from organizational silos focused narrowly on one aspect of IEQ.
A third was current state of IEQ standards and regulations, which tend to focus on acceptability
and are only beginning to reflect the findings of research on health, learning, and productivity.
An IEQ-GA was seen as a vehicle for, among others, sharing of information and communication
among member organizations, raising the profile of IEQ in a variety of ways, seeking
consensus on the state of knowledge, identifying research needs, and interpreting the research
literature to inform policy and standards advocacy.
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The group of founding partner organizations via a memorandum of understanding signed in
June 2014, included the American Industrial Hygiene Association, Air Infiltration and
Ventilation Centre (AIVC), Air & Waste Management Association (AWMA), Indoor Air
Quality Association (IAQA), and Federation of European Heating, Ventilation and Air
Conditioning Associations.
During the first four years of IEQ-GA operation, the members have met regularly to discuss the
path forward with ASHRAE serving as secretariat. AIVC developed and maintains an IEQ-GA
web site (ieq-ga.net). Activities to date have included organization of programs at conferences,
and initiation of a project to review representative IEQ standards from around the world that is
nearing completion. Recruitment of members to complete the representation of all branches of
IEQ has continued and several other organizations have joined or are considering joining.
Finally, recent work has focused on establishing a IEQ-GA as a non-profit organization
following the expiration of the original MOU.
2

AIVC AND IEQ-GA

As one of the founding partners of the IEQ-GA, the networking with other organisations within
the global alliance is for AIVC very important.
Whereas AIVC has primary a focus on good indoor air quality (by using ventilation) and good
thermal comfort during warm periods (by using intensive ventilation), it is clear that an overall
approach to indoor environmental quality is important.
In addition, it is important to strengthen our messages by joining forces with other relevant
organisations so that the impact in the market can increase. We believe that the IEQ-GA has
the potential to contribute to these objectives.
A first AIVC publication in collaboration with IEQ-GA was AIVC technical note 68
“Residential ventilation and health”. The 2018 conference in Juan-Les-Pins is organized with
the support of the IEQ-GA.
3

THE NEXT DECADE

Since the inception of IEQ-GA in 2013, it was believed that there can be one professional
organization (IEQ-GA) can ensure that all parties involved in providing indoor environmental
quality will work together effectively to improve conditions in buildings (residential,
commercial, industrial, medical, agricultural, educational, governmental) throughout the world.
To fulfill this goal of one professional alliance to represent all of the parties involved in IEQ,
the IEQ-GA has developed a Strategic Plan for its future. The Strategic Plan discusses the plan
for the IEQ-GA to become a non-profit association (NPA) under Belgium law. The advantage
of a formal legal entity is that IEQ-GA would have status to pursue EU grants (or any contracts)
with other parties.
As noted in the Strategic Plan, the objectives of the IEQ-GA include the following:



To develop, and nurture, an international alliance between professional organizations
that address indoor environmental quality issues.
To support and to participate in IEQ conferences worldwide:
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o By encouraging and supporting technical and scientific research presentations
by the members of the IEQ-GA member organizations;
o By marketing support of the conferences to the IEQ-GA member organizations;
o By providing logistical and technical support, as appropriate, for the
conferences.
To encourage and support IEQ research worldwide by providing a forum for an
exchange of ideas and concepts by researchers and practitioners.
To promulgate through the member organizations’ publications, the IEQ-GA website
and social media the latest scientific and technical manuscripts and papers on topics
related to IEQ.
To provide scientific and technical comments, as appropriate on legislation, standards
and codes that affect indoor air and environmental quality.
To increase awareness about the importance of health and wellness in buildings among
designers, builders and building occupants.
To develop a comprehensive listing of information resources available to the built
environment professionals interested in promoting IEQ excellence.
Through education and awareness, to reduce the number of deaths attributable to poor
IEQ in development economies.

It is important to note that the activities of the IEQ-GA are intended to supplement the current
members’ IEQ activities, particularly on an international basis.
The possible outcome of the activities can be:






Research recommendations
Proposals for publications and educational courses.
Influencing and/or propose standards.
Common position documents
Combined conferences

It has been discussed that the IEQ-GA will be a co-sponsor of the ASHRAE IEQ Conference
in 2020. The members of the IEQ-GA will then work with ASHRAE to organize the following
IEQ Conference in 2023. These long-term plans will come to fruition with the support of the
IEQ-GA member organizations and our outreach to other professional, trade and governmental
entities that what to be a part of IEQ-GA.
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SUMMARY
As one of the founding partners of the IEQ-GA, the networking with other organisations within
the global alliance is for AIVC very important.
Whereas AIVC has primary a focus on good indoor air quality (by using ventilation) and good
thermal comfort during warm periods (by using intensive ventilation), it is clear that an overall
approach to indoor environmental quality is important.
In addition, it is important to strengthen our messages by joining forces with other relevant
organisations so that the impact in the market can increase. We believe that the IEQ-GA has
the potential to contribute to these objectives.
A first AIVC publication in collaboration with IEQ-GA was AIVC technical note 68
“Residential ventilation and health”. The 2018 conference in Juan-Les-Pins is organized with
the support of the IEQ-GA.
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SUMMARY
This workshop session will consist of a series of presentations by members of the Board for the Indoor
Environmental Quality – Global Alliance (IEQ-GA). The AIVC is one of the founding members of the IEG-GA,
and its representatives have participated in the formation of the Global Alliance as well as active members in
planning for the next stage of its development. The Alliance is expected to be an independent international NGO
whose members are public or non-profit entities that are involved with advancing knowledge on common indoor
environmental quality issues. In its formative phases, the Alliance was being hosted by ASHRAE. The Global
Alliance is now considering incorporation to further advance its role as the clearing house for IEQ research and
implementation. The workshop will focus on the next steps to be taken to become an international NGO for indoor
environmental quality.
The current IEQ-GA president is Donald Weekes, CIH, CSP, FAIHA. Mr. Weekes’ presentation will focus on the
next decade of growth of the IEQ-GA. In particular, the IEQ-GA is looking to sponsor conferences such as the
AIVC conference, and then to invite select presenters to other related conferences of the member organizations.
This type of cooperation among the member organizations will help to foster a better understanding of the IEQ
field, and it will help to facilitate the necessary research that will inform the practitioners (engineers; architects;
industrial hygienist) in the field as to the best approach to recognize, evaluate and control IEQ in buildings.
In addition to fostering ‘research to practice’ among its member organizations, the IEQ-GA will also enable related
professionals in acoustics and lighting to interact with IAQ researchers and practitioners. This interaction will
potentially lead to a better understanding of the discomfort felt by building occupants even though the typically
measured IAQ parameters (such as total particulates and VOC’s) appear to be at very low levels.
The current ASHRAE representative to the Alliance is Bill Bahnfleth and the current AIVC representative is Peter
Wouters. These members of the Alliance Board will summarize the activities and aspirations of the Alliance and
be available for an interactive discussion with the audience.
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SUMMARY
The proposed Annex should bring researchers and industry together to investigate the possible energy benefits by
using gas phase air cleaners (partial substitute for ventilation) and establish procedures for improving indoor air
quality or reduced amount of ventilation by gas phase air cleaning. The project shall also establish a test method
for air cleaners that considers the influence on the perceived air quality and substances in the indoor air.
.
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1

BACKGROUND

Ventilation accounts for approximately 20% of the global energy use for providing an
acceptable indoor environment. The requirements for ventilation in the most standards and
guidelines assume acceptable quality of (clean) outdoor air.
Worldwide, there is an increasing number of publications related to air cleaning and there is
also an increasing sale of gas phase air cleaning products. This puts a demand for verifying the
influence of using air cleaning on indoor air quality, comfort, well-being and health. It is thus
important to learn whether air cleaning can supplement ventilation with respect to improving
air quality i.e. whether it can partly substitute the ventilation rates required by standards.
Finally, the energy impact of using air cleaning as supplement of ventilation needs to be
estimated. This project will focus on gas phase air cleaning. The project will not include
filtration.
In many locations in the world, the outdoor air quality is so bad that it is better to avoid
ventilation. In such cases, the alternative to use ventilation is to substitute it with air cleaning
so that the indoor air can be kept at high quality. Even when outdoor air is of a good quality,
the use of air cleaning substituting ventilation air could reduce the rate of outside air supplied
indoors and thereby energy for heating/cooling the ventilation air and for transporting the air
(fan energy) can be saved.
Since it is expected that air cleaning may in parallel improve the indoor air quality and reduce
energy use for ventilation, it should be considered as a very interesting technology that can be
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used in the future. There is however a need for better evaluation of its potential to improve
indoor air quality (and substitute ventilation rates) and the energy implication of using gas phase
air cleaning. There is also a need to develop standard test methods of the performance of air
cleaning devices. Consequently, it is proposed to form a new annex on the use of gas phase air
cleaning technologies.
2

STANDARDS AND TESTING

Air cleaning is not directly considered in a new ISO standard for indoor environmental quality
ISO17772-1; but the corresponding guideline TR 17772-2 opens up for the possibility to partly
substitute ventilation air with air cleaning. ASHRAE 62.1, by using the analytical indoor air
quality procedure, allows some ventilation rate credits for air cleaning. Besides, there is an
increased interest in the development of air cleaning equipment and several products are
available on the market. The reason is that air cleaning may be an acceptable way of reducing
the rate of outside air delivered indoors by ventilation and saving energy, and still maintaining
acceptable (high) indoor air quality.
However, better methods for testing of air cleaners are required because at present the testing is
usually based on chemical measurements of specific compounds which does not capture the
overall effect of air cleaning on perceived odour intensity or perceived air quality, the latter being
referred to in ventilation standards. Testing does not either account for potential risks
(breakthrough or production of new compounds). Some air cleaners may be efficient in
removing particles, bio contaminants (microorganisms – pollens moulds, allergens) and/or
VOC’s (emission from materials or resulting from external air pollutants infiltration in the
building such as PAH (Poly Aromatic Hydrocarbons)) but they may have zero or even a negative
effect if the source of pollution is people (bio effluents).
None of existing standards for testing gaseous air cleaners include human bio effluents as a
source and the perceived indoor air quality is not used to evaluate the performance. As bio
effluents from occupants are an important source of pollution and becoming major source with
the trend to reduce emissions from other sources, and as most criteria for ventilation is based on
perceived air quality there is a need to establish new and more relevant test methods for gaseous
air cleaners.
3 ENERGY
The energy implications of supplementing ventilation by air cleaning need to be better
quantified. A possible scenario is that half of the required ventilation rates in existing codes
and standards can be substituted by air cleaning. This will require less energy for
heating/cooling the supply air and reduce the fan energy use. Depending on the air cleaning
technology the equipment itself will use some energy. In total, a significant reduction of
energy use for ventilation in the order of 10-20% is likely.
The project will be an important step towards near zero energy buildings. The air cleaning
technology can provide better indoor air quality and health and at the same time reduce
energy use for ventilation
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SUMMARY
Occupants in non-industrial indoor environments should decide whether the indoor air quality is acceptable or not.
This paper describes the method by which the assessments of acceptability of air quality can be used for measuring
short-term sensory effects on humans caused by indoor exposures. It also describes how this method can be applied
to estimate the perceived indoor air quality used as a design criteria for the ventilation of buildings. The limitations
of the method, the factors influencing the measurements and possible applications of the measured perceived air
quality are discussed..
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1

BACKGROUND

Humans are constantly exposed indoors to varying concentrations of organic chemical
compounds. The compounds originate from outdoor sources, e.g. urban traffic, and from indoor
sources such as people, tobacco smoking, and the building itself (building materials and
furnishing, electronic equipment and heating, ventilation, and air-conditioning systems). A
typical mixture of organic compounds indoors contains about 6000 compounds of which ca.
500 are human bioeffluents, ca. 500 are pollutants emitted by building materials and equipment
and ca. 5000 are pollutants in tobacco smoke. These compounds can affect indoor air quality
and thereby health, comfort and productivity of humans indoors. Numerous methods have been
used to measure the effects of indoor air quality on human health, comfort and productivity.
The measured effects can be used to set the limiting criteria regarding indoor air quality. This
presentation focuses on the method used for evaluating sensory effects on humans. This
measure can be used to assess indoor air quality as it is perceived by humans indoors, and to
set the design criteria for ventilation of buildings, as is done in ventilation standards.Sensory
effects are caused by stimulation of the olfactory sense, situated in a small area of the nasal
cavity and sensitive to around half a million odours, the general chemical sense, situated all
over the mucous membrane of the nose and sensitive to more than one hundred thousand
irritants, and the thermal sense located in the nasal cavity and sensitive to varying levels of air
temperature and relative humidity, providing that the air temperature is different from the
mucosal temperature which is ~30-32oC. Certain harmful pollutants such as radon or carbon
monoxide are not sensed by humans at all and cannot be quantified using sensory evaluations
of air quality. The sensory effects may still in many cases provide a first indication of a possible
health risk since human senses have an important warning function against danger in the
environment. Several methods can be used to quantify the sensory effects on humans. The
method described here is based on human observers rating the acceptability of air quality. The
advantage of using acceptability is that this approach allows individual occupants of indoor
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spaces to be the final arbiters of whether the indoor air quality is acceptable or not. The method
assumes that the assessments of acceptability of air quality integrate different sensory
stimulations into one measure from which the perceived air quality can be assessed. The method
has been used extensively in numerous laboratory and field investigations.
2

DESCRIPTION OF THE METHOD USED FOR THE MEASUREMENT OF
PERCEIVED AIR QUALITY

Acceptability of air quality is evaluated by human observers using a continuous visual analogue
scale. Observers are instructed to indicate whether the quality of air to which they are exposed
is acceptable or not. The scale is usually preceded by the following sentence: “Imagine that
during your daily work you are exposed to this air. How do you assess the air quality?“. This is
done to create proper context. Assessments of acceptability of air quality are made immediately
upon exposure to pollutants as the number of inhalations may cause olfactory fatigue
(adaptation) and thus affect the sensory evaluations. Prior to the next evaluation, observers take
several inhalations of unpolluted air. The exposure may be partial (e.g. nose or face) or full
(whole body), the former being usually used in laboratory evaluations in which an assessment is
typically made after just one inhalation of the air being evaluated and the latter in field
measurements where observers render acceptability judgements after entering a space and take
usually more than one inhalation. The type of exposure may also affect the sensory evaluations.
All evaluations are rendered independently of other observers and without influence from a
person conducting the measurements. The assessments in different locations are randomized and
balanced for order of presentation. Using mean acceptability ratings, the percentage dissatisfied
with the air quality can be calculated.
3

FACTORS INFLUENCING THE MEASUREMENTS OF PERCEIVED AIR
QUALITY

The selection of human observers (subjects) evaluating the air quality can affect the results of
the measurements of perceived air quality. Theoretically, the observers from the relevant
population for which the measurements are addressed should be selected. This may be difficult
to achieve in practice. A rational compromise is to select observers of a similar age, as age has
been shown to have a major impact on sensitivity, while gender and smoking status are of less
importance. The sensitivity of observers should nevertheless be documented separately. The
number of observers evaluating the air quality affects the accuracy of measurements. This is
due to considerable variation in ratings of acceptability of air quality among individuals as a
consequence of variation in chemosensory sensitivity in combination with variables such as
personality, preference, mood and prior experience. 30-40 observers are usually selected.
Human senses exhibit reduction in sensitivity with time of exposure when the air is polluted by
odours (adaptation) while augmentation of response with time of exposure when the air is
polluted by irritants. It has been documented that the strong adaptation occurrs already in the
course of the first seven inhalations, corresponding to an exposure of about 24 seconds. As it is
often difficult to conduct measurements in which observers take only 1 inhalation when
rendering the assessment of air qualitythese results imply that some sensory adaptation would
always be present when the measurements of perceived air quality are made. Studies have
shown that perceived air quality is strongly influenced by the humidity and temperature of the
inhaled air, even when the chemical composition of the air is constant, and the thermal
sensation for the entire body is kept neutral. Consequently, when the air quality is measured
using sensory assessments of acceptability, the thermal conditions of the inhaled air should be
well documented.
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A review of European standards related to measurement at
air terminal devices
Carl Welinder
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SUMMARY
Two European standards EN 16211:2015 and EN 12599:2012 describe measurement methods for air flow.
The methods can be used at supply or exhaust air terminal devices, ATDs, or in ducts.
Both standards include the methods air flow hoods, bag and reference pressure method. EN 12599 presents a
compensation method with a test chamber and the effective area, Ak-method. EN 16211 also includes two types
of air flow hood compensation methods.
In addition to air terminal measurements, the standards also present in duct measurement methods. The methods
and some conditions of use are presented.

KEYWORDS
Air flow measurement methods, European standard, EN16211:2015, EN 12599:2012

1

ORIGIN OF EN 16211 AND 12599

In the Nordic countries, Denmark, Finland, Norway and Sweden, there has been a long
tradition and need to install, balance and test ventilation systems in buildings. Due to climate,
energy tight houses have been built and a tradition of controlled air exchange has been
developed. A Nordic guide on how to measure was developed by Professor Anders Svensson,
today retired. His work resulted in 2015 in the European standard EN 16211.
EN 12599 originates from Germany and combines how much and what needs to be measured
together with how to measure.
2

MEASURING METHODS IN EN 16211:2015 AND EN12599:2012

EN 16211 “Measuring of air flows on site – methods”, including 41 pages, covers air flow
rates measuring methods and their uncertainties.
EN 12599:2012 “Test procedures and measurement methods to hand over air conditioning
and ventilation systems”, including 85 pages, covers the extent of checks and measurements,
what to measure (electric current, air flow, air temperature, filter pressure drop, ductwork
leakage, humidity, sound, air velocity) and special agreed measurements, uncertainty and test
reports.
Below follow the different measuring methods in the two standards.
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2.1

Air terminal air flow measurement methods in EN 12599 and EN 16211

Figure 1: Flow hood / funnel measurement

Flow hood / funnel air flow measurement method is illustrated by Figure 1. Especially for
supply air measurements, large uncertainties can occur due to non-uniform flow, pressure
drop and leakage. EN 16211 mentions that the flow direction should be uniform (equalized
flow pattern) in the measuring unit. It is assumed that this occurs if the length of the hood is at
least three times the largest hydraulic diameter of the hood. If not the measuring method
needs to be calibrated / checked with other measuring methods. Such methods can be the
reference pressure method (at terminal or in duct), the bag method or any in duct method such
as air velocity points measurement in a cross section, pressure drop over fixed devices or
tracer gas measurement.
There are compensations methods for the pressure drop: two point measurement with
calculation of the unrestricted flow and the zero-pressure drop measurement with a built-in
fan in the flow funnel. By covering part of the hood it is noted if the flow is reduced and if
there is a need to use a pressure compensation method.

Figure 2: Example of a supply and an exhaust pressure drop air flow measurement

By the pressure drop method the air flow is calculated from a pressure drop over a valve or
throttle device. The k-factor is supplied by the supplier of the valve and is multiplied by the
square root of the measured differential pressure. Instead of square root another exponent
could be used.
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Figure 3: The bag method

The bag method uses a bag with a calibrated volume. The flow is the volume of the bag
divided by the time it takes to fill it. Two persons are normally needed. The picture does not
show the stop watch and a differential pressure meter, both used to measure when the bag is
full.
The effective area, Ak-method, is presented in EN 12599 with reference to EN 12238. The air
velocity is measured at the air terminal, which works like a nozzle. The air velocity is
multiplied by an effective area given by the manufacturer of the air terminal.
EN 12599 also present a “zero” measuring chamber method. A chamber is controlled to zero
pressure difference by a fan. Compared to the room the pressure is regulated to zero and the
flow from the supply is collected in the chamber. The equipment is equipped with a flow
measuring device.
2.2

In duct air flow measurement methods in EN 12599 and EN 16211

Figure 4: Pitot static tube or velocity probe points in duct method.

EN 16211 requires 4 to 8 measurement points that are selected according to a table. It requires
also that the velocity in any point is less than 1.4 times the velocity in the center, that no back
flow occurs and that the cross-section is in a straight duct at least 5...6 times Dh downstream
from a disturbance, such as a bend. The uncertainty of this measurement is 10% (instrument =
5%, method = 8%) with 95% confidence level. The method stipulates that the flow is
multiplied by 0.89 for diameters lower than or equal to 160 mm. The calculated air flow is
density compensated.
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EN 12999 divides the cross-section in equal area annular rings. An uncertainty calculation is
made depending of the number of measurement points and distance from disturbance. For
circular ducts a multiple of four points is chosen. For a measurement uncertainty of 10%, nine
points (but will be 12 points - since a multiple of four points is used) are required for a
disturbance minimum 6Dh upstream. In section 2.4.2 there are rules regarding minimum air
velocity in relation to the diameter of the Pitot static tubes. There is also a formula for
reducing the flow depending of the area of the probe in the air stream. For a 9 mm probe in a
duct with diameter 100 mm, the reduction factor is 94%.
The difference between EN 16211 and EN12599 could lead to different results and could be
investigated by using other measurement methods, such as pressure drop over orifice plates in
laboratory conditions. For circular ducts, the reduction factors for EN 16211 have been
recommended by “Slutrapport, Nordtest Prosj. 1463-99 from Norges Byggforskningsinstitut
Rev 2001.05.23.”

Figure 5: Tracer gas method

The tracer gas method inserts tracer gas in the air flow and calculates the flow. It is important
that a good mixing takes place.
3

UNCERTAINTY OF MEASUREMENT

Both standards stipulate the measurement uncertainty to be stated with probability coverage
of approximately 95%. EN 16211 calls this the expanded measurement uncertainty, being
twice the standard measurement uncertainty. EN 16211 divides the standard measurement
uncertainty into standard instrument uncertainty, standard method uncertainty and standard
reading uncertainty.
4

FUTURE DEVELOPMENT OF EN 12599 AND EN 16211

When revising the standards one idea is to present all the measurement methods in EN 16211
and refer to these methods from EN 12599 and from other standards, such as prEN
14134:2017 "Ventilation for buildings - Performance measurement and checks for residential
ventilation systems". Another idea is that a revised EN 16211 will require further and more
detailed air flow hoods / funnel conditions. EN 16211 may also be extended by including
some more measuring methods such as the effective area method and the in duct cross-section
equal area points measurement method.
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SUMMARY
The different methods for air flow rate measurement at air terminal devices are presented in this
overview, such as van anemometer with a cone, small velocity probe (thermal probe or small vane
anemometer), compensation method, etc. Several measurement methods are available on the market at
highly variable cost. However some of these methods are suspected to lack reliability.
Some of these measurements methods are not really appropriate for the measurement of flow rates at air
terminal devices, with errors up to more than 50% in some cases!
This overview paper aims at identifying the main problems of measurement at ATD and possible
solutions to overcome these problems. This is based on the lab measurement tests and on site
measurement campaigns carried by different research team the last years: BBRI in Belgium, BSRI in
the UK, Cetiat in France and LBNL in the USA.
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air flow rate, vane anemometer, compensation method, measurement cone, measurement hood, measurement error

1

INTRODUCTION

The measurement of the ventilation air flow rates is necessary for the adjustment of the flow rates in the
different rooms, as part of the commissioning. Flow rate measurement is also of primary importance in
the context of compliance with the regulation or other requirements. For small and residential
applications, the measurement of air flow rates at air terminal devices (ATD) is a very common
measurement method. The advantage of the measurement at the ATD is also to measure the flowrate
really delivered in the room itself.
Several measurement methods at ATD are available on the market at highly variable cost. The different
methods for air flow rate measurement at air terminal devices are presented in this overview, such as
van anemometer with a cone, small velocity probe (thermal probe or small vane anemometer),
compensation method, etc.
However, some of these methods are suspected to lack reliability.
This overview paper aims at identifying the main problems of measurement at ATD and possible
solutions to overcome these problems. This is based on the lab measurement tests and on site
measurement campaigns carried by different research team the last years: BBRI in Belgium, BSRI in
the UK, Cetiat in France and LBNL in the USA.
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2

OVERVIEW OF THE MEASUREMENT METHODS

One of the most common method used to measure the flowrates at ATD is the vane anemometer where
the air speed is measured thanks to a propeller. In this first case, the propeller covers the whole section
of the cone.
An alternative measurement method consists of using a small probe (thermal or vane anemometer) in as
specific cone. In this case, the air speed measurement occurs only at one central point of the section of
the cone, where the small probe is positioned.
Larger hoods are also frequently used, especially for large ATD and high flow rates in commercial
buildings. In this case, a large hood is used to bring the flow rate toward a measurement instrument,
where different flow rate or air speed measurement principles can be applied.
The compensation method is a specific measurement method where an additional fan inside the
measurement instrument is used to compensate the pressure drop of the measurement instrument itself
so that the instrument is not “seen” by the ATD and ductwork.
Finally, many alternatives of these methods also exists and are continuously developed by
manufacturers.

Figure 1: Overview of common measurement methods for flowrates at air terminal devices, from top left to
bottom right: vane anemometer, small probe in a specific cone, larger hood, and compensation method.

3

MAIN PROBLEMS FOR THE MEASUREMENT AT ATD

Different studies have been recently carried out to check the measurement error of different methods to
measure the airflow rates at ATD.
Different approaches have been followed, such as: (1) in lab measurement, comparing the method to be
tested with a reference flow rate measurement, (2) on site measurement, comparing the method to be
tested with a reference measurement instrument known to be reliable or previously tested in lab.
The aim was mainly to test different measurement methods rather than to test specific trademarks of
instruments. Therefore, where possible, different trademarks for a same measurement principle have
been tested.
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3.1

Systematic error rather than random error

First of all, this is important to note that the measurement error observed with some measurement
methods is most often a problem of systematic error rather than a problem of random error. In other
words, if the measurement is repeated several times with the same instrument, the deviation of each
measurement against the average of the measurements (random error) is limited while the deviation of
the average of the measurement against the reference value (systematic error) is bigger, up to more than
50% in some cases.

Figure 2: Comparison of systematic error and random error for the tested measurement methods at ATD carried
out in BBRI, Belgium.

3.2

Problem of back pressure or insertion loss

One of the problem of the air flowrate measurement at ATD is the pressure drop created by the
instrument itself, possibly influencing the working of the ventilation and then the delivered flow rate.
This source of error depends mainly on the type of ductwork (branched or not), the pressure drop of the
ductwork and the type of fan (axial or centrifugal). Roper et al. reported large measurement errors when
a measurement method without compensation (for example vane anemometer) was used to measure
decentralized ventilation system (mounted on wall or ceiling), with very low pressure difference and
axial fans.
One of the solution to overcome this problem is to use an instrument with compensation method where
the pressure drop created by the instrument itself is compensated by the fan integrated in the instrument
itself.

3.3

Problem of non-uniformity of the flow rate

A second common problem for the measurement of air flow rate at ATD is the non-uniformity of the
flow pattern at the ATD.
Several situations can cause this non-uniformity, such as specific flow pattern at the ATD, swirl,
directional flow, high local velocities, presence of an elbow before the ATD, ATD adjusted too closed.
Several authors reported that such non-uniformity of the flowrate at the ATD can degrade drastically
the reliability of the measurement with van anemometer, larger hood and small probe in a specific cone.
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The problem is probably that the flow rate and the air velocity pattern is not homogeneous at the point
of measurement, generating measurement error. For example with a small probe in a specific cone, the
measurement occurs only at one point at the centre of the flow section while the air velocity can be very
different from on point to another of this section.
Measurements using different instruments with pressure compensation have proven that the
compensation method can largely overcome this problem of non-uniformity of the flow rate at ATD.
However, some instrument equipped with a fan for compensation gave also bad results and larger
measurement errors. The key point with the compensation method is probably not only the compensation
itself with the fan, but rather the fact that these instruments are equipped with a stabilisation device,
such as a grid with very small holes, that help to stabilize the flow pattern before the measurement point.
Of course, such stabilisation devices create generally higher pressure drop and the compensation fan is
then very useful to compensate this additional pressure drop created by the instrument itself.
Alternative stabilisation methods also exist to overcome this problem of non-uniformity of the flow
rates. One example is the use of an additional duct piece with a length of about 30 cm developed by the
manufacturer of a vane anemometer. Such device is well suited to overcome the non-uniformity of the
flow at the ATD, but not to overcome the problem of back pressure.

3.4

Problem of non-centering of the instrument on the ATD

Another possible problem is the centering of the instrument on the ATD to be measured. Additional
measurement errors have been reported when, for example a vane anemometer with a large cone, is used
at different position related to the ATD to measure the flow rate.
Again, the method with pressure compensation has proven its effectiveness to overcome this problem.

4

CONCLUSIONS AND PERSPECTIVES

The compensation method with sufficient stabilisation of the flow gives reliable measurements at the
air terminal device in all the tested conditions (less than 10% error). This method uses a flow hood and
combines a grid for the stabilisation of the flow and an auxiliary fan for the compensation of the pressure
drop of the device, mainly due the stabilization grid (zero pressure differential). It has also been shown
that the principle of pressure compensation as such is not enough to assure reliable results. The
stabilisation grid plays probably also an important role given that another instrument with pressure
compensation but without stabilisation grid gives bad results in certain measurement conditions.
For vane anemometer combined with a flow hood, the following conditions can have a dramatic effect
on the measurement error: air terminal device with asymmetric flow rate, air terminal device adjusted
in nearly closed position, measurement instrument not perfectly centred on the air terminal device, etc.
Some new development shows that a stabilisation of the flow is also possible with vane anemometers.
Finally, another problem is the influence of the pressure drop created by the measurement instrument
itself. Again, the compensation method presents also the advantage of neutralizing this additional
pressure drop.
Based on these results, more attention should be paid from the commissioner over the choice of the
measurement instrument in terms of reliability. As there are only very few reliable instrument on the
market, there is a real need for the development of such instruments for the measurement of flow rates
at the air terminal device.
The different measurement problems and errors identified in this overview highlight also the problem
of the choice of a reliable measurement method and how a method could be declared as reliable or not.
The identified measurement problems are mainly caused by the combination of a given measurement
instrument with a specific type of ATD, flow rate pattern or measurement conditions. Because of the
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large number of different ATD on the market and measurement conditions in practice, the calibration of
a given instrument in standardized lab conditions is not enough to overcome these problems.
One possible solution would be to develop a standardized methodology to test the reliability of
measurement instrument in different standardized measurement conditions (type of ATD, flow rate,
flow pattern, centering, etc.) in order to determine with instrument is reliable in which measurement
conditions.

5
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SUMMARY
The difficulty in measuring IAQ indicators like VOCs and particles, lies in the multiplicity of the composition of
these pollutants. Analysis of the responses of some low cost IAQ sensors when subjected to real sources of
pollution shows that they do not react homogeneously, due to their sensitivity and post-treatments. These sensors
can be used by consumers to understand the effect of their actions on the evolution of IAQ indicators, not to rely
directly on the values displayed. Calibration with multisource pollutants, robustness and durability assessment
are required before using low cost sensors for ventilation control.
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1 NEW TREND OF SENSORS FOR IAQ ASSESSMENT
Taking advantage of the boom in connected objects, the number of new low cost IAQ sensors
available on commercial websites increases each month. These stand-alone sensors are
compact, affordable for consumers (less than 200 €) and controlled via smartphones. The first
of them began to measure CO2 levels. New ones propose measurement of particulate matter
and/or volatile organic compounds (VOCs). CETIAT decided to study last ones and to get 6
of them (Laser egg, Speck, Aereco, Uni-T, Foobot, Awair) in order to better understand how
they work and test their responses in a controlled environment. All of them measure
particulate matters and 3 of them also measure VOCs. Two sensors of each type were
provided; Tests were not performed on both each time, because of the difficulty to connect
them to internet or to collect data.
2 ASSESSMENT OF LOW-COST IAQ SENSORS
2.1 Heterogeneous measurements and sensitivity
Sensor characteristics available on manufacturers' technical specifications are heterogeneous
and not detailed enough to assess uncertainties and robustness. Information collected shows
disparities between sensor sensitivities: they do not measure the same pollutants; some
sensors measure particles with diameter from 0.3 to 10 µm whereas others are restricted to
0.5-3 µm diameters; for VOCs the list of gas taken into account is usually not exhaustive.
Moreover the results are not expressed in the same unit and equivalence between mass
concentration (µg/m3, mg/m3, PM2.5, PM10) and numbers (ppb, ppL) measurements requires
strong assumptions either for particles (assumptions on density, sometimes different for each
size of particles) or for VOCs (unknown molar mass of a gas cocktail which depends of each
pollutant source).
2.2 Measurements in CETIAT test Room
Sensors were installed in a test room of 8 m3, equipped with an external fan connected to a
high efficiency filter in order to renew air between each test. Different types of pollutants
were injected in the room and stirred with an indoor fan. Selected results are presented below.
Sensors were exposed to incense smoke (composed mainly by ultrafine particles) and tobacco
smoke (composed mainly by fine particles). Figure 1(a) and (b) show the differences of
responses between 6 sensors for particles measurements and also the difference of responses
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between the two types of smoke, both on values on time response. In another test, sensors A,
B and C were placed together exposed to a low and stable pollution level: the displayed
values were 5, 15 and 30 µg/m3. Sensors were exposed also to VOCs pollutant, contained in
the incense smoke and in cleaning wipe. Figure 1(c) shows results for two pairs of sensors
giving VOCs results in ppb. The values displayed are homogeneous between pairs of sensors
(G1 and G2, H1 and H2) and heterogeneous between two types of sensors (G and H);
Sensitivity to tobacco smoke or cleaning wipes VOCs pollutant are very different for sensors
H or G. Those results show that low-cost sensors react in different ways to different sources
of pollutant. The end-user refers to those sensors to follow deviations on usual pollutions; he
cannot rely on the values given.

(a)

(b)

(c)

Figure 1: Sensors do not react with the same sensitivity to incense smoke, tobacco smoke and cleaning wipes

3 CONCLUSION
Before choosing a sensor, it is necessary to ask the question of its use: global information for
consumer? Quality information for IAQ assessment at expertise level? Values for demand
control ventilation? Depending on the end use, the quality requirements of the quality of
measurement are different. For example the RESETTM program (Cheng, 2017) defines three
grades of sensors, linked with their potential use: Calibration, commercial or consumer grade.
Low-cost IAQ sensors are in the last consumer grade. They may be sufficient to ensure
qualitative information and to enable the user to familiarize himself with his IAQ, even if
some may overreact or minimise pollution episodes.
The very large disparity in the measurement ranges between all the low-cost sensors tested in
CETIAT may result from differences in the sensitivity of the sensors and/or due to averages
that reduce extreme values. The difficulty with particles and VOCs is that the composition of
the pollutant differs for each source. If sensors are calibrated with one gas or with one specific
type of particles, this is not reflective to real pollution. Caron (2016) has shown it for VOCs
sensors and Li (2017) has shown the impact of the nature of particles on the sensor posttreatment. The use of low cost IAQ sensors to control ventilation must be preceded by a
calibration on multiple sources of pollutants in accordance with ISO 16000-29 and -34
procedures, before any design process. Robustness and durability have also to be assessed.
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ABSTRACT
Over the past few years there have been advances in sensing of some pollutants, primarily particles, that might
lead to ventilation controls based on direct sensing of pollutants – particularly those relating to health. In this
study we evaluated low-cost (about $200 US) IAQ monitors that measured PM2.5 - the most important healthrelated pollutant in indoor air. Controlled laboratory tests were carried out with known sources of particles
(cooking, cleaning, candles, cigarettes) and by comparing the IAQ monitors response to research-grade and
reference measurement methods. The results show a wide range of performance with the better IAQ monitors
able to detect most particle sources/events and the worst ones detecting almost none. The best devices perform
well enough to reliably operate a ventilation or filtration system but do not always report the correct magnitude
of PM2.5 so there are restrictions on their use for calculating health effects.
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1

INTRODUCTION

Current Indoor Air Quality (IAQ) standards and approaches to minimizing pollutants depend
almost exclusively on using dilution with outdoor air for some generic, continuously
generated contaminant (e.g., ASHRAE Standard 62.2-2016). Some standards include
measurement of CO2 (e.g., EN 13779 standard (CEN, 2007) and NEN 8088 (NEN, 2011)) –
however this is not because CO2 itself is a pollutant of concern, but rather because it can be
used as an occupancy indicator or as something that correlates with bioeffluents. Ideally, we
would like to measure contaminant concentrations directly and ventilate to control their
concentration within acceptable limits. This would ensure that concentrations do not got too
high (as they can if emission rates exceed our assumptions) and also allow for ventilation
reductions, and resulting energy savings, if concentrations are low. Until recently, it was
impractical to consider direct contaminant control in residential (and many commercial)
spaces due to the high cost and maintenance requirements for monitoring equipment. In the
past couple of years low-cost sensors have been developed for some contaminants of concern
– the greatest example of which is for particles. These sensors have been incorporated into
low-cost (<$250 US) IAQ monitors. This has opened up the possibility of direct control of
ventilation (and filtration systems) by sensing particles. However, it is important to evaluate
these monitors to determine if their results are sufficiently good to control a ventilation
system.
In this study we performed laboratory experiments to compare the output of seven low-cost
monitors to laboratory grade and reference particle measurement methods. The laboratory
tests used a range of particle sources to determine if the monitors can reliably detect common
household particle emission events. It should be noted that an important aspect of this work is
consider particle size. The current state of the art is that particles less than 2.5 microns in
diameter (PM2.5) are of the most concern for health. There are some concerns that smaller
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submicron particles (less than 0.1 microns in diameter) may also be a health hazard, although
the evidence for these smaller particles being a significant health hazard is not as strong. Most
of the monitors evaluated for this study do not directly have a way of disaggregating results
by particle size. For those that do we used the total and did not size disaggregate the results.
Instead they employ calibrations or signal conditioning to take the raw output of a particle
sensor and translate it into a reported particle concentration. Therefore, our results include
both the response of the particle sensor and whatever calibration has been used by the
manufacturers of the IAQ monitors. Not all particle emission events emit particles in these
ranges (as will be shown in our results). The results can be used to assess the ability of these
devices to provide a reasonable control signal for a ventilation system. The results of this
study are discussed in more detail in Singer and Delp (2018) together with more information
regarding individual sensor performance and discussion of potential indoor particle sources.
2

LABORATORY TESTING

The experiments were conducted in a 120 m3 laboratory with a 5.8 m by 7.1 m floor plan, as
illustrated in (Figure 1). The room was continuously mixed with fixed direction and
oscillating fans. Consumer and research particle monitors were placed on a wire shelving unit
co-located with reference instruments in the central area, sufficiently far from source activities
that measurements should reflect average room conditions rather than concentrated plumes. In
a subset of experiments, filter samples were collected for time-integrated, gravimetric mass
determination. During source activities, outdoor air exchange was provided solely by natural
infiltration with no mechanical ventilation systems operating. After the source activity ended,
particles were allowed to naturally decay over a period of variable duration. In most
experiments, after about 1 hour of decay exterior doors at opposite ends of the laboratory
were opened to rapidly ventilate the room and remove residual particles and co-pollutants.
During the experiments, the outdoor air exchange rate was measured by a tracer decay method
and varied from 0.5 to 1.1 h-1 with a median of 0.7 h-1. Several mixing fans were placed in the
test chamber to create uniform particle concentrations. Baseline measurements were taken
prior to each source activity. The baseline values were subtracted from the measurements
taken during the source activity and integrated over time to calculate mass integration
measurements for the source.

Figure 1. Plan view of test laboratory .
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2.1 Particle Sources
The purpose of this study was to compare consumer and research monitor response to
reference instrumentation for typical indoor-generated aerosols, therefore, we did not try to
precisely control the source emissions. Instead, we used sources that might commonly occur
in a home. There were 16 distinct sources: recreational combustion included candles,
cigarettes, and incense; mineral sources included an ultrasonic humidifier without a filter,
Arizona test dust, and shaking of a workshop dust mop; cooking sources included heating oil
in a steel wok on gas or electric burners, frying bacon and toasting four slices of bread in a
toaster oven, and stir-frying green beans in oil on a gas burner. Cooking sources that produced
large numbers of particles with low to moderate mass concentrations and almost all below 0.3
m included heating water in a covered pot on a gas stove, heating a gas oven, cooking a
pizza in the gas oven, cooking pancakes on a lightly oiled pan over medium heat, and toasting
bread in a well-used electric toaster oven. Each source was active for about 10-15 minutes.
The highest 5-min baseline-subtracted mass concentrations (adjusted Mini-WRAS data)
varied from 21 g m-3 for the pancakes to 721 g m-3 for one of the green-bean stir-fry
experiments. The highest number concentrations varied from the AZ test dust and dust mop
experiments (at 2–5 x103 cm-3) to the Bacon + Toast experiment at 2 x105 cm-3. The five
experiments with the lowest peak mass concentration (Pancakes, Pots on gas burners, Oven,
Pizza, Burnt Toast) were in the middle of the distribution of peak number concentrations (6th
to 18th).
Table 1. Particle sources
Source
Humidifier
Incense
AZ Dust
Beans
Toast
Bacon+Toast
GB Oil
Burnt toast
Dust mop
Candles
Gas+Pots
Oven
Pancakes
Pizza
Cigarettes
Electric Oil

Description
Ultrasonic humidifier, cleaning cartridge removed
Incense stick (Shanthimalai Red Ng Champa)
AZ test dust (0-3micron) manually puffed from bag
150g frozen green beans, 15g canola oil stir fried in steel wok on gas stove
Single piece of bread, medium-toasted in used electric coil toaster oven
280g bacon fried on gas stove; 4 slices bread med-toasted in toaster oven
15g of canola oil brought to bubble in steel wok on gas stove
Slice of bread, dark-toasted in used electric coil toaster oven
Aggressive shaking of a 90cm wide workshop dust mop
5 unscented dinner candles, lit with butane lighter
Two covered 5L pots, half-filled w/H2O, heated on gas stove
Gas oven heated to 400F over 12 min after ~4 y of no use
Two batches pancakes cooked on a lightly oiled fry pan on gas burner
Gas oven heated to 400F 14 min; frozen pizza cooked
3 cigarettes lit with butane lighter, smoldered until self-extinguished
15g canola oil brought to bubble in fry pan on an electric coil burner

2.2 Particle Monitoring Devices
A Grimm Mini Wide Range Aerosol Spectrometer Model 1.371 (Mini-WRAS) was used as a
reference for 1-minute resolved data and also to provide distributions of particle number and
mass concentrations. The Mini-WRAS combines an electrical mobility analyzer that counts
particles in 10 size bins from 10 to 200 nm with a laser-based optical particle counter that
provides particle counts in 15 size bins from 0.2 m (200 nm) to 2.5 m plus 16 bins between
2.5 and 35 m. The Grimm estimates volume concentration from the size-resolved number
concentrations by assuming the particles are spheres, then calculates mass assuming a density
of 1.68 g cm-3. The density is a user-definable parameter that enables the Mini-WRAS to
measure aerosols with varying composition.
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Seven consumer grade monitors were selected for testing. All devices were available for retail
purchase in the US in early 2017 and had either been tested previously by the US EPA or AQSPEC for outdoor use, or the research team had learned of their use in one or more citizen
science projects. We also used two research-grade monitors that are often used in field and
laboratory studies. Summary information for the monitors is listed in Table 2. All of the
monitors have a data reporting interval that is reasonable for use as a ventilation controller
where we are unlikely to want to make changes on a time scale of less than 5 or 10 minutes.
Table 2. Consumer and research grade monitors evaluated in this study.
Device
[Code]
AirBeam
[AB]

Cost
($US)
$249

Air Quality $280
Egg
[AQE]
AirVisual $200
[AVN]
Awair
$199
[AWA]

Data
Particle sensor
Notes
interval
1 sec
Shinyei
Full schematics and program available on github
PPD60PV
https://github.com/HabitatMap/AirCastingAndroidClie
nt/tree/master/arduino/aircasting
Web site mentions PM2.5 several times, but does not list
the specs
1 min
Shinyei
Talks about PM2.5, but lists the operating range 0.5PPD42
10 m
10 sec

AVPM25b

10 sec

Sharp
GP2Y1010AU0F
Sharp
GP2Y1010AU0F

Sensor developed by AirVisual. Nominally reports
PM2.5 for particles 0.3-2.5
m.
Product lit describes measurement as “PM”. Range of
0-500 g/m3. (This corresponds to linear range for
voltage output as specified on Sharp sensor sheet.)
Proprietary ‘learning’ algorithm applied to the signal.
Product literature describes as PM2.5 covering range of
0.3-2.5
m
g or ±20%
0-1,300 g/m3 ±4
Reports # in 6 size bins; PM1, PM2.5, PM10. Calibrated
to ambient PM in Beijing.
Counting efficiency: 50% @0.3 m 98% >=0.5 m
Consistency error: ±10
g/m3 @0-100 g/m3, ±10%
3
100-500
g/m
Calibrated with AZ dust. Machine learning algorithms
applied to sensor signal.
Product literature notes range of 0.5-3 m.

Foobot
[FOB]

$199

5 min

PurpleAir
PA-II
[PA]

$229

80 sec1

Plantower
PMS1003

Speck
[SPK]

$200

1 min

Syhitech
DSM501A

Thermo
~$6000
pDR-1500
[PDR]

20 sec

Proprietary

Calibrated with SAE Fine AZ dust. Precision:
±0.5% of reading or ±0.0015 mg/m3, whichever is
larger, for 10 sec averaging time.
Accuracy: ±5% of reading ±precision

MetOne
BT-645
[BT]

1 min

Proprietary

Calibrated with 0.54m diameter polystyrene
latex spheres
Accuracy: 5%

3

~$3000

RESULTS

3.1 Example data
Figure 2 presents some example results illustrating the different time and magnitude
responses of the monitors. The plot shows two very large sources – candles and oil heated on
a gas burner – that produced clear and substantial, though not fully quantitative responses by
all analyzers. The Egg, Awair and Speck all reported only a small fraction of the actual mass
concentration. Emissions from the dust mop, which were concentrated in the largest particles,
produced responses of some but not all devices; though for this source the Speck response
was substantially higher than the estimate of actual mass concentration. Using the gas cooktop
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burners to heat water in covered pots and heating the empty oven produced large numbers of
particles below 100 nm and modest mass concentrations as indicated by the Mini-WRAS
signal (GRM), but no perceptible response of the other monitors. It is also interesting to note
that the Speck baseline appears to have shifted following the candle source event.

Figure 2. Example results from five source experiments. For devices that sampled more frequently than each
minute, data have been averaged for 1-min resolution. The top portion of plot shows the distribution of mass by
particle size.

Figures 3 through 7 summarize the test results for the monitors, broken down by the type of
particle source. The inset plot in each figure shows the particle size distribution. This is
important because these results show that the monitors are sensitive to particle size – in
particular for the <0.3 micron particles from combustion & cooking (in Figure 7).
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Figure 3. Response to dust and humidifier sources (generally larger particles)
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Figure 4. Response to recreational combustion sources
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Figure 5. Response to frying and toasting
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Figure 6. Response to heating oils on gas and electric cooktops
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Figure 7. Response to cooking events that mostly emit small particles

4 DISCUSSION
The results show that the research-grade devices worked well, with the exception of events
dominated by small submicron particles. This is expected due to the inability of the lightscattering sensors in these devices to detect such small particles.
Among the consumer grade monitors, the Egg and Speck showed the most problems. The Egg
had very low responses across a wide range of events. The Speck had inconsistent correlation.
The Awair had decent correlation but also had responses that were consistently low in
magnitude. The AirBeam, AirVisual, Foobot, and Purple Air were better at detecting a wide
range of sources, with the Foobot and Purple Air generally showing the most accurate
responses. The exception for the Purple air was low responses to events dominated by large
particles, such as the Arizona dust and the duct mop. For both the Speck and Awair the
manufacturer claims to have upgraded the sensor since these experiments were performed.
As a group, the monitors generally missed sources that had the vast majority of their mass
below 0.3 microns, including use of gas oven or cooktop cooking that did not include frying
with oil. The exception was the Purple Air, which had low responses but high correlations,
suggesting that it saw the events but not quantitatively. Note that PurpleAir is particle counter,
which is more sensitive to low-levels.
5 CONCLUSIONS
Overall, these results suggest that the low-cost monitors will miss important sources of
ultrafine particles and sources that may contribute to PM2.5 mass exposures in homes, and
therefore we cannot generally say that these devices are suitable for controlling ventilation
systems. However four monitors were acceptable for identifying sources that emitted a lot of
PM2.5: AirBeam, AirVisual, Foobot, Purple Air, and may have some value not as a primary
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control for a ventilation system, but perhaps to control and auxiliary boost function to
increase ventilation during high particle events. They could also be used to operate stand
alone filter units.
6
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ABSTRACT
This study deals with ventilation effects on measured and perceived indoor air quality (IAQ) in a demonstrator
building where IAQ problems can occur. Unlike outdoor air, indoor air is usually recycled continuously, which
makes it trapping pollutants. Indoor air quality (IAQ) is characterized by a pollutants' concentration, as well as
air temperature and humidity. The study's aim is to implement an efficient and smart ventilation system while
leaning on continuous measurements of indoor air pollutants in a demonstrator building via a smart sensor based
on a Raspberry Pi 3 model B+ card. Such a monitoring system measures atmospheric pollutants (CO2, CO,
VOCs, formaldehyde, PM2.5 and benzene) and also comfort parameters (temperature and humidity). It is
intended to locate the source influencing the IAQ and, thereby, it will certainly be very helpful to users and to
obtain interactive cartography of IAQ. To achieve this, an IAQ monitoring system has been proposed with a
newly added feature which enables the system to identify the sources influencing the level of IAQ. It has been
developed through a series of measures. Measurements showed that the system is able to measure the air quality
level and successfully classify the sources influencing IAQ in various environments like ambient air, chemical
presence, human activity, etc. It turned out that the CO2 level was higher during the occupation periods. Note
that classrooms were excessively confined during occupancy periods by calculating the ICONE air containment
index. In terms of hygrothermal comfort, the air was dry and very hot, especially in winter. However, the current
ventilation system regulates the airflow according to the CO2-concentration only and does not consider the
classrooms' hygrometry. This upsets occupants comfort and influences their productivity.

KEYWORDS
CO2, Indoor Air Quality (IAQ), Hygrothermal comfort, Smart ventilation, Smart sensor.

1 INTRODUCTION
In the context of the third industrial revolution (TIR), energy renovation has become essential
to achieve energy savings in the existing building. As a result, it has become an ecological
and social imperative. Increased insulation of buildings and the use of certain materials and
products may increase indoor air contaminant concentrations in the absence of effective
ventilation. On average, we spend 90% of our time in closed places, and the air we breathe in
is not always of good quality. Sources of pollution are potentially numerous (building
materials, furniture, paintings, carpets, etc.). The main indoor air pollutants are: CO2, CO,
Formaldehyde, VOCs (Volatile Organic Compounds), Ozone, Benzene, and PM2.5 (Fine
Particulate Matter). Several studies carried out by the World Health Organization (WHO,
2000) or (ANSES, 2014) argue today that the quality of indoor air (IAQ) is a public health
issue.
Occupants are exposed to the harmful effects of indoor air pollution for many years
(Vilčeková and al., 2017). In addition, many diseases are due to poor "IAQ". To date, 12
million French suffer from respiratory allergies according to WHO (World Health
Organization). This questions us about IAQ breathed daily (12.103 l of air/day). In fact, indoor
air is 8 times more polluted than outdoor air according to the Observatory of Indoor Air
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Quality (OQAI). For example, the European OFFICAIR project (Mandin and al., 2017)
focused on IAQ in 37 office buildings. The indoor air quality (IAQ) refers to the health and
comfort of building occupants. Consequently, understanding and controlling common
pollutants indoors can reduce the risks of indoor health concerns.
The poor quality of indoor air is due to multiple factors. These include excessive moisture,
poor temperature, excess VOC, PM2.5 particulate matter (48,000 deaths per year due to
PM2.5). In addition, recent studies have shown that there is a direct link between IAQ and
individual productivity. In fact, the cost of absenteeism for sick people is 40 billion euros /
year in France. In addition, thermal comfort, IAQ, occupant perceptions and impacts of poor
IAQ are poorly studied (Sekhar and Goh, 2011).
The main factors associated with poor IAQ are: poor efficiency of some ventilation systems,
lack of fresh air and excess CO2 content (Ai and al., 2016). In many studies (Krzaczek and
Tejchman, 2012), it has been suggested that measurement of CO2 content may be useful for
understanding IAQ and ventilation efficiency. In fact, effective ventilation eliminates
pollutants generated indoors or dilutes their concentration to acceptable levels (Seppänen and
Fisk, 2004).
Health and economic issues related to IAQ are important. As a result, it seems important to
plan actions to improve both IAQ and energy savings. Ventilation is an important part of
building energy consumption (Cao and al., 2016). Since 2005, the effects of air change rate
on occupant health have been examined by a multidisciplinary group (Sundell and al., 2011)
and (Seppänen and al., 1999). In the literature, several studies have shown that the ventilation
rate in classrooms is often below the minimum value (Fisk, 2017). In addition, the effect of
IAQ in school environments negatively influences academic performance (Mendell and
Heath, 2005). Therefore, finding a compromise between the energy aspect and the health
aspect is very delicate. For this purpose, we have proposed a solution based on the study of
intelligent ventilation that helps to maintain the health of occupants in terms of IAQ while
optimizing the rate of air renewal. The influence of ventilation flow on IAQ has been studied
in several studies. When the ventilation rate is high, the IAQ is better (Seppänen and al.,
1999). The Ministry of Environment and Health launched the IAQ Action Plan in 2013. Our
study is based on the automation of the existing ventilation system in the demonstrator
building using a smart sensor that we developed in-situ. This sensor measures several air
pollutants (CO2, VOCs, formaldehyde, benzene, CO, PM2.5) as well as comfort parameters
(temperature, humidity, etc.). The sensor is developed via a Raspberry Pi 3 card that allows
the connectivity of the case. The measurements are made in real time and allow the building
manager to know the comfort situation (thermal and sanitary) in each space of the building
and act instantly in case of malfunction of the ventilation system.
2

DESCRIPTION OF THE EXPERIMENTAL APPROACH

We conducted three sets of IAQ measures and comfort parameters in the demonstrator
building located in Lille. We measured CO2, VOCs, formaldehyde, CO, benzene, ozone and
PM2.5. The comfort parameters were evaluated (temperature and humidity). At first, one of
the rooms of the building (T201) was instrumented. Note that this room can accommodate up
to 56 students (see Figure 1 and Figure 2).
2.1

Geometry of the instrumentation room and positioning of the sensor

The instrumentation of the room (T201) was carried out by placing the sensor in the middle of
the wall behind the occupants and at a height of 1.50 m above ground level (the height of
sitting occupants). In general, the sensor must be close to the source of pollution.
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T201-class
Area = 69.412 m²

Sensor position

Figure 1: T201-room 3D view

2.2

Figure 2: T201-room dimensions and smart sensor position

Strategy of the experimental study

The strategy adopted here is based on 4 steps. The first is to determine the experimental room
for measuring air pollutants. The second is based on the development of the box connected
with a Raspberry Pi card that includes all sensors measuring air pollutants and comfort
parameters (T °C and HR %). The third step is storing measurements in the database and
viewing in real time on the webpage / display screen. The last step focuses on the action of
the ventilation system, according to the data sent by the housing, on the modulation of the air
flow according to the comfort situation.
We propose a solution that ensures a compromise between the needs of sanitary comfort (in
terms of IAQ) and hygrothermal comfort while ensuring an energy saving of about 20%. A
good IAQ improves occupant productivity by reducing absenteeism.
Figure 3 and Figure 4 summarize our measurement strategy.

Figure 3: IAQ measurement protocol in the demonstrator building

Demonstrator
building
Modulation of air flow
according to the
measurements of air pollutants

Measurements of air pollutants (CO2, Formaldehyde,
benzene, VOCs, PM2.5) + comfort parameters (T °C
and RH %)
Data processing
and ventilation
system action

Storage and visualization of
measurements in real time
(database and web page)
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Figure 4: The strategy protocol for measuring IAQ and comfort parameters

3

RESULTS AND DISCUSSION

In this section, we analyse the results of the three measures. A questionnaire was put in place
to know the perception of occupants (students) relative to the IAQ and thermal comfort.
3.1

CO2 concentrations during the three measurement campaigns in room T201

During the three measurement campaigns, CO2 levels exceed 103 ppm (parts per million),
which is the maximum value recommended by ASHRAE 62 (ASHRAE, 1988). Remember
that CO2 is produced by the human body during breathing. It is related to human occupation
and air change rates. Indeed, when room T201 is occupied, the CO2 content becomes
important. In periods of vacancy, its concentration does not exceed 400 ppm. Moreover, after
the course periods, its concentration drops to a minimum value. Indeed, the variation of the
CO2 content is proportional to the occupation. Figure 5 shows the temporal evolution of the
CO2 concentration and the change in the number of occupants, respectively.
The three curves shows (Figure 5) that some spades correspond to a large number of
occupancy except that CO2 concentrations remain low. As the calculation of the occupation
number was based on the planning of the T201-room. This explains that the classroom was
occupied without being indicated in the schedule. Hence the interest to follow the variation of
the occupation with a sensor which allows to count the exact number of the occupants as there
is a strong relation between the occupants and the production of CO2. This is the next step in
this work.

CO 2 concentrations (ppm)

Occupants

Figure 5: CO2-concentrations and occupancy rate during the three measurement campaigns

The measurement group during the off-season (March 2017) has very high CO2
concentrations compared to those in winter and summer. The maximum value of CO2 during
this period exceeded 2.25x103 ppm for 5 hours. CO2 concentrations are low during weekends
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and at night. Outside these periods, these concentrations were very high. This influences the
health of students and generates headaches and lack of concentration. High concentration is
due to inefficient ventilation. In order to better visualize the link between CO2 and occupancy,
we calculated the "ICONE" air containment coefficient (see Eq. (1)) for the three
measurements and when T201-room was occupied.
3.2

Calculation of the ICON air containment index

The CO2 concentration measurements in room T201, obtained during the three measurement
campaigns, make it possible to define the ICONE index of the premises. This index
characterizes the quality of the air change for a given room and occupancy. The decree of
January 5, 2012 (Ribéron and al., 2016) provides for the calculation of the ICONE based on a
continuous measurement of the concentration of CO2 in the air. The ICONE index varied
between 0 and 5 (Table 1).
Table 1: Values of the ICONE index and nature of confinement
Value of the ICONE index
ICONE < 0.5
0.5 ≤ ICONE < 1.5
1.5 ≤ ICONE < 2.5
2.5 ≤ ICONE < 3.5
3.5 ≤ ICONE < 4.5
ICONE ≥ 4.5

Selected value of the ICONE index
0
1
2
3
4
5

Nature of confinement
Null
Low
Way
High
Very high
Extreme

The ICONE index is calculated according to the following formula ((Eq. (1)) and Table 2.

 2.5 
ICONE  
 log10 1  f1  f 2 
log
2


10



(1)

2
f1 is the proportion of values between 103 and 1.7*103 ppm  f1  n1 / (  ni )  and f 2 is the proportion of



i 0



values greater than 1.7*103 ppm  f 2  n2 / (  ni )  avec


i 0


2

Table 2: Coefficient ni of the ICONE index (with i = 0; 1; 2)

n0

Between 0 and 103 ppm

n1
n2

Between 103 and 1.7*103 ppm
Greater than 1.7*103 ppm

The ICONE shows that the CO2 content is between 4 and 5 (very high and extreme) during
the month of March 2017 (Figure 6). This indicates that the occupancy density is high and the
air change is insufficient, showing that the ventilation system is not efficient. The analysis
shows that the measurement of CO2 cannot be considered alone as an indicator of chemical
pollution of indoor air. It is important to measure other pollutants to assess IAQ.
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Figure 6 : Calculation of the ICONE during the three measurement campaigns in T201-room

3.3

IAQ assessment

From Figures Figure 7 and Figure 8, the CO2 concentrations are high and the average value
remains below 103 ppm. In addition, the concentrations of other air pollutants are low
compared to the recommended values. Regarding IAQ occupancy perception, over 60% of
occupants surveyed (out of a sample of 100) rated IAQ as good and about 5% as poor (Figure
7). These results can be explained by the lack of perception of the notion of air quality by the
occupant. They are unable to determine the parameters to assess IAQ. Occupants perceive
IAQ by nasal sensation since most pollutants are odorless and therefore difficult to detect and
therefore difficult to detect. It turned out that the answers are contradictory, since more than
50% of the people questioned suffer from several symptoms due to bad IAQ (25% of nasal
congestion, 19% of difficulties of concentration, 34% of tiredness, 13% of headaches) (Figure
9). All these symptoms are due to a high concentration of CO2 in the room. In relation to dust,
more than 43% complain of a feeling of dust during class periods.
63%

20%
9%

5%

2%
Extremely
good

Very good

Good

Slightly poor

Poor

1%
Very low

Figure 7: Occupant perception of IAQ in T201-room
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17%
20%
19%

13%
4%
2%

45%

50%
13%
12%
25%

18%
12%
5%

64%

81%

Figure 8 : Average values of IAQ in T201-room

Very existing

Figure 9: Distribution of responses based on symptoms of poor IAQ

3.4

Hygrothermal comfort evaluation

Occupants health is influenced not only by IAQ, but also by felt comfort. However, we
plotted the comfort parameters (T °C and RH %) using the bioclimatic diagram (Figure 12).
The ambient humidity varies between 21 and 51% (air being dry). This circumstance can be
explained by the regulation of the ventilation system based solely on the temperature
measurement. In addition, it is found that the temperature is too high (on average 24 °C) in
the room during the entire measurement period (offseason). Knowing that the comfort
temperature for a seated person is 21 °C, this one is not established in this case. In fact, the
analysis of the comfort questionnaire shows that 80% of occupants (Figure 10) were hot and
the air was dry. As a result, more than 42 % occupants (Figure 11) found that hygrothermal
comfort conditions were not met (in terms of T °C and RH %). It should be noted that, as
soon as it is hot, users tend to open the windows, which leads to a waste of energy.
In fact, the analysis of the comfort questionnaire shows that 80% of occupants were warm and
the air was dry (Figure 10). From these results, we can state that working conditions are not
comfortable. This leads to absenteeism and a drop in the productivity.
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Figure 10: Occupants perception of indoor temperature - March 2017
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Temperature

20%

19%17%
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Cold

Slightly cold

Slightly warm

9% 11% 9%
Hot

Very hot

Extremely hot

15%
10%

39%
31%

Indoor Air Quality (IAQ)

Figure 11: Occupants perception of IAQ and comfort- March 2017

The comfort zone was calculated according to HS (equations (2-3)).
HS 

0.622  psat    RH
101 325  psat    RH

2

3 802.7
 472.68  

psat    exp  23.3265 


  273.18    273.18  


(2)

(3)

where RH is relative humidity [%], HS is specific humidity [kgeau.kgair hum-1], psat is saturation vapor pressure
[Pa] and θ temperature [°C].

Review of Figure 12 shows that more than 60% of the points are located in zone 1 (drought
zone) and less than 40% are located in comfort zone 4 (hygrothermal comfort polygon). The
ambient humidity varies between 21 and 51% showing that the air is dry. It should be noted
that the regulation of the current ventilation system is based only on the measurement of the
temperature and not the temperature and the RH %, which explains why the air was dry
during the month of March. In addition, our findings seem consistent with the March 2017
survey (the hygrothermal comfort zone being between 1 and 4).
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Figure 12: Comfort zone location in the T201-class (March 2017)

3.5

Development of the smart sensor

The results of the three sets of IAQ measures and comfort parameters show that ventilation is
not effective. In other word, the high CO2-concentrations indicate that the ventilated airflow
in the demonstrator building is not sufficient. Hence, to improve IAQ and comfort without
increasing energy consumption, we proposed a solution that consists in automating the
ventilation system to regulate the flow of blown air and extract it if needed via a smart sensor.
The developed sensor will equip the demonstrator located in the Lille city (France) to monitor
the variation of IAQ and comfort. The "smart sensor" is connected to a Raspberry Pi model
3B card whose the main purpose is to connect the smart sensor (IAQ and comfort parameters)
with a ventilation system using the IoT technology (Internet of Things). Measurements are
stored in a database via Wi-Fi. Figure 13 shows the development approach of the sensor
connected to the Raspberry Pi model 3B card as well as the air pollutant sensors that have
been integrated. The smart sensor is in the design and improvement phase.

Figure 13: Development of the smart IAQ sensor and comfort parameters (CO2, VOCs, CO, Formaldehyde,
Benzene, PM2.5, humidity, temperature, etc…)

4

Conclusion

This study focuses on indoor air quality (IAQ) measurements and comfort parameters in a
demonstrator building. The high CO2-concentrations measured in the instrumentation room
show that the current ventilation system is not adapted to the occupants needs and the rate of
air change is not sufficient. To achieve the intended goal, we have proposed a solution based
on the development of an intelligent sensor that measures indoor air pollutants and comfort
parameters (CO2, VOCs, CO, formaldehyde, benzene, PM2.5, humidity, noise and brightness)
in real time. Based on these measurements, the information is sent to the building managers in
case of malfunction of the ventilation, air conditioning and heating systems.
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The ultimate goal is the deployment of a hundred smart sensors in the demonstrator building
to map the quality of indoor environments (IAQ and comfort parameters) to identify the most
polluted parts. Subsequently, the stored measurements are analysed by algorithms and control
actions are sent to the ventilation system to adjust the airflow to the actual needs dynamically.
In this way, energy consumption is better controlled and comfort conditions are ensured.
5
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ABSTRACT
Conventional building management systems are costly to install in existing buildings. Building services fail,
which results in a cascade of incorrect responses, or occupants and administrators misuse systems. A possible
way to reduce the installations costs is to use wireless sensor networks (WSN) to monitor and control building
services.
Monitoring of building services provides several challenges. Access to the sensor nodes is intermittent and often
requires coordination with building administrators or occupants, so the sensor nodes need sufficient battery
power to last several months or years.
In this paper we describe a low-power low-cost generic sensor platform that can be configured to sense several
variables at each node only by adding the sensors. With the platform, we are able to deploy a high-resolution
monitoring system to identify and correct faults with sufficient battery power to last several years.
The paper describes the developed hardware and software package that is used to sense data, transmit them, store
them and visualize. The hardware components are without import restrictions to the European Union and all the
software is free and open-source. All the choices are discussed and explained in the paper.
One major challenge is that the wireless network must transmit through building materials, such as concrete. Our
development weighed the advantages of a low-bandwidth, long-range protocol like LoRaWAN against the
advantages of a high-bandwidth, short-range protocol like Nordic nRF24L01+ or Zigbee, which may require
several repeaters. Another challenge that was handled is security and encryption.
As such, the platform focuses on digital sensors that meet performance criteria, such as power consumption,
stability, precision and accuracy.

KEYWORDS
Wireless sensor networks, monitoring, building services, visualization

1

INTRODUCTION

Consequences of inappropriate building operation are occupant complaints, discomfort and
reduced productivity which leads to reduced tenant retention and reduced asset value of the
building (Annex 47, 2010). In the USA, as much as 30 % of energy consumed by heating,
ventilation and air-conditioning (HVAC) and lighting in commercial buildings results from
inadequate monitoring and control (Kim & Katipamula, 2017). This illustrates how expensive
malfunctioning HVAC systems can be.
The facility managers are without the appropriate tools to diagnose problems. The Building
Management System may indicate that there is a problem, but it is very unlikely to be
collecting the necessary forensic data to solve it (Noye et al., 2015).
Wireless sensor networks that operate in parallel or overlaying the BMS data can make highresolution temporal and spatial data abundantly available (Dong et al., 2010; Painter et al.,
2012). Wireless sensor networks (WSN’s) are evolving at a very quick pace, yet the state-of the-art platforms all suffer from different weaknesses like too short range, no versatility,
limited sampling rate, proprietary protocols, excessive computing power, costly backend
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solutions and recurring fees (Hamilton, 2018; Sigfox, 2018; Disruptive, 2018). The most
versatile solution with long-range transmission capability for the built environment that we
are aware of is currently the powerful Waspmote platform from Libelium (2018), yet to
deploy dozens of sensors in a building, it is quite costly.
This paper presents a versatile sensor platform that can collect data with optimized wireless
battery-powered nodes, and be able to transmit data over long distances in the built
environment, store data and display them at a minimum cost and with full control of the user.
2

SETUP

The setup relies on hardware components that are exactly suited for the purpose with no
excessive computing power and open source software. Figure 1 illustrates schematically the
sensor network, the wired and wireless connections and the data management platform based
on open source software and services,
Wireless sensor network may have different topologies: either “mesh” or “star” or hybrids.
The mesh topology is compelling because the nodes are inter-connected, and act as relaystations for each other. This increases the likely-hood that data transmissions are received
eventhough some nodes malfuntions and principally it expands the range of the sensor
network, because the data packet can be passed between multiple nodes before it reaches the
gateway. However, the relay-mode does not fit well with long battery life. Some nodes, at
least, has to be powered, and experience has shown that to benefit from the mesh, a minimum
number of sensors is required and you need to adhere to some minimum distances between
the nodes to ensure alternative data transmission lines.
The star topology requires one powered gateway to be in the center of the “star”, and if you
require extended range in some areas, it is simple to add a powered repeater.

Figure 1: Schematic of the sensor network
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2.1

LoRaWAN

LoRaWAN is a Low Power Wide Area Network (LPWAN) that employs the star topology
and has end-to-end encryption based on AES128.
In the built environment, concrete walls with rebars are the most hostile type of wall to radio
transmitted signals. LoRa modulation is a derivative of the Chirp Spread Spectrum (CSS)
modulation, which was originally developed in the 40’s for military radars, and has later in
history been used in space communication due to its relatively low transmission power
requirements and robustness to interference. Thus it is also suitable for the built environment,
where multi-path and interference is always the risk.
The LoRa protocol uses a frequency with restrictions. In Europe, this means that the device
can only use 1% of the duty cycle. This means that if your transmission air time is 1 second,
you have to what 99 seconds before the next transmission. However, in the worst case the air
time of a packet of 20 bytes is 1.2 seconds, making it possible to send again after 2 minutes.
Thus we consider the low-bandwidth long range LoRaWAN protocol to be superior over 2.4
GHz implementations (Bluetooth, Hamilton, Nordic nRF24L01+, Zigbee and others).
2.2

Nodes

The major components of the nodes are the:
 Arduino-based board (Adafruit Pro Trinket 3.3V) is optimized for size, computing
power and memory (2 kB, 70% used max). The Pro Trinket is based on the
ATmega328p micro-controller running at 12 MHz
 RN2483 LoRaWan compliant radio module from Microchip for long-range sub-1 GHz
transmisson (868 Mhz)
 1/8 wave length antenna for short, sturdy antenna design rated at 868 MHz
 Some sensor connectors for a versatile platform that accepts different sensors like
temperature, humidity, luminosity, radiant temperature, CO2, VOC’s, PIR, sensors
with extension wires, 3-axis accelerometer, 3-axis magnetometer and more.
 Battery container for two AA or two AAA batteries

Arduino
Sensor
connections

LoRaWAN module
Antenna

Battery container
Figure 2: The sensor node with the five different main components
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In Figure 3 the wiring of the modules can be seen. SDA and SCL are also marked on the
diagram, they are used for the HIH6120 ambient temperature and humidity sensor.
Port 6 on the Pro Trinket is also marked, since this is where the DB18b20+ temperature
sensors are connected with their data pin, see paragraph 2.4.
The Adafruit board is modified in two manners:
 The onboard diode (green) emits light when the board is powered, but it uses nearly 3
mA. Consequently, this has been removed. The other (red) diode on the board only
lights up during start-up sequence and was left on the board
 The onboard 3.3V regulator allows different voltages to be connected to the board
through the BAT+ connection (4.5-16V). However, the regulator is a substantial
energy consumer and with two AA alkaline batteries in series (providing 3-3.2V), the
board is powered directly without the regulator
Pro Trinket

Figure 3: Wiring diagram between Pro Trinket and RN2483
2.3

Node software

The software for the nodes is made with the Arduino Integrated Development Environment
(IDE), which can be downloaded form arduino.cc. This project uses the currently newest
version 1.8.5
Table 1: Required Arduino libraries for the nodes
Library
SoftwareSerial
TheThingsNetwork
CayenneLPP
OneWire
DallasTemperature
Low-Power
HIH61xx
AsyncDelay

Version used
1.0.0
2.5.7
1.0.0
2.3.4
3.8.0
1.6.0
2.0.1
1.0.2
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The software is made to be versatile. Each sensor type has an ID-number, and to add new
sensor types, this should just be added in the software. During start-up, the node searches for
the diffferent sensor types and if found, the read value is included in the data transmission
packet.
2.4

Sensors

In general there are two types of sensors, analog and digital. This platform uses digital sensors
as they are straight forward to implement, as long as they can operate at the voltage of the
system, and connect to the microcontroller with I2C, SPI, Two Wire, one Wire or similar
protocols. Also, they come pre-calibrated from the production. Also, digital sensors emit less
heat, which reduces the negative impact on other temperature-sensitive sensors.
The platform was tested with the high-end combined air temperature and humidity sensor
HIH6120 from Honeywell and a couple of OEM water-proof DB18b20+ sensors with
extension cords.
2.5

Battery life

The current draw was measured during sleep, wake-up, measuring, transmitting and receiving
as illustrated in Figure 4. Table 2 lists the exact values. The sensor node is set-up to transmit
and to listen twice for acknowledgements from the gateway, 1 and 2 seconds after the
transmission.
The node runs on 3.0 V battery pack provided by either rechargeable or alkaline batteries of
type AA. Alkaline batteris of this size typically comes with the capacity of 1500 mAh, and
Table 3 lists the expected battery life

Transmission

Receive windows
Measure
RN2483
sleep

Wake
Sleep

Idle

Sleep

Figure 4: Current draw during different node states
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Table 2: Current usage in the different states with a payload of 17 bytes
Library
Time
Current
Transmit
73 ms
46 mA
Receive
200 ms
19 mA
Idle
2450 ms
7.3 mA
Sleep
4 μA

Table 3: Battery life estimate on two AA 1500 mAh alkaline batteries
Sample rate
Awake average
Total average
Battery life

2.6

1min
9.2 mA
421 μA
148 days

10 min
9.2 mA
45 μA
1367 days

The Things Network

There are many suppliers of LoRaWAN’s but one popular one is the free service from The
Things Network (TTN). The network is community driven, meaning that all members can
setup their own gateway, and give the whole network access to it through TTN. TTN then
supply the backend infrastructure.
Because TTN is community driven a fair access policy is implemented which limits how
much each device can uplink and downlink. Each device can uplink a total of 30 seconds each
day, and receive a total of 10 downlink messages a day. The limitation of 30 seconds will
limit how often as well as how many times a device can uplink messages each day. The air
time depends on how large the payload is, as well as the spreading factor (SF). The limit on
downlink messages is due to the fact that while the gateway can receive on 8 channels at a
time, it can only transmit on one channel.
The only downside of using The Things Network as ‘relay station’ is the downtime which is
higher than for competing and commercial platform Loriot.io. Also the Fair Access Policy has
too downsides:
 if you need coverage in places far from the gateway, and thus need higher spreading
factors, or just need a short interval between transmissions
 conﬁrmation that every message sent is also received by the network server is not
possible
2.7

Range

The range was tested with a spreading factor of 7 and a bandwidth of 125 kHz, which has the
shortest range, but highest data rate. The range was tested at DTU by testing the throughput of
data from various distances between node and gateway, as illustrated on Figure 5. The red dot
is the gateway. At position A approx. 50 m from gateway all messages are received, at
position B, not all, at position C, none. There are approx. 8 concrete walls between the red dot
and position A.
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Figure 5: Range test in built environment. The gateway is located in the red dot.
3

DATA MANAGEMENT

The Things Network merely acts as a transmission agent and therefore a server, or in this lowcost focused case, aRaspberry Pi, must be ready to receive the data. The Raspberry Pi runs
Debian OS and has 16 GB of SD-card storage, enough to store data from hundreds of nodes
for many years. On top of the Debian OS, the Raspberry Pi runs Node-RED, influxDB and
Grafana for data management.
3.1

Node-RED and influxDB

Node-RED is a programming tool for wiring together hardware devices, APIs and online
services. It provides a browser-based editor that makes it easy to wire together flows using the
wide range of nodes in the palette. In this implementation, Node-RED has been used to wire
the incoming data from The Things Network with influxDB, which is an open source
database specialized in time-series data.

Figure 6: Illustration of the browser-based ‘wiring’ tool that combines incoming transmission
data with the influx database.
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3.2

Visualization

For visualizing the data and providing metrics, we find the open-source analytics platform
Grafana to be suitable (Grafana, 2018). Grafana allows you to query and visualize your data
in customizable dashboards like the one shown in Figure 7. Note that the battery voltage may
also be part of the data packet. In this manner, the battery power may be supervised and alerts
be created.

Figure 7: Example of Grafana customizable dashboard.
4

COSTS BREAKDOWN

The cost-benefit ratio is essential when deploying a large number of extra sensors in
buildings. Consequently, the initial costs as well as the running costs of the sensor network,
the data storage and the processing are listed in Table 2. The hardware has some initial costs,
as well as the batteries
Table 4: Cost breakdown of sensor network
Component
Arduino
Radio chip
Antenna
Battery container
Temp + RH sensor
Node container
Sum Per Node
Raspberry Pi
SD-card 16 GB
RP container
Gateway (TTN)
Software

Approx. price ex
VAT (Euro)
10
13
7
1
10
5
46
35
14
6
300
Open source
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5

IMPROVEMENTS

There are a number of improvements that present6s themselves:
 The Arduino micro-controller and the RN2483 radio module can be fused together on
a printet circuit board which saves some minor components and creates multiple lossfree connections between MCU and radio chip.
 The range can be improved if the wire from the RN2483 radio chip to the antenna is
matched with the characteristic impedance of 50 Ω. The solution to this matching
problem is a printet circuit board made for the module and antenna, this way it is
much easier to control the impedance, through the dimensions of the trace going from
the module to the antenna. Without the correct matched connection, some of the
energy delivered from the transmitter to the antenna, is reﬂected, which means that the
signal is not as strong as it could be.
 To use energy harvesting, the alkaline batteries may be replaced with a LiPo
rechargeable battery in combination with a PV-element or a Peltier-element, but at the
expense of introducing a power consuming voltage regulator. Hence, the energy
harvesting solution is a trade-off between battery life on ordinary non-toxic alcaline
batteries, the energy available for harvest and the parasitic energy losses related to
storage and voltage regulation.
 There is a commercial alternative available to the sensor nodes: The Things Uno board
made by the The Things Network. The Things Uno is a prototyping board in the
Arduino uno formfactor, which provides the microcontroller and the LoRaWAN
compliant RN2483 module made by Microchip. Both the node and the uno, can be
programmed with the Arduino IDE, to ﬁt the needs of the user. The price for The
Things Uno is 50 euros excluding accessories.
6

CONCLUSIONS

The paper presents a readily available platform that can help facility managers and researchers
alike to gain insight into building operation using a generic low-cost hardware and software
platform. The Arduino platform provides a versatile platform for development of the node
software, and plenty of libraries for the hardware. The node software, provides a versatile
approach to sensors, and automatically detect when a sensor is connected, and sends the data
to the gateway without customisation.
In terms of battery life, the platform can operate for years on ordinary alkaline batteries and in
terms of range, the hardware seems also to perform adequately with the LoRa radio
transmission protocol, but can be improved with better antenna design.
The Grafana, InﬂuxDB and Node-RED combo is a powerful solution for visualisation of the
data, and is available for free.
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ABSTRACT
The air tightness of eight apartment buildings containing six to eleven units each on three or four floors has been
tested with and without guard-zone pressure, i.e. with and without consideration of internal leakages. The layouts
of these buildings varied: two of them had no central stairwell, in two other buildings, only some of the apartments
were connected to the central stairwell, and the third type had all apartments connected to a central stairwell.
During these tests, two to eight BlowerDoor systems were used simultaneously to create guard-zone pressure
conditions.
In this report, the authors evaluate the test results of three buildings of different layout types.
Furthermore, a reference model for the specific air permeability of all construction materials used in the interior
and exterior envelopes of each apartment was created for two buildings in accordance with the German Industrial
Standards (DIN). We present the results of this assessment and put them in context with the results of the
airtightness tests with and without guard-zone pressure.
The results indicate that the air leakage contribution of internal partitions is significant, namely 32% and 27%
respectively. As this affects sound transmission, fire protection, odor transfer and the quality of ventilation, it is
essential not only to assess the airtightness of the exterior, but also of the interior envelope of each apartment.

KEYWORDS
Air tightness
Guard-zone testing
Apartment buildings
Internal leakages

1

INTRODUCTION

The ventilation of a building occurs through windows and other intended penetrations of the
building envelope providing fresh air to the users of the building. In contrast to intended
ventilation, the air tightness of a building defines the infiltration and exfiltration rate of a
building, i.e. the exchange of inside and outside air through leakages in the building envelope.
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Air leakage of the assembly (subsystem) such as wall, window or interface between wall and
window or penetrations is of course unintended and should be minimized for energy
efficiency, draught exclusion and to avoid convective moisture in construction components.
Furthermore, air will permeate through many of the materials used in exterior or interior
partitions as a specific characteristic of the materials on a much smaller scale than leakage air
flows.
Since 1995, the airtightness of buildings can be checked in practice against the limit values of
the Thermal Insulation Regulation (WSVO, 1994) in the Federal Republic of Germany.
During the past 20 years, many mostly smaller buildings (single-family houses) were tested.
The limits of the 95 WSVO and stricter requirements, for example as established in
Switzerland or for certified passive houses in Europe, are feasible. They can even be undercut
significantly. A design for airtightness, determining the location of the air barrier and
considering the materials and connections, facilitates practical implementation on site.
So far, the measuring principle and the assessment of leakages in large apartment buildings
and in single-family houses is much alike. Operating time, equipment, and organization is
more intensive for large buildings, while the testing period is frequently more constricted due
to tighter deadlines. Many leakages in large buildings are of the same type as in single-family
houses. However, new types of leakages occur in apartment buildings, such as elevator
ventilation, internal leakages between individual units, installation ducts, individual
penetrations for electrical lines, and centralized or compartmentalized ventilation ducts.
Internal leakages connect one heated area to another or to unheated areas like stairwells,
basements, or unheated attics.
Due to greater propelling forces or buoyancy in (multi-story) apartment blocks, leakages can
potentially cause greater damage. Larger residential buildings are usually used more
intensively and their humidity load is consequently higher. A larger share of leakages tends to
accumulate in the roof area. When this occurs in apartments with a larger share of the building
envelope or is even combined with increased risks on several accounts, good indoor-air
hygiene and health conditions, the protection of occupants and the building from damages
caused by excess humidity, and the performance of ventilation systems are at stake.
2

DEFINITIONS
2.1 “guard-zone pressure” and “compartmental testing”
Air tightness testing can be conducted in the whole building, in each single compartment/unit
separately or with guard-zone pressure between one or several units of a building.
The whole building can be tested as a single zone, when all units within the building are
interconnected, for example by a shared stairwell. Where this is not the case, all units can be
tested simultaneously, using the same pressure.
In a single unit compartmentalization test, each single unit is tested separately with a
blower door, whilst adjacent spaces are not under pressure.
Very large buildings can be divided in sections, with several fans installed in adjacent
sections of the building to create identical air pressure conditions. All airflows are adjusted to
diminish pressure differences between sections. In consequence, no airflow will pass between
adjacent sections, so that only leakages on the external envelope are recorded. This
technique, the so-called guard-zone test, is useful to measure only one part of a building that
is retrofitted or when one wants to establish interior air leakages. However, a guard-zone test
may not work, if internal leakages are too large.
The airflow rates of the guard-zone tests are deducted from those of the single unit
compartmentalization tests to determine the proportion of internal leakages.
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2.2 Definition of “large buildings” and their permeability limits
According to German Industrial Standard DIN 4108-7 (DIN 4108-7, 2011) and the Energy
Savings Regulation 2014 (EnEV, 2013), “large buildings” have an internal volume of 1,500
m³ or more. For large buildings, the enclosure air leakage or permeability q50 is specified
additionally to the air change rate n50. The legal limits for enclosure air permeability q50 for
buildings without mechanical ventilation are q50 ≤ 4.5 m³/m²h and q50 ≤ 2.5 m³/m²h for
buildings with ventilation systems. This applies when the building envelope is tested,
following testing procedure B (according to DIN EN 13829 (DIN EN 13829, 2001) and in
accordance with ENEV 2014).
When procedure A (according to DIN EN 13829 and in accordance with DIN 4108-7 (DIN
4108-7, 2011)) is employed, a building is tested under normal conditions of use. Then, the
limit is q50 ≤ 3.0 m³/m²h as a general requirement!
3

OBJECT AND TEST CONFIGURATION
3.1 The testing procedure
After compliance with legal standards was verified, the leakage flow and the distribution of
leakages within the building and on the building envelope was analyzed in more detail. We
wanted to confirm an accumulation of leakages in ground floor or top floor apartments, or
units with a large share of the building envelope. To this end, the following tests were
conducted:





Air tightness test of the entire building as a single zone
unguarded air tightness tests of all individual apartments
“compartmentalization” test
guard-zone tests of all individual apartments with analog pressure in all
apartments / building zones

We aim to identify the proportion of internal leakages in overall leakages of the entire
envelope of an apartment. How large is the impact of internal leakages?
3.2 Tested buildings to date
A total of eight apartment buildings have been tested unguarded and with guard-zone
pressure.
4 apartment buildings with eleven units each in Osnabruck
In Osnabruck, four apartment blocks (OA, OB, OC, OD)
with 11 apartments each and an internal volume of 2,360 to
approx. 2,500 m3 were tested. The buildings have central
stairwells. Compartmentalization tests and guard-zone tests
were performed in most of the units. In addition, the air
tightness of the entire building as a single zone was tested.

Figure 1: Sectional view of apartment building OA in Osnabruck with a schematic view of a guard-zone test of a
third floor apartment.
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2 apartment buildings with six units each plus a communal space in Iserlohn
In Iserlohn, A free standing building (IE) and an
annex to an existing music school building (IF)
with internal volumes of 1,420 m³ / 1,175 m3
were tested. Compartmentalization tests and
guard-zone tests were performed in all units. In
building IE, we also tested the communal space.
The buildings have no internal stairwell. The
apartments are accessed via galleries and a
common outside staircase. In building IF (not
shown in Fig. 6), all apartments except one are
multistory.
Figure 2: Sectional view of apartment building IE with six apartments and a communal space in Iserlohn
showing the test setup.

2 apartment buildings in Iserlohn with eleven units each
Furthermore, we tested the airtightness of
apartment buildings IG and IH with eleven
units and an internal volume of 2,880 m³
each. Both buildings have an internal
stairwell, but only five, respectively four
apartments have access to it. The ground
floor apartments can be entered directly
from outside, the second floor apartments
are accessed via galleries.
Compartmentalization tests and guard-zone
tests were performed in all units.

Figure 3: Sectional view of apartment building IH with 11 apartments in Iserlohn showing the test setup.

Since only seven, respectively eight Blower Door Systems were available, four / five
apartments with access to the stairwell were treated as one single section during guard-zone
testing. The remaining six / seven apartments were each equipped with a Blower Door
System. The guard-zone tests were repeated five / six times, so that a guard-zone test was
performed in each apartment, including those with direct access to the stairwell.
Compliance with legal requirements
All buildings are equipped with central exhaust air systems and according to German Energy
Savings Regulation (EnEV, 2013) consequently must meet the requirements: An air change
rate n50 of 1.5 h-1 and an air permeability of the envelope area q50 of 2.5 m³/m²h. In all guarded
tests of the complete buildings, all eight objects comply with requirements for the n50 air
change rate and the q50 envelope-based air flow (air permeability at 50 Pa). In seven of the
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eight buildings, the weighted mean of all single unit compartmentalization tests also complies
with the requirements. With 2.64 m³/m²h, only the result for the q50 averaged from the
external envelope of building IE exceeds the limit. The test results of individual unit
compartmentalization tests in three out of four top-floor apartments at Borsigstraße in
Osnabrück also exceed the limits. Their shed roofs have a timber construction.
4

RESULTS
4.1 Key results for the examined objects

Table 1: air volume, airflow, envelope area and airflow rates based on volume / envelope area with and without
guard zone pressure in all tested buildings. The colored highlighting of the air change rates shows a qualitative
assessment of the results.
Buildings

OA
OB
OC
OD
IE
IF
IG
IH

V

Envelope

V50

n50

with
guardzone*

with
guardzone

n50

q50

q50

compa
rtmentalized

with
guardzone

compar
tmentalized

[m³]

[m²]

[m³/h]

[h-1]

[h-1]

[m³/m
²h]

[m³/m
²h]

2 400
2 365
2 385
2 150
1 420
1 175
2 880
2 855

960
1 010
1 060
925
750
725
1 440
1 480

1 514
1 244
1 205
1 050
1 299
1 156
2 168
2 427

n/a
n/a
n/a
n/a
0.92
0.95
0.75
0.85

0.63
0.53
0.51
0.49
1.40
1.27
1.10
1.10

n/a
n/a
n/a
n/a
1.73
1.54
1.50
1.64

1.58
1.23
1.14
1.14
2.64
2.06
2.19
2.13

Color
Coding

Appraisal of
Result

0.41-0,5
0,51-0,6
0,61-0,7
0,71-0,8
0,81-0,9
0,91-1,0
1,01-1,1
1,11-1,2
1,21-1,3
1,31-1,4
1,41-1,5
1,51-x

Very good

Good

Exceeding legal
requirement for
buildings with
mechanical
ventilation

The n50-values shown under “with guard-zone” are the test results of the guard-zone tests,
respectively referring to each entire building.
The n50-values shown under “compartmentalized” are the weighted medium of all single unit
compartmentalization tests conducted in all units of the building, including stairwells where
they exist. The airflow rates of the guard-zone tests are deducted from those of the single unit
compartmentalization tests to determine the proportion of internal leakages.
Proportion of interior leakage in the air leakage of the apartment / in the average
enclosure air leakage
In buildings IE, IF, IG and IH, the proportion of internal leakages within the entire
building comes to 22% to 36% respectively.
For buildings OA, OB, OC and OD, the proportion of internal leakages in all apartments
totals between 26% and 31%. The stairwells were not tested individually.
4.2

Proof of internal leakages between apartments in building IH

Due to internal leakages, the test results for individual apartments mutually affect each other.
This is particularly evident at building IH. The airflow rates measured in apartments atop
each other are interdependent. Figure 4 depicts a pressure profile with the mutual reaction of
apartments IH 1.3 and IH 3.3 during a depressurization test. We turned off Fan IH 1.3 in a
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ground floor maisonette apartment just before 9 pm resulting in a much higher airflow rate in
second floor apartment IH 3.3 during depressurization. The shutdown of fan IH 1.3 has no
impact on the airflow rates in other apartments. Two minutes later, fan IH 1.3 is started again,
resulting in an inverse reaction of the airflow rate of fan IH 3.3, which settles eventually at
approx. -8 Pa. The only other fan reacting to this change of pressure is Fan IH 1.1 with a
visible, but small amplitude (a deviation of up to 3 Pa). With less than 48 m² net floor area,
apartment IH 1.1 on the ground floor is the smallest unit in the building. Changes in the
airflow rate have a much higher impact in this apartment than in others with a net floor area of
more than 100 m².

1.3_ground
floor env

1.3_ground floor fan
3.3_2nd floor env

1.1_ground floor fan
3.3_2nd floor fan

Figure 4: building IH: Airflow rates in apartment 1.3 and 3.3 at depressurization react to each other (see text
above)
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4.3

Location of internal leakages

At this point, we need to find a better way to determine, whether a leakage is internal or
external. A duct running through the whole building may create significant leakage flow in all
adjacent apartments but may not be covered by guard-zone pressure. This may adulterate the
airflow of individual apartments, but will not show in the airflow rate of the whole building.
In the buildings we assessed, in general, top floor apartments tend to hold a higher proportion
of air leakages than apartments on other floors, regardless of the construction. The difference

Figure 5: building IH: internal leakages were found in power distribution units, central water distribution units,
pre-wall sanitary installation and internal partitions

to the other apartments becomes more apparent under guard-zone pressure. In some buildings,
other apartments also held a high proportion of the leakage flow, sometimes with no apparent
reason. In other cases, such as the communal space on the ground floor of building IE, high
leakage flows were due to a large glass door element and the location adjacent to the plant
room and some ventilation ducts servicing the entire building.
Elevators in some buildings contribute significantly to the air leakage, depending on the
construction of the elevator ventilation. The roof membrane in buildings IG and IH was laid
out loosely over the opening, but was not sealed at the borders. Under pressurization, the roof
membrane was lifted and a significantly higher amount of air escaped than under
depressurization.
Buildings OA, OB and OC and OD are of the same type of construction. The flow rates
improved in order of the test dates from n50 = 0.63 h-1 in building OA to n50 = 0.51 h-1 in
building OD. The test results document the learning curve of the construction team.
In all four buildings in Osnabruck, the test results in the top floor apartments were
significantly worse than on the other floors. The roofs are of timber construction.
Internal leakages in buildings IG and IH were caused especially by electric and air ducts and
were more pronounced, although not exclusively between units situated atop each other than
next to each other (stack or buoyancy effect). They also occurred in sanitary installations in
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pre-wall systems and in electric installations (even in internal walls within units). Services
ducts contribute significantly to internal air leakages and can be connected to outside air via
unheated basements or attics. Leaking air may be drawn from ducts into internal walls,
electric fittings and below the floor screed. In buildings IE and IF, we found significant
leakages in electric fuse boxes and in services connections to the plant room.
From the data gathered in buildings IG and IH, we could not deduce an obvious difference in
internal leakages between units connected or not connected to the staircase.
5

AIR PERMEABILITY OF THE BUILDING ENVELOPE

A model to establish the air permeability of the building envelope was created for buildings
OD and IG. As a working title, we refer to it as Null Model. The specific air permeability of
all the components of the airtight layer, all window connection joints and the window gaskets
was laid down based on legal threshold values for building components. The expected airflow
rate disregarding leakages was calculated from those threshold values and the area or length
of the respective building parts and connections.
The envelope areas of the apartments were divided up into exterior and interior surfaces. At
50 Pa, we determined an air permeability of 0.3 m³/m²h for the entire exterior envelope area
of building OD, leaving aside the effect of leakages.
The window and front door connection joints and the window gaskets are responsible for the
vast majority of the calculated airflow. Only about 9 % of the airflow of building OD and 6
% of building IG, are attributed to the air permeability of component surfaces. According to
the requirements of German Industrial and European Standard DIN EN 12207 (DIN EN
12207, 2017), window class 4, a limit of 0.29 m³/mh was set for the air permeability of the
opening joint of windows.
The interior boundary surfaces between apartments and the front doors were considered in the
same way.
We intend to verify the air permeability values of the envelope areas via component
measurements as the project progresses further.
5.1

Null model for building OD

Figure 6: Contribution to the air permeability measured at building OD, weighted mean in relation to the
envelope area of all apartments.
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The air permeability of the envelope area was divided at the ratio of interior and exterior
envelope proportions and was subtracted from the measured airflow rate. The share of the
calculated air permeability of the interior and exterior envelope areas including window and
door joints at building OD totals 19% and at building IG 17%. The difference is conclusive
due to the more complex building layout of building IG: there are less internal and some
more external door connections due to the gallery access to some apartments.
In each apartment, a guard-zone test and a compartmentalized test were conducted. The
airflow of the compartmentalization test minus the calculated air permeability of the total
envelope area equals the leakage flow of the envelope area. The airflow rate of the guard-zone
test equals the leakage flow of the exterior envelope area. It was deducted from the total
leakage flow to arrive at the leakage flow of the interior envelope area.
In building OD, an average of 32% internal and 45% external leakages was determined. In
building IG, the identified averages were 27% internal and 54% external leakages.
This shows that internal leakages contribute a significant proportion of the leakage flow. The
area-based weighted mean share of window and door connections in the calculated air
permeability of the envelope area of each apartment in building OD is 84% and in building
IG 89%. In proportion, the permeability of the envelope area has very little impact.
6 CONCLUSIONS
The aim of this research is to show the share of internal and external leakage flows in
apartment buildings. Internal leakages occur between adjacent apartments or building parts of
the same temperature. External leakage flows are airflows through leakages in the exterior
envelope.
To better understand the distribution of internal and external leakages, to verify the air
permeability specifications for the surfaces of building components and windows, and to
facilitate further analysis of existing data, it is necessary to conduct component air
permeability measurements. The issue of internal leakages must be analyzed further, because
an envelope-based q50 as proposed in German Industrial and European Standard DIN EN
12831 (EN 12831, 2017) is not yet feasible. This analysis is to be evaluated in the context of
the results of the FLiB research report Evaluation of leakages in airtight layers (Vogel, K.,
2016).
The tests show that a large percentage share of the leakage flow, 26% and 27% respectively,
stems from internal leakages. The leakage flow in the top-floor units was, on the whole,
significantly higher than in the other apartments. We have also found that a large share of
exterior envelope, e.g. in a ground floor apartment, does not necessarily result in an increased
leakage flow.
Anybody conducting guard-zone tests, must take into account possible connections to ducts
running through the entire building that may not be covered by guard-zone pressure, but also
cause leakages, such as a services duct connecting an underground car park to all floors.
The air permeability of individual building components and joints is determined and
discussed based on limit values from relevant standards. Different reference values are
compared to get conclusive and comparable parameters for the evaluation of the airtightness
of building components.
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The results to date show that there is a considerable amount of internal leakages between
apartments. The transfer of sound, fire, smoke, and odor does not only make further
discussion of this topic useful, but imperative.
When conducting guard-zone tests unit by unit, the calculation of the envelope area of the
respective unit according to European Industrial Standard DIN EN 13829 should be
reconsidered. Outside air does not infiltrate through leakages in component surfaces adjacent
to heated parts of a building. They are consequently of no importance for confirming
compliance with legal requirements.
The research is as yet not completed. Meanwhile, an interim evaluation shows some
distinctive aspects:






The n50 characteristic airtightness values of apartments on the top floor / in the attic tend
to be higher than in other apartments.
q50-values in apartments on the top floor are generally higher than in other apartments.
Apartments with a large part of envelope area exposed to outside air do not necessarily
show a higher air leakage flow.
Besides the percentage of envelope area, the way building components are implemented
also contributes to the leakage level.
Leakage between units can be significant. In some cases, the difference between
compartmentalized and guard-zone tests amounts to more than 100%.

A preliminary analysis of the collected data shows the following:
 The distribution of the leakage flows is not homogenous. Consequently, the airtightness
of the building does not always match the airtightness of certain building sections.
 Elevators in some buildings contribute significantly to the air leakage, depending on
their construction and especially on how the elevator ventilation is executed.
 Anybody conducting guard-zone tests, must take into account possible connections to
ducts running through the entire building that may not be covered by guard-zone
pressure, such as a services duct connecting an underground car park to all floors.
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ABSTRACT
The steady pressurisation method measures the building leakage in a range of high pressures,
typically 10-60 Pa. It is implemented by creating a steady pressure difference across the
building envelope and measuring the corresponding airflow exchange rate between the indoor
and outdoor simultaneously. This method has been widely used and accepted as the standard
test for demonstrating building air-tightness compliance. Conversely, the novel pulse technique,
has been developed to measure the building air leakage at low pressures typically in the range
of 1-10 Pa. The method is implemented by rapidly releasing a known volume of air from a
compressed air tank into the test building, thereby creating an instantaneous pressure rise that
quickly reaches ‘quasi-steady’ conditions. The pressure variations in the building and tank are
monitored and used for establishing a correlation between leakage and pressure.
Although both techniques are designed to make measurements at different pressure levels,
direct comparison between the results has always been of interest. In typical dwelling tests, it
is not possible to achieve a direct comparison in an overlapped pressure range due to the lowpressure nature of the pulse technique. In this study, two small chambers, each with a volume
of about 22 m3 and with different leakage levels, were utilised to allow both testing techniques
to measure the enclosure leakage in a much wider overlapped pressure range (up to 50 Pa).
Blower door tests were performed in both pressurisation and depressurisation modes. Initial
tests showed that due to the very small testing environment gaps around the blower door frame
could account for up to 60% of the air leakage in the more air tight pod. As the pulse test
requires no penetration of the building envelope, sealing of the door frames was essential to
ensure a fair comparison. In the sealed condition it was found that there was less than 13%
deviation between the blower door and pulse results across the range up to 50 Pa. However for
the highly airtight chamber there was less agreement with up to 42% deviation.
KEYWORDS
Enclosure airtightness, Blower door, PULSE unit, outdoor environment, chamber

1. INTRODUCTION
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1.1.
Context
As a well-known and widely accepted steady pressurisation method for measuring building air
leakage, the blower door method makes measurements in a range of high pressures, typically
10-60 Pa. It is implemented by creating a steady pressure difference, either negative or positive,
across the building envelope and measuring the corresponding airflow exchange rate between
the indoor and outdoor simultaneously. The novel pulse technique, developed to measure the
building air leakage at low pressures typically in the range of 1-10 Pa, is implemented by
rapidly releasing a known volume of air from a compressed air tank into the test building,
thereby creating an instantaneous pressure rise that quickly reaches ‘quasi-steady’ conditions.
The underlying principle is that of a quasi-steady flow, which can be shown to exist via the
temporal inertial model and further detail is given by Cooper (Cooper 2007 and Cooper 2014).
The pressure variations in the building and tank are monitored and used for establishing a
correlation between leakage and pressure. The building air leakage result is quoted at low
pressure, i.e. 4 Pa which is regarded as a typical weather-induced pressure level.
Although the pulse test is designed to resolve the issues existing in the measurement of building
air leakage at low pressures, it is frequently asked how it compares with the blower door test
at 50 Pa. The flow regimes at low pressure and high pressure levels are hydraulically dissimilar
and therefore significant errors will occur in the prediction of air leakage rate from one level
to the other (Cooper 2016, Zheng 2017). One of the issues with extrapolating the result at low
pressure level to that at high pressure level is the absence of a higher data point, whereas an
extrapolation downwards (as with the blower door tests) at least has the presence of the origin
at the lowest point. Nevertheless, a direct comparison on the measurement of building leakage
in wide pressure range is not practical in a typical house, due to the high mass flow rate that
would be required of a single pulse to achieve the greater elevated building pressure.
In order to achieve direct comparison between the two methods, the measurement range of the
pulse tests, carried out alongside blower door, is extended up to 50 Pa in two small outdoor
pods with different leakage levels. Originally, one was designed to be Passivhaus standard and
hence highly airtight (Pod 2) ; while the other one was fabricated to satisfy 2010 UK building
regulations making it less airtight (Pod 1) (See Figure 3).
1.2.

Equipment

The blower door unit that is used in this study is a blower door model 4 unit (abbreviated as
BD-4), manufactured by ‘The Energy Conservatory’ in the United States. It consists of an
adjustable door frame, flexible canvas panel, a variable-speed fan, and a DG700 pressure and
flow gauge, as shown in Figure 1. The BD-4 with ring D and E was used to carry out the
comparison tests alongside the PULSE-20 unit in this investigation. The PULSE-20 unit
incorporates a 20 litre stainless steel tank and oil free double piston compressor as shown in
Figure 2. The outlet utilises a ¼ inch (BSP) solenoid valve to release compressed air from the
air tank into the test space for 1.5 seconds. The data is recorded and analysed by the control
box and results are displayed on the LCD screen of the control box.
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Figure 1 Energy Conservatory blower
door model 4 (BD-4)

1.3.

Figure 2 PULSE-20 and associated control
box

Pods and Setup

Figure 3 shows the two test pods used for the comparison tests, located in the department of
Architecture and Built Environment, University Park, Nottingham. Due to the ageing process,
both pods have become leakier over the years but still maintain very different leakage
characteristics from each other. The parameters of the pods are listed in Table 1.

Figure 3 Test pods (left: a Passivhaus pod (pod 2), right: a standard pod (pod 1))
Table 1 Envelope area and volume of the test pods
Pod
1: Standard
Volume (m3)
21
Envelope area (m2)
47
Approximate ACH @50Pa
6

2: Passivhaus
22
48
1.65
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The setup of both units is shown in Figure 4 and Figure 5.

Figure 4 Setup of blower door model 4 (BD-4)

Figure 5 Setup of PULSE unit (PULSE-20)

2. TESTING ARRANGEMENT
When BD-4 was installed in the doorway, gaps could be seen between the BD-4 frame and the
door frame, as shown in Figure 6. Such gaps result in a difference in envelope conditions when
tests are being performed with the pulse and the blower door methods.

Figure 6 Difference between blower door installation (left) and actual door(right)

In order to evaluate and mitigate this difference, both tests are implemented in two different
scenarios. For the blower door tests, they were performed with the gaps, sealed and unsealed
and for the pulse tests with the door – door frame interface sealed and unsealed. Figure 7 shows
how the sealing was applied in both tests. This arrangement therefore allows for the direct
comparison of both the sealed and unsealed scenarios over a wide pressure range.

Figure 7 Sealing preparations (light red edging tape) in pulse (left) and blower door (right) test
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3. RESULTS AND ANALYSIS
3. 1.

Pod 1 (Standard Pod)

Figure 8 shows the pressure leakage correlations measured by both the pulse and blower door
testing methods under two different scenarios. When sealed, the pressure-leakage curves
produced by both pulse and blower door lie closely to each other throughout the entire testing
range. Interestingly, the unsealed pressurisation test also provides a pressure-leakage curve that
lies in proximity with the sealed tests which indicates the blower door might be pushed against
the doorway to achieve a similar seal with that in the sealed condition when the pod is
pressurised. Hence, the blower door test in the unsealed condition reported larger discrepancy
between the pressurisation test and depressurisation test than that in the sealed condition. The
pulse test shows a smaller difference between sealed and unsealed condition, which amounts
to the leakage of the closed external door.
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PULSE-unsealed
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Pre-unsealed

Depre-sealed
Depre-unsealed
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Figure 8 Pressure-leakage curves measured by both methods with and without sealing in pod 1

To have a quantitative insight, the power law was fitted to the pressure-leakage curves provided
by both methods in sealed and unsealed conditions and the derived equations are listed in Table
2Table 2. The equations mathematically represent the pressure-leakage correlations obtained
in testing.
Table 2 Power law equation of blower door and pulse tests under sealed and unsealed conditions in pod 1
Test
Pressurisation
Depressurisation
PULSE-20
Sealed
Q=0.0032×P0.5976,
Q=0.0026×P0.6855,
Q=0.0021×P0.7267,
R2=0.9957
R2=0.9900
R2=0.9978
0.5871
0.6525
Unsealed
Q=0.0036×P
,
Q=0.0004×P
,
Q=0.0026×P0.681,
2
2
R =0.9934
R =0.9983
R2=0.9984
3
Note
Q (m /s) is the leakage rate at pressure difference P (Pa);
R2 represents the quality of curve-fit;(Coefficient of determination)

In order to make direct comparison between the two testing methods, the range 10 Pa-50 Pa is
chosen as the range of comparison as both contain actual measurements in this region. Figure
9 shows the relative percentage difference (RPD) of the blower door test results (pressurised
and depressurised) from the corresponding pulse test result (i.e. sealed or unsealed.). When
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unsealed, the depressurisation test result deviated from the pulse result by 44.1% at 10 Pa,
before steadily decreasing to 37.6% when the pressure increased up to 50 Pa; whilst the
pressurisation test shows a deviation from 11.5% to -4.1%. It is therefore observed that pulse
tends to agree well with the pressurisation test but deviates significantly from the
depressurisation test for these unsealed door conditions. In the sealed condition, the blower
door pressurisation test showed an RPD from the pulse test of 13.2% at 10 Pa before steadily
reducing to -8.0% when the pressure increased to 50 Pa. The depressurisation test showed a
deviation ranging from 12.6% to 5.4% when the pressure increased from 10 Pa to 50 Pa. Hence,
the blower door test results, especially the depressurisation test, showed reasonably good
agreement to the pulse test result and more so at the higher end of the pressure range for this
sealed door scenario.

Pre-sealed

Dep-sealed

Pre-unsealed

Dep-unsealed

Relative percentage difference
between two scenarios (%)
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-10.0%
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Pressure (Pa)

Figure 9 Relative percentage difference (RPD) of blower door test results against the pulse results in sealed and
unsealed condition

It is clear from the analysis above that ensuring the test condition is comparable, by mitigating
leaks around the door for both methods has provided results, which demonstrate a closer
agreement. The impact of the leaks around the blower door and lack of sealing of the main
door in the pulse test contribute to a deviation of the results provided by both methods. Further
investigation illustrates the impact of this in Figure 10. By sealing the gaps, the pulse test
measured leakage rate of the pod envelope is reduced by 10.3% at 10 Pa and down to 3.4% at
50 Pa. For the blower door test with the pressure increasing from 10 Pa to 50 Pa, the reduction
in the measured leakage changed by 29.9% to 26% in the depressurisation test, and by 8.9% to
7.4% in the pressurisation test. Hence, when applying the sealing the measured leakage of the
pod envelope shows the greatest impact on the blower door depressurisation test, followed by
the pressurisation test and with the smallest impact on the pulse test. This would seem intuitive
given that the blower door frame is a temporary fixture and liable to some movement when
under a sustained pressure differential.
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Figure 10 Impact of the sealed testing condition on the pulse and blower door test results

3. 2.

Pod 2 (Passivhaus Pod)

Figure 11 shows the pressure-leakage correlations measured by both testing methods under the
two different scenarios for the more airtight Pod 2. When the sealing was applied, the pressureleakage curves produced by blower door tests gave a measurement that is more airtight than
the pulse test. When unsealed, it is the opposite, i.e. the pulse test provided a measurement of
airtightness that is better than the blower door test result. In both sealed and unsealed conditions,
the pressurisation test gave more airtight measurement than the depressurisation test. A
practical reasoning for this is possibly due to the blower door frame being pushed against the
door frame consequently making the blower door installation slightly more airtight in
pressurisation test than in the depressurisation test.
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Figure 11 Pressure-leakage curves measured by both methods with and without sealing of Pod 2
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The Power law was fitted to the pressure-leakage curves and the equations for all the tests are
obtained for pod 2 and listed in Table 3. The range for comparison is chosen as 15 Pa-50 Pa to
cover the available data points.
Table 3 Power law equations of blower door and pulse tests under sealed and unsealed conditions in pod 2
Test
Pressurisation
Depressurisation
PULSE-20
Sealed
Q=0.0005×P0.7365,
Q=0.0006×P0.7496,
Q=0.0005×P0.8773,
R2=0.9828
R2=0.985
R2=0.9944
Unsealed
Q=0.0011×P0.7727,
Q=0.0011×P0.8007,
Q=0.0006×P0.8344,
R2=0.9932
R2=0.9904
R2=0.9961
3
Note
Q (m /s) is the leakage rate at pressure difference P (Pa);
R2 represents the quality of curve-fit; (Coefficient of determination)

Figure 12 provides details of the RPD of leakage tests results for blower door versus pulse for
the sealed and unsealed conditions. The leakage rate measured at 15 Pa by the blower door in
the sealed condition is 31.7% and 15.1% smaller in pressurisation and depressurisation tests
respectively, when compared to the pulse test at 15 Pa. As the pressure difference across the
pod envelope increased up to 50 Pa, the figures steadily drifted away from the pulse result by
42.4% and 27.2% respectively. This shows the depressurisation test provides relatively better
agreement with the pulse test than the pressurisation test for the sealed condition. In the
unsealed condition tests across the range of pressure 15 Pa to 50 Pa, the blower door gave
leakier measurement than pulse by 55.1% to 44.0% in pressurisation, and by 67.3% to 60.7%
in depressurisation. Hence in the unsealed condition the pressurisation result gave slightly
closer agreement with pulse. It is seen that the sealed condition provides results which have
slightly better agreement between the two methods, particularly at the lower end of the pressure
range. However it is interesting to see that the sealed condition deviates further from pulse
towards higher pressure, whereas the unsealed condition tends towards pulse.
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Figure 12 Relative percentage difference (RPD) of blower door test results against the pulse results in sealed and
unsealed condition

The impact of the sealed condition on the measurements of the pod leakage level by both testing
methods in the comparison range is plotted in Figure 13. For the pulse test, sealing of the
doorway reduces the leakage rate by 6.4% to 1.4% across a pressure difference range of 15 to
50 Pa. This therefore, indicates that the leakage through the door frame could represent 1.4%6.4% of overall leakage of the pod envelope, i.e. a slight leakiness of the pod door exists. For
the blower door test, the sealed condition reduced the leakage rate by 58.8%-60.5% in
pressurisation mode and 52.5%-55.3% in depressurisation mode. This shows the leakage
through the blower door installation contributes significantly to the overall chamber leakage of
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the more airtight pod. Overall, the sealed condition provides a better airtightness for both the
pulse and blower door methods but with a significantly larger impact on the blower door test
in this situation.
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Figure 13 Impact of sealed condition on the pulse and blower door test results

4. DISCUSSION AND CONCLUSION
This experimental study has investigated measuring building airtightness by means of the pulse
method at higher pressure differentials than previously observed. Pulse is a low pressure
technique (reported at 4Pa), where pressure increase within the building envelope is typically
no higher than 10 Pa, due to the combination of volume flow rate of air from the pulse unit and
the overall airtightness of the dwelling. In this investigation two small test chambers, with
different airtightness levels enabled a pressure rises up towards 50 Pa. This has enabled a direct
comparison between the pulse and blower door methods throughout this pressure range.
It was observed for both Pod 1 and the more airtight Pod 2 that the gaps between the blower
door and door frame were responsible for a significant proportion of the overall air leakage in
the test arrangement when the door/ blower door interface was not over sealed; up to 30% for
Pod 1 and up to 60% for Pod 2. This could be expected due to the very small environment
being tested and therefore gaps around the test door become a significant component of the
overall leakage. It is therefore imperative that comparative tests between pulse and blower
door must ensure that these gaps are sealed to ensure that overall envelope conditions are as
close as possible.
In the scenario where the door frames were sealed, Pod 1, which has an airtightness level typical
of new build dwellings in the UK, has shown good agreement of results between the pulse and
blower door methods, circa <13% deviation across the range. However, Pod 2 gave less
agreement than in Pod 1; circa <42% maximum, though this maximum exists at the higher end
of the pressure range with closer agreement at lower pressures. It must be noted that in such
an airtight enclosure the test results will be highly sensitive to any differences in the envelope
condition due to the blower door installation/ sealing of the door with pulse. To further
investigate the potential for this will require repeated tests in scenarios of re-installation of door
sealing etc. For the pulse test, each individual test provides a number of data points across a
small range of pressure. Ordinarily, when the pulse test is used at low pressure the air leakage
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of a dwelling would be calculated using this gradient. The gradients of the individual pulse
results are therefore an area of interest and results for Pod 1 show line gradients close to that
of the curve produced by blower door, whilst Pod 2 show some interesting variations. It was
found in testing that the pulse created in Pod 2 was unlike that seen in average dwellings, which
was caused by the fact that in this highly airtight pod it took longer for the pressure pulse to
peak and hence a range of data that is closer to the peak was captured for analysis i.e. the
elevated pressure persisted for a prolonged period following the cessation of air from the pulse
unit. Further testing in this field will look at the behaviour of pulse i.e. pulse shape in the highly
air tight environments and how this may affect the results.
The BD-4 blower door used in this test is considered to be quite large for this testing; though
still within flow calibrated limits. Further testing in this area will use a smaller capacity blower
door arrangement.
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ABSTRACT
The work reported in this paper extends previous work on the feasibility to characterise air leakage and
mechanical ventilation avoiding intrusiveness of traditional measurement techniques. The feasibility to obtain
the air renovation rate itself, as well as the possibilities to express it as function of other variables (such as wind
speed, atmospheric pressure, etc.), are studied. Tracer gas measurements based on N2O have been used as
reference. Experimental relations between air renovations and wind speed, indoor-outdoor air temperature
difference, and atmospheric pressure have been analysed. The reliability of an alternative method based on the
evolution of metabolic CO2 using wall mounted sensors of CO2 concentration is evaluated. Two full size
buildings are considered as case studies. First a very simple single zone building, without mechanical ventilation,
is considered. Afterwards, rooms in an office building have been studied with and without mechanical
ventilation. One month test campaigns have been used for the reference test campaigns based on tracer gas
measurements using N2O, in both buildings. Longer periods are available for the analysis based on CO2
concentration.
The following conclusions are extracted from the tests when mechanical ventilation is not active: Significant
correlation between air renovation rate and wind speed has been observed in both buildings. The agreement
between the values obtained using N2O and the evolution of metabolic CO2 increases when the starting value of
CO2 concentration increases.
The following conclusions are extracted from the tests when mechanical ventilation is active: Large variations
have been observed among the different values obtained along the test campaign using N 2O tracer gas. However
these values don’t show any correlation with any of the considered boundary conditions. Consequently the
observed spread has been used to estimate an uncertainty of the air renovations rate. The measurements based on
CO2 concentrations don’t show good agreement to the values obtained using N2O tracer gas. This issue will be
further investigated, but in principle it is attributed to the low level of CO2 measured along the analysed test
campaign when the mechanical ventilation is active. This explanation is in agreement with previous works
carried out regarding the air renovation in the same building.

KEYWORDS
Building Energy, Building Envelope, Performance assessment, air renovation, non-intrusive measurements

1

INTRODUCTION

The building sector accounts for about 40% of total final energy use and has significant
potential to save energy and reduce CO2 emissions. A growing interest to promote energy
efficiency in buildings has led to the progressive implementation of related regulations,
highlighting the need to increase knowledge about energy performance of buildings and
pushing research activities in this field. Currently, most compliance checks and labelling of
the energy performances of buildings are based on theoretical calculations and design values.
However, studies have shown that the performance of a building may deviate significantly
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from this theoretical performance as discussed in several published papers (de Wilde, 2014).
The availability of reliable test procedures to assess the thermal performance of as built
buildings would be very useful to overcome the problems brought by this performance gap.
The actual energy consumption is one of the priority topics considered in the Strategic Plan of
the EBC Programme of the IEA (Sawachi, 2013). The building envelope is one of the key
elements influencing the energy behavior of buildings. Its energy performance assessment can
be done by means of data analysis techniques requiring direct or indirect measurement of all
the contributions to the energy balance of the room confined by the building envelope to be
characterized (Jiménez et al, 2016). One of the contributions to this energy balance is which is
due to the air renovation either by natural or mechanical ventilation.
There are several procedures for the experimental assessment the air renovation rate in rooms.
Some of these procedures are based on pressurisation and others are based on tracer gas
techniques (Sherman, 1989). These traditionally applied methods that could give precise
results are complex, expensive and highly intrusive for the building users and inhabitants. The
work reported in this paper is focused on the experimental assessment of the air renovation
rate analysing the reliability of cheaper and more cost effective techniques regarding the
traditional techniques based in tracer gas.
2

CASE STUDIES

Two full size extensively monitored buildings are considered as case studies. Both buildings
are located at the Plataforma Solar de Almeria (PSA) in Tabernas (37.1ºN, 2.4ºW), Almería
(Spain). They are in a rural area with semi-arid climate with large day-night temperature
variations. These buildings are briefly described in sections 2.1 and 2.2 respectively.
2.1

Single-zone building. Natural ventilation

This building is a small workshop, 31.83 m2 area (Figure 1a and b). It is available for test
campaigns unoccupied and with low occupancy patterns. It was constructed in 2002. It is a
single-zone area building and constructed in an open area free of other buildings and obstacles
around that could shade it except for a twin building located 2 m from its east wall.
The building was designed to reduce energy demand in both winter and summer using the
following passive techniques: South orientation, Fixed shading devices for solar control (that
avoid solar gains in summer and maximise them in winter), Double-glazed windows,
Windows diagonally placed in a north-south arrangement in order to produce natural
ventilation, Building envelope including thermal mass, External insulation, High ceilings.
2.2

Office building prototype. Natural and mechanical ventilation

The so called C-DdI PSA is a one floor building with most the regularly occupied offices
facing south (Figure 1c and d). Net floor area: 1007.40m2. It was constructed in 2007 in the
PSE-ARFRISOL project. It is a prototype of a new plant, built on one floor longitudinal plan.
A double-wing structure, installed on the roof all along the building main axis, protects the
building from solar radiation. This structure also supports two different types of solar
collectors. On the north-facing wing, uncovered collectors are operated as radiant coolers by
night, while flat plate collectors on the south-facing wing supply hot water for the heating,
cooling and DHW systems. The central part of this structure also includes small solar
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chimneys to promote night ventilation of the offices. An overhang protects south windows
providing shade during the summertime and winter passive heating.
This building is in use, but it must be taken into account that the experiments used for this
work were carried out when the considered room was positively empty: at lunch time and
once finalised the working day (identified every day as test 1 and test 2 respectively).

(a) Single-zone building. View of the exterior

(b) Single-zone building. View of the interior

(c) Office building. View of the exterior

(d) Office building. Interior of one office

Figure 1: Buildings considered for the study

3

EXPERIMENT SET UP

A tracer gas device combined with a gas analyser has been used to carry out Decay
experiments based on the evolution of N2O in both buildings.
The two buildings are extensively monitored. The monitoring system records minutely read
measurements of the following variables:







N2O concentration when the Decay experiments are being conducted.
Indoor and outdoor air temperature, relative humidity, concentration of CO2. Tow sensors
are installed to measure this variable. An accurate and expensive sensor used as reference
and a cheaper and less accurate sensor (Identified as CO2 ref and CO2 respectively in this
document).
Temperature of walls, floor and glass surfaces.
Energy delivered by the heating system (radiant floor): water and air flows and inlet and
outlet temperatures
Electric consumption due to computers and lighting
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Whether doors and windows are closed or “not closed”.
Ground temperature.
Beam, diffuse, global horizontal, global vertical south and global vertical north Solar
Irradiance.
Longwave radiation.

4

METHODOLOGY

For both buildings, as well as natural and mechanical ventilation, tracer gas measurements
based on N2O have been used as reference. The air renovation rate has been obtained using
the Decay method (Sherman, 1989). Experimental relations between the air renovation rate
and the following variables have been analysed.






Difference between indoor and outdoor air temperatures (Ti-Te).
Wind speed (W).
Product of wind speed and difference between indoor and outdoor air temperatures (W(TiTe)).
Product of wind speed and difference between indoor and outdoor air temperatures
(W2(Ti-Te)).
Atmospheric pressure.

Additionally, the reliability of an alternative method based on the evolution of metabolic CO2
using wall mounted sensors of CO2 concentration is evaluated in a room of the office
building. A reference value CO2infinite has been used, such that the variable used for the Decay
method is CO2-CO2infinite. This value was obtained as the average of CO2 concentration in a
period when the room is positively non-occupied, stating when the Decay curve has reached
its asymptotic value (9pm-7am). An error obtained as the deviation regarding the reference
value (based on N2O) has been represented as function of the maximum value of the CO2
concentration at the beginning of the decay method curve.
5
5.1

RESULTS
Single-zone building. Natural ventilation

The results obtained for the single zone building are summarised in Table 1.
Table 1: Summary of calculations for natural ventilation and boundary conditions. Monozone building
n
r2
Ti-Te
W
W(Ti-Te)
W2(Ti-Te)
Patm
Day
Test
(N2O)
(NO2)
(ren/h)
(·)
(ºC)
(m/s)
[m/s][°C] [(m/s)2][°C]
(mbar)
09/02/2016
Test 2
0.74
0.9756
-2.49
9.20
-21.88
-214.9
956
10/02/2016
Test 2
0.60
0.9125
-0.79
10.27
-9.58
-121.6
954
11/02/2016
Test 2
0.50
0.9708
0.28
9.27
2.66
25.8
951
12/02/2016
Test 2
0.97
0.9942
-0.61
11.55
-7.07
-87.0
951
15/02/2016
Test 2
0.22
0.9776
9.44
3.75
32.07
157.8
952
16/02/2016
Test 2
0.19
0.9874
12.07
2.45
25.39
78.9
960
17/02/2016
Test 2
0.31
0.9550
9.54
4.48
39.96
201.3
955
18/02/2016
Test 2
0.16
0.9965
9.57
3.04
29.71
107.1
955
19/02/2016
Test 2
0.22
0.9936
9.68
4.44
42.93
213.0
958
22/02/2016
Test 2
0.16
0.9666
6.58
2.84
18.40
78.8
958
23/02/2016
Test 2
0.17
0.9976
10.42
2.21
18.26
46.1
959
24/02/2016
Test 2
0.31
0.9935
6.30
4.73
26.75
131.4
952
25/02/2016
Test 2
0.22
0.9608
10.12
3.82
29.83
141.6
952
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This table shows that the air renovation rate (n) presents a large variation. It is between 0.16
and 0.97 renov/hour. Its average is 0.37 renov/hour, and its standard deviation is 0.26
renov/hour. Figure 2 (a, c, e, g and i) shows that the n value has evident correlation with all
the considered boundary variables except the atmospheric pressure (Figure 2). The most
relevant correlation detected is regarding the wind speed (Figure 2c).
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Figure 2: Experimental relations between air renovations and climatic variables. Left: single-zone building.
Right: Room of office building.
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5.2

Office building prototype

Natural ventilation
The results obtained for the studied room are summarised in Table 2. Considering the analysis
based on N2O, the air renovation rate (n) presents some variation. However the observed
variation isn’t so large as in the single-zone building. The n value is between 0.61 and 0.75
renov/hour. Its average is 0.67 renov/hour, and it standard deviation is 0.05 renov/hour.
Figure 2 (b, d, f, h, j) shows that the n value has relevant correlation with all the considered
boundary variables except the temperature difference and atmospheric pressure (Figure 2i).
The most relevant correlation detected is regarding the wind speed (Figure 2d).
It is noticeable the different behaviour observed for the dependence of the n value with the
indoor-outdoor temperature difference in this heated room regarding the single zone free
running building. The n value for the heated office doesn’t show relevant dependence with
this variable (Figure 2b). However, a linear tendency is seen for the free running single-zone
building (Figure 2a). This different behaviour could be explained by the different ranges of
indoor-outdoor temperature differences in the two cases (Figure 2a and b).
Acceptable agreement is observed for the values obtained using the metabolic CO2 ref
concentration measured with the wall mounted sensors Table 2 regarding the reference n
values based on N2O (Figure 3a). The agreement is very poor when the less accurate CO2
sensor is used (Figure 3b). This behaviour is explained taking into account that the office has
just one user and consequently the level of CO2 concentration produced by metabolic activity
is very low which is leading to relevant uncertainties in the estimations of n values if the used
sensor don’t have enough resolution. These uncertainties show a decreasing tendency when
the CO2 concentration increases (Figure 3b). Taking into account this behaviour a better
performance of this sensor is foreseen for large CO2 concentrations that would be present in
rooms with more occupants. This issue will be further investigated.
Table 2: Summary of calculations for natural ventilation and boundary conditions. Office number 1
Day
09/02/2017
10/02/2017
14/02/2017
15/02/2017
16/02/2017
21/02/2017
01/03/2017

n
n
n
r2
r2
r2
Ti-Te
Test (N2O) (CO2) (CO2_ref) (N2O) (CO2) (CO2_ref)
(ren/h) (ren/h) (ren/h) (·)
(·)
(·)
(ºC)
2 0.72 0.07 0.72 0.9994 0.0334 0.9639 13.03
2 0.83 0.57 0.78 0.9994 0.7564 0.9864 13.83
2 0.88 0.64 0.82 0.9997 0.7520 0.9923 12.47
2 0.77 0.38 0.78 0.9991 0.7900 0.9909 12.96
2 0.84 0.38 0.74 0.9996 0.8052 0.9913 12.91
2 0.86 0.48 0.78 0.9990 0.6157 0.9888 9.77
2 0.69 0.05 0.59 0.9941 0.0446 0.9677 9.67

W W(Ti-Te) W2(Ti-Te)

(m/s) [m/s][°C] [(m/s)2][°C] (mbar) (ppm)
0.85 10.5
13.5
800
506
3.18 43.5
161.5
949
517
3.46 42.6
161.7
961
629
3.37 43.0
156.5
966
645
3.22 40.9
149.3
965
538
4.10 40.0
178.0
956
615
1.26 10.9
19.8
957
570

100

(%) (ppm) (%)
0.2 426 91.0
5.1 436 31.4
6.9 470 27.3
2.2 458 50.1
11.3 454 54.3
9.5 430 44.8
14.7 427 93.3

100
y = 0.0073x + 2.9633
R² = 0.0065

y = -0.9546x + 478.98
R² = 0.3924

80
Error (%)

80
Error (%)
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Figure 3: Office number 1. Percentage of error of the Decay experimental method using CO2 as analysed gas.
Natural ventilation. Reference (left) and cheaper sensor (right).
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Mechanical ventilation
The results obtained for the studied room are summarised in Table 3. Considering the analysis
based on N2O, the air renovation rate (n) presents a large variation. It is between 0.95 and
3.08 renov/hour. Its average is 1.98 renov/hour is very close to the design value (2
renov/hour), and it standard deviation is 0.59 renov/hour. However the n value does not show
relevant correlation with any of the considered boundary variables. The observed large spread
could be caused by the instability of the electricity that powers the mechanical ventilation
system that transmits such instability to the ventilation rate. Other effect such as hysteresis of
the mechanical components of the ventilation system could contribute to produce the detected
variations. The causes of the detected large spread will be further investigated in future
research works.
Large uncertainties are observed for the values obtained using the metabolic CO2
concentration measured with the wall mounted sensors (Table 3 and Figure 4). These
uncertainties are remarkably larger than those observed for the same room with natural
ventilation. This high uncertainty is attributed the low level of metabolic CO2 concentration
produced by just one user. This issue is also leading to large uncertainties in the case of
natural ventilation using the less accurate sensor. However, such uncertainty is worsened in
the case of mechanical ventilation taking into account that the time interval available for each
calculation of n value is shortened regarding natural ventilation.
Table 3: Summary of calculations for mechanical ventilation and boundary conditions. Office number 1.
Day

Test

31/01/2017 1
2
01/02/2017 1
2
02/02/2017 1
2
03/02/2017 1
06/02/2017 2
07/02/2017 1
2
08/02/2017 1
2
09/02/2017 1
10/02/2017 1
13/02/2017 1
2
14/02/2017 1
15/02/2017 1
16/02/2017 1
17/02/2017 1
2
20/02/2017 2
21/02/2017 1
22/02/2017 1
2
23/02/2017 1
2
24/02/2017 1
2
02/03/2017 1
2

n
n
n
r2
r2
r2
Ti-Te
(N2O) (CO2) (CO2_ref) (N2O) (CO2) (CO2_ref)
(ren/h) (ren/h) (ren/h) (·)
(·)
(·)
(ºC)
2.41 0.41 0.65 0.9983 0.7064 0.9819 2.12
2.11 0.29 1.42 0.9979 0.7698 0.9911 6.75
2.41 1.10 0.76 0.9982 0.8000 0.9872 2.08
1.96 -0.29 1.21 0.9949 0.3562 0.9823 5.47
2.12 0.26 0.73 0.9963 0.5889 0.9852 6.21
2.00 0.12 1.10 0.9960 0.5396 0.9894 6.08
2.70 -0.98 0.97 0.9984 0.2534 0.9405 1.97
2.25 0.56 0.98 0.9949 0.7154 0.9835 2.36
2.61 0.63 1.05 0.9971 0.8246 0.9941 0.30
1.34 -0.17 0.86 0.9988 0.1874 0.9901 4.10
2.45 0.07 0.50 0.9959 0.0427 0.9694 5.74
1.33 0.43 1.04 0.9997 0.6881 0.9916 8.91
2.50 0.61 0.81 0.9973 0.7653 0.9795 7.63
2.31 0.30 0.91 0.9954 0.6379 0.9789 9.50
3.08 -0.11 1.23 0.9993 0.0015 0.9823 6.44
0.95 0.04 0.76 0.9826 0.0970 0.9128 8.90
2.61 0.14 0.68 0.9966 0.2700 0.9487 7.32
2.41 0.14 0.69 0.9973 0.2015 0.9894 7.77
2.39 -0.04 0.61 0.9959 0.0133 0.9682 9.06
1.51 0.33 0.71 0.9965 0.7170 0.9889 9.60
1.22 0.71 1.07 0.9767 0.8458 0.9208 11.91
0.95 0.51 1.38 0.9992 0.7741 0.9104 11.29
2.41 1.34 0.60 0.9935 0.6193 0.9612 8.13
2.26 0.54 0.58 0.9955 0.7501 0.9738 5.63
1.12 0.39 0.99 0.9844 0.7994 0.9958 8.21
1.57 -0.65 0.77 0.9984 0.0542 0.9751 6.17
1.42 0.41 1.07 0.9983 0.7682 0.9951 9.87
1.54 0.09 0.52 0.9995 0.0588 0.9776 6.92
1.36 0.30 1.33 0.9800 0.1849 0.9935 9.48
2.64 0.02 0.47 0.9980 0.0014 0.9794 1.47
1.46 0.83 1.60 0.9965 0.3075 0.9893 6.54

W W(Ti-Te) W2(Ti-Te)

Patm CO2ref.max Error CO2max Error

(m/s) [m/s][°C] [(m/s)2][°C] (mbar) (ppm)
1.06
2.3
3.2
953
537
2.12 14.1
32.6
954
544
2.19
4.5
11.6
955
564
1.11
5.5
8.0
955
529
1.64 10.1
18.6
953
646
1.03
6.2
7.8
954
535
5.04
9.9
54.5
956
543
3.37
6.4
24.7
960
490
4.61
0.8
3.7
958
716
3.30 13.7
53.2
957
519
3.91 22.3
98.9
800
612
1.65 14.0
30.0
800
515
3.89 29.7
128.6
800
615
1.76 16.9
44.5
949
611
3.81 24.5
111.8
947
558
2.55 22.4
69.2
951
577
2.92 21.4
71.9
959
613
4.32 33.6
159.1
964
663
5.74 52.0
323.7
965
619
2.07 19.9
50.8
962
640
2.65 31.2
94.4
961
545
7.22 81.3
618.8
958
531
8.48 68.9
605.3
957
606
5.94 33.4
207.4
954
697
3.54 29.0
121.8
952
563
4.87 29.9
166.5
948
654
1.74 16.9
34.1
948
559
1.39
9.5
18.8
950
684
1.02
9.3
12.4
951
565
1.57
2.3
4.4
955
587
1.33
7.9
13.2
954
547

(%) (ppm) (%)
73 489 83
33 489 86
68 463 54
38 443 115
65 516 88
45 470 94
64 433 136
56 470 75
60 520 76
36 461 113
80 486 97
22 458 68
68 454 76
61 488 87
60 436 104
20 409 96
74 470 95
71 525 94
74 446 102
53 498 78
12 495 42
44 409 47
75 461 44
74 473 76
11 473 65
51 433 142
25 486 71
66 603 94
2
440 78
82 461 99
9
439 43
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Figure 4: Office number 1. Percentage of error of the Decay experimental method using CO2 as analysed gas.
Mechanical ventilation. Reference (left) and cheaper sensor (right).

6

CONCLUSIONS

The following conclusions are extracted regarding the air renovation rate from the different
tests carried out:




Mechanical ventilation non-active: Significant correlation between air renovation rate and
wind speed has been observed in both buildings. The agreement between the values
obtained using N2O and the evolution of metabolic CO2 increases when the starting value
of CO2 concentration increases.
Mechanical ventilation active: Large variations have been observed among the different
values obtained along the test campaign using N2O tracer gas. However these values don’t
show any correlation with any of the considered boundary conditions. Consequently the
observed spread has been used to estimate an uncertainty of the air renovations rate. The
measurements based on CO2 concentrations don’t show good agreement to the values
obtained using N2O tracer gas. This issue will be further investigated, but in principle it is
attributed to the low level of CO2 measured along the analysed test campaign when the
mechanical ventilation is active. This explanation is in agreement with previous works
carried out regarding the air renovation in the same building.

The following conclusions are extracted regarding the influence of the air renovation rate on
the behaviour of the “Heat Transmission Coefficient (HTC)”:




The behaviour observed in the air renovation rate, showing large variability in natural as
well as mechanical ventilation, can contribute to understand and explain the behavior of
the HTC experimentally assessed and its uncertainties (Farmer et al., 2016; Marshall et
al., 2017). Regarding natural ventilation, the dependencies of the n value with wind speed
could explain some variability of the HTC and some uncertainty when it is assumed as a
constant value. Further analysis of this wind dependence is an interesting issue regarding
future research works that could lead to a wind dependent HTC reducing the uncertainties
of this coefficient in experimental assessments under natural ventilation conditions.
The behavior observed in the n value for the case of mechanical ventilation lead to
conclude that the experimental assessment of an HTC assuming n as constant could lead
to large uncertainties. The work presented in this paper hasn’t identified any variable that
contributing to model such variability reducing the associated uncertainty. But this issue is
identified as relevant topic regarding future research.
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ABSTRACT
In France, the control of ventilation system at commissioning is mandatory in the context of the Effinergie +
label and the measurement of airflows in residential houses is mandatory since 2017 in this label. The Promevent
project (2013-2016) was aiming at improving the reliability of those controls. Guidelines have been issued for
visual inspection of system, airflow measurements at air terminal devices (ATD) and ductwork airtightness
measurements.
However, pending issues remained to measure airflow at supply ATD of balanced systems. This article deals
with new tests performed at supply ATD.
Tests were made in laboratory (calibration like) and on site. Different anemometer hoods (single point hot wire,
hot wire grids, propeller, powered hood...) were used.
Those tests have shown that :
 measures at supply are less reliable when ATD has uni-directional jet.
 the most suitable hood depends on its technology as well as its ability to measure small airflows.
 the ductwork accessories prior to the ATD also have an impact on results.
Resulting uncertainty is given as well as recommendations for measurements on site.

KEYWORDS
Airflow rate, measure, take-over, supply

1

INTRODUCTION

In France, the control of ventilation system at commissioning is mandatory in the context of
the Effinergie + label and the measurement of airflows in residential buildings is mandatory
since 2017 in this label. The Promevent project (2013-2016) was aiming at improving the
reliability of those controls. First results of Promevent study had pointed out difficulties on
some specific jets. As guidelines had to be issued for airflow measurements at ATD,
additional tests were needed to better estimate uncertainty when measuring supply airflow.
This additional study aim at determining the reliability of measurement at supply air terminal
devices (ATD) and with small airflows rate (commonly found in residential balanced
systems).
2

METHOD

For airflow measurements, we have used anemometers and hoods described in Table 1.
These devices have been tested :
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On a real installation : they have been compared to the fan airflow (calibrated
measurement) after correction of ductwork air-tightness. This installation is used for
training courses, with different type of semi-rigid ducts (oval, circular), sizes (80mm



and 125mm diameter) and ATD connections (Figure 1). All ATDs connection have an
elbow as standard ceiling installation. One of the ATD is supplied by 2 inlet duct
(diameter 125mm). The ATDs used are described in Table 2.
In laboratory as for calibration but with different ATDs compared to none



In laboratory with prior airflow conditions (elbow, restriction…).
Table 1- Anemometers used for this study

Reference

Photo

Type

KIMO DBM 200
(2 units)

Hot wire grill

FLOW FINDER
MK2

Several pressure
measurement points.
Powered flow hoods
use a built in fan to
compensate for the
pressure drop caused
by the capture hood
itself. The transparent
part can be removed.
Propeller with 2 hoods

WOHLER FA
410

TESTO 417
with flow
straightener

Propeller with 2 hoods
and additional flow
straightener for supply
jets and swirling …

Fabricant
uncertainty
0.. 300 m3/h
± 2% measured
value or
± 2 m3/h

10..550 m3/h
± 3% measured
value or
± 3 m3/h

Not given with
hood (propeller
alone only)

7.. 500 m3/h
±
1.5% measured
value or
± 2.5 m3/h

Table 2 - ATDs tested
ATD
ANJOS
TESA/TMP

ALDES BIO

Photo

Type
Fixed grill

Diameter (mm)
80

Supply ATD
with orientable
flow, tested in
2
configurations
vertical and
lateral

80
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LINDAB AIRY

ATD with
radial flow
(lateral)

125

ANJOS BOREA

Adjustable
supply ATD

125

UBBINK

ATD with
central cone

125

Figure 1 – On-site ATD installation (D80 duct left and D125 right)

3
3.1

RESULTS ON AIRFLOW MEASUREMENTS
On-site measurements

Results of on-site measurements are shown in Table 3 without any correction for calibration
because this correction doesn’t seem to improve the results.
The reference airflow at ATD is determined from the measurement at fan (calibrated on a test
rig) minus a correction for ductwork airtightness (measured prior to these tests). For each
ATD, 4 measurements at 15, 30, 45 and 90 m3/h are made and the maximum difference is
reported for this ATD.
Table 3 : results obtained on-site measurement
Diameter 125

Hot wire
grill
Propeller

Diameter 80

Ubbink

BORE
A

AIRY

TMP

TES
A

Bio
(vertical)

Bio (lateral
flow)

KIMO DBM 1

15%

17%

10%

-6%

-7%

14%

-18%

Averag
e
Differe
nce %
12%

KIMO DBM 2

20%

14%

16%

-3%

3%

22%

-18%

14%

Wohler small
hood

-19%

-21%

n.t

n.t

4%

-4%

19%

14%
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Pressure &
fan
assistance
Propeller

Wohler large
hood
Flow Finder 1

-10%

-9%

-4%

9%

1%

2%

-11%

7%

20%

27%

25%

17%

-6%

-5%

-6%

15%

Flow Finder 2

16%

29%

25%

9%

10%

-10%

-15%

16%

Testo small
hood without
straightener
Testo small
hood with
straightener
Testo large hood
without
straightener
Testo large hood
without
straightener
Min difference

-2%

-13%

0%

0%

13%

11%

35%

15%

28%

23%

0%

0%

0%

-7%

-23%

16%

7%

5%

19%

35%

5%

-1%

-12%

12%

24%

19%

27%

23%

-5%

-11%

-26%

19%

2%

5%

4%

3%

0%

1%

6%

7%

Max difference

28%

29%

27%

35%

13%

22%

35%

19%

18%

12%

10%

7%

13%

18%

14%

15%

8%

11%

5%

6%

21%

14%

15%

13%

4%

5%

18%

18%

13%

28%

25%

13%

8%

8%

11%

16%

Average
16%
difference
Average for
15%
propeller
Average for hot
17%
wire grill
Average for fan
18%
assistance
n.t = not tested (hood too small for this ATD)

Maximum differences on airflow measured can vary from 0 to 35% depending on
anemometer used and ATD type.
In average for all ATDs tested, differences vary from 7 to 19% and are quite similar for the 3
types of anemometers tested here.
3.2

Lab measurements with ATD results

Tests in lab have been done :
 In exhaust, without ATD, as for standard calibration
 In supply, without ATD, as for standard calibration
 In supply, withTMP ATD installed, to compare with on-site measurement


In supply, with BOREA ATD installed, to compare with on-site measurement too

The pressure drop have been measured on the rig and expressed by coefficient K with
∆P=K.q²
with P static pressure in Pa et q airflow in m3/h

(1)
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Figure 2 : measurement on the lab test rig

Figure 3 – exemple of results on a propeller hood

For propeller hood, the following general conclusion can be drawn:




There is a low influence of the type of ATD on the results and calibration coefficients
obtained without ATD seem to be applicable, calibration coefficients at exhaust or
supply are similar.
The pressure drop of these anemometers is high but still acceptable for the small
airflows of individual houses (<2 Pa at 30 m3/h)

For hot wire grill anemoters we have noted that:
 Large differences are observed on the test rig between with and without ATD and
also between each type of ATD.
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With ATD, there are large differences between on-site measurement and lab
measurement. The ATD BOREA with higher pressure drop than the TMP one has the
largestdifference between lab measurements and on-site measurement.

Figure 4 - exemple of lab results on a hot wire grill anemometer

Figure 5 - exemple of lab-results on hood with a powered flow hood

The powered flow hood shows a good consistencyin labmeasurements.
All results are summarised in table 5
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Table 4 - results of lab tests
Type

Impact of TMP on
lab test
(with/without)
Impact of BOREA
on lab test
(with/without)
Impact of TMP onsite/lab
Impact of BOREA
on site/lab
Difference
supply/exhaust on
lab calibration
Difference supply/
test rig measure
Difference
exhaust/test rig
measure
Pressure drop
coefficient K
(K=DP/Q² )

Hot wire grill

Powered hood
FLOW
FINDER
(short
hood)

Propeller

Testo
large
hood

Testo
417
large
hood +
straighte
ner

Testo
417
small
hood

Testo
417
small
hood+st
raighten
er

WOHLER
FA410
large hood

DBM
200 2

DBM
200 1

FLOW
FINDER
(long
hood)

High

Very
high

Low

Low

Very
low

Very
low

nc

Very
low

low

Low

Low

Low

Low

Low

Very
low

Very
low

Very
low

low

not
measured

High

Low

Low

Very
low

Very
high

Very
high

Low

Low

High

18%

16%

not
measured

not
measured

22%

13%

NA

NA

17%

9%

17%

NA

NA

not
measured

not
measured

0.0005

0.000

not
measured

not
measured

Very
low
Very
low

Very
low
Very
low

low up to
50 m3/h

10%

13%

10%

21%

13%

21%

13%

31%

29%

29%

29%

17%

0.0014

0.0023

0.0014

0.0023

0.0015

nc
low

Very low

In brief :






The powered flowhood has a maximum difference of 17% at calibration (supply
without ATD compared to rig measurement). The result does not depend on the type
of ATD and flowrate probably because the compensating fan mixes air before the
measuring points. According to the lab results it seems to be the more accurate
solution with the long hood.
Propellers are quite good with differences in lab from 13 to 21%. The kind of ATD
and flowrate has a small impact. The straightener tested doesn’t reduce the difference
for these airflows but its pressure drop is high (almost double the standard unit one).
The pressure drop of propellers is always lower than 2 Pa at 30 m3/h but can achieve
20 Pa around 100 m3/h (kitchen boost airflow).
Hot wire grills hoods are highly influenced by the type of ATD as well as the type of
flow prior to the ATD which can explain the differences between on site and in lab (ie
the smaller the ATD pressure drop, the more the flow before can be influenced. It
explains the differences between lab (stable and straight) and on-site (elbow
connections)). Exhaust and supply calibration are different. Yet we can note that these
devices are normally used for higher flowrates than those tested here. The hood has a
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very small pressure drop and quite a large cross section which implied a low measured
velocity. In addition the two units used for this study were quite old.
3.3

Tests in CETIAT as for PROMEVENT study

To compare our results with the PROMEVENT study we have finally tested the anemometers
exactly in the same conditions as in the original study.
Tests are made at 30 m3/h in supply condition on CETIAT test rig with 3 ATDs
Supply ATD with central cone

Orientable flow ATD

Fixed grill

Figure 6 - ATDs tested in CETIAT

A prior test is made without ATD in order to obtain the difference between the measurement
with and without ATD. Only the small hoods, more adapted, have been tested in this part of
the study.
Table 5 – average airflow difference for each couple ATD / anemometer
Supply ATD with central
cone

Orientable flow ATD (lateral
flow)

Fixed
grill

0%

17%

2%

6%

/

/

1%

/

/

4%
5%
5%

13%
-18%
-19%

-1%
-5%
-2%

Propellers
WOHLER
TESTO (without
straightener)
TESTO (with straightener)
Hot wire grills
SWEMA
KIMO 1
KIMO 2

These tests confirm that all anemometers are sensible to the ATD with one direction lateral
flow.
4

CONCLUSIONS

For supply small airflow rate measurements, the characteristic of the flow induced by the
ATD as well as conditions prior in the duct (elbow, connection accessories…) have an
influence on the uncertainty of measurement. One direction lateral flow is always the most
difficult flow to measure but all flows can be sensible.
The average uncertainty for those measurements is around 15-20%.
PROMEVENT study had previously shown the impossibility to use one central hot wire hood
for measuring supply airflow rate. These additional tests show that :
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Hot wire grills can be used but are sensible to the flow conditions as they are more
adapted to higher commercial airflows
Propellers are efficient and, with the small airflows of residential, the result is not
influenced by their pressure drop. The flow straightner gives more homogeneous
values but is not useful in all cases.
Hood with compensating fan are accurate and homogeneous. There is no inluence of
the pressure drop and the fan mix air before measurement which reduce the influence
of the flow direction.

Tests made in lab and the dispersion on results with and without ATD shows that applying a
unique correction of calibration is not efficient to reduce uncertainty. By noting differences
when calibrating at exhaust vs supply, we can expect an higher influence of the flow
conditions. Yet we concur to PROMEVENT conditions and consider that the respect of an
EMT when selecting the unit is enough.
5
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ABSTRACT
Ventilation is critical in interpreting indoor air quality (IAQ), yet few IAQ assessments report ventilation
rates; even when they do, the measurement method is often not fully described. Most ventilation assessments use
a tracer gas test (TGT) to measure total air change rate. In a TGT, the indoor air is marked with an easily
identifiable gas (tracer) so that the air exchange rate can be inferred by monitoring the tracer’s injection rate and
concentration. Passive sampling (adsorptive/absorptive samplers) is mostly preferred to monitor tracer
concentration for its simplicity, practicality and affordability. Such samplers are commercialized by a range of
companies and are widely used in IAQ studies to assess pollutants levels. Currently used passive TGTs present
some limitations: inadequate tracer gas, disconnection from IAQ analysis (providing ventilation rates in a
different time-scale than the pollutant concentrations), lack of verifiability/reproducibility. Thus, this paper
proposes a new approach on the passive TGT method, using as tracer a suitable gas (non-reactive, insensitive,
unique, measurable and safe) which can be co-captured and co-analysed using commercial passive samplers
employed in IAQ studies. A literature review was carried out in pursuit of such a gas. Considering that the most
relevant compounds in IAQ studies are volatile organic compounds (VOCs), which are sampled separately from
inorganic pollutants, the gases considered as possible tracers were the VOCs capable of being captured by the
samplers commercialized by Radiello®, 3M and Gradko. They are composed by activated charcoal, which
captures all VOCs in the targeted molar mass range by adsorption. The info-sheets for these samplers were
consulted. The option currently under consideration is the solvent 2-butoxyethyl acetate (EGBEA), a lowreactivity glycol ether mentioned by Radiello® in their VOC CS2-desorption sampler info-sheet. Although
EGBEA is present in various household products, several field studies show that its background indoor
concentration is usually very low or negligible. Regarding human health, EGBEA has generally low toxicity and
has not been linked to any chronic effects. A preliminary field test was carried out in order to check EGBEA’s
measurability: Radiello® samplers were used to measure its concentration in one room before and after the
placement of a beaker containing the solvent. Results showed insignificant background EGBEA concentration
(EGBEA mass desorbed from the sampler placed before the beaker placement was lower than from a blank
sampler). The relatively low volatility of EGBA (0.23 g evaporated in 4 days) did not hinder its measurability by
the Radiello® sampler, which measured a 4-days average EGBEA concentration of 14.1 µg m-3. Further test
chamber and field tests will be performed in order to determine the sampler’s accuracy in measuring known
EGBEA concentrations and the actual applicability of this substance as tracer in TGTs.

KEYWORDS
Ventilation, indoor air quality, tracer gas test, passive sampling.
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1

INTRODUCTION

Air pollution found in indoor environments is of great concern, since people, especially
in urban areas, tend to spend the majority of their time inside buildings. Within buildings,
there are numerous and significant known sources of substances with high potential to cause
adverse effects to human health, including by-products of combustion, aldehydes, volatile and
semi-volatile organic compounds and biological contaminants (Godish, 2005). This, allied to
the typically low air exchange rates in this type of environment, considerably increases the
concentration of pollutants in the indoor air. Exposure to air pollution in indoor environments
may be responsible for almost 2 million premature deaths in developing countries and for
about 4% of the global burden of disease (Bruce et al., 2000; Godoi et al., 2009).
A crucial factor in determining the accumulation of pollutants in indoor environments is
ventilation (EPA, 1994). The impacts of ventilation on the health and comfort of building
occupants has long been recognized in ventilation standards and regulations, and ventilation
rates are also closely related to the energy efficiency of a building (Persily and Levin, 2011;
Persily, 2015). Evidence shows that better ventilated buildings tend to present lower
concentrations of indoor air contaminants (Flemish Government, 2012; 2014). As the
airtightness of a building increases, the total ventilation becomes even more important.
Increased airtightness in buildings is becoming more and more common with the rise of the
energy-efficient buildings concept, such as the passive building (Foster et al., 2016).
However, despite the fact that ventilation is critical in interpreting indoor air quality
(IAQ) measurements, only few IAQ field studies measure ventilation rates or otherwise
characterize the ventilation design of the study building (Persily, 2015). Moreover, even when
ventilation rates are reported, in many cases the measurement approaches are not described in
sufficient detail to evaluate their quality or applicability to the study design (Persily and
Levin, 2011).
Given the importance of ventilation in estimating sources strength and determining
appropriate remediation actions if needed, it is crucial that IAQ assessments provide
information on basic ventilation parameters (e.g. building ventilation type, designed air
change rate) as well as on actual air change rate values, by means of a reliable and
reproducible measurement method. Moreover, efficient ventilation assessment is even more
important when taking into account the high costs to install and maintain most ventilation
systems, being therefore highly desirable to effectively monitor such systems in order to
ensure that they deliver the required air change rates.
Methods currently used for measuring ventilation rates either involve direct flow rate
measurements at vent holes combined with a pressurization test, or a tracer gas
dilution/dispersion test (TGT). The first type is used only under very specific circumstances,
such as in extremely airtight buildings where all airflows occur mechanically in ductwork
(Persily, 2015). In these cases, ventilation is restricted to that generated by the mechanical
system, making its measurement very straightforward.
Therefore, most ventilation assessments use TGT as a method to measure the total (i.e.
intentional plus unintentional) outdoor air change rate of a building/indoor space (Persily,
2015). The fact that this type of measurement can be carried out in occupied buildings, during
normal occupants’ activity, grants the TGTs not only convenience but also a greater accuracy,
since it takes into account the large effect occupancy has on a building’s air change rate.
However, most times the ventilation measurement methods provide instantaneous results
(due to the use of online monitors), which are in essence very variable over time. The
concentrations of indoor pollutants (also variable over time and significantly influenced by air
change rate) are usually measured over a longer period using long-term sampling techniques
that report time-averaged values, i.e. the link between the IAQ and the ventilation data is not
direct, hindering their comparability.
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Thus, an inexpensive TGT conceived to be executed in conjunction with common IAQ
analysis, i.e. which provides ventilation rates in the same time-scale as the pollutant
concentration measurements, would be more appropriate than the ones currently used.
Furthermore, considering that the presence of occupants highly impacts the IAQ of any indoor
environment, it is also important that the new method is suitable for use during normal
occupancy. Thus, the TGT must not cause any type of disturbance and the employed tracer
gas must be scientifically proven harmless to the occupants’ health, respecting susceptible
populations. Also, a highly desirable characteristic for this new method is the non-dependence
on electricity, which lowers the utilization costs and broadens the range of buildings where it
can be applied.
Taking all these characteristics into account, the best suitable option is to develop a TGT
which relies entirely on passive techniques, both in the tracer gas emission and sampling.
Therefore, this project aims to develop a reliable and reproducible TGT using as tracer a
substance that can be co-captured and co-analyzed with standard passive samplers used for
common IAQ assessments (e.g. Radiello, Gradko, or 3M). This new TGT will be temporally
and analytically in line with IAQ measurements, affordable, accurate and safe for use during
occupancy. Also, the tracer gas emission and behavior must be as independent as possible
from the room conditions (e.g. temperature and humidity), since in field experiments such
conditions are essentially uncontrollable.
An additional challenge in IAQ assessments is measuring internal airflows in the
building. Most studies include only one room, often ignoring the most intensively occupied
rooms and rooms where most pollutant sources are located. Capturing the interactions
between the sources in these different rooms and their dispersion/interaction in buildings is
still a challenge for indoor air research. Therefore, a second objective of this research is to
diversify the tracer source so it can be used to capture internal and external airflows.
2

MATERIALS AND METHODS

From an IAQ point of view, volatile organic compounds (VOCs) are the most relevant
contaminants, since they are ubiquitous in indoor spaces, specially occupied ones, and several
of them are knowingly harmful to human health (Uhde and Salthammer, 2009). This group of
compounds is truly extensive and its constituents vary greatly in characteristics and
properties. In IAQ assessments, such gases are sampled separately from inorganic pollutants
due to their different physicochemical characteristics. The vast majority of researchers utilize
passive sampling to measure average VOCs concentration in common IAQ studies, for its
simplicity, accuracy, practicality and suitability for use during normal occupancy.
Considering that a main characteristic for the new TGT is that the time scale for the
ventilation measurements matches that of the concentration measurements, the best option
would be to select as tracer a gas which can be captured simultaneously by the commercial
passive VOC samplers. This approach would simplify the process of ventilation measurement
in IAQ studies as well as represent an economy of time and resources for the required lab
analysis, since only one sample would provide all the information needed to infer both the air
change rates and the indoor VOCs levels simultaneously. Thus, the gases considered as
possibilities for use as tracer were the VOCs capable of being captured by the passive VOC
samplers commercialized by Radiello®, 3M and Gradko, the most widely employed in
common IAQ assessments. These samplers are composed by activated charcoal, in which
organic gases are captured by adsorption. This process is essentially non-specific, meaning
that any VOC in the targeted molar mass range may be captured and later analyzed in lab if
the adequate extraction process is used.
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2.1

Selecting a VOC for use as tracer gas

Considering that a good tracer gas must be suitable for use during normal occupancy (as
occupancy greatly affects IAQ), the substance must be safe for occupants. As a first step, the
information sheets for the commercial passive VOC samplers were consulted. Radiello® and
3M samplers capture VOCs in the range C2-C12, and Gradko samplers capture compounds
up to C28 (3M, 2017; Gradko, 2012; Radiello, 2007). Among the numerous VOCs in this
range, paraffins and isoparaffins initially stood out as possible candidates for use as tracer gas.
Paraffins are linear acyclic saturated hydrocarbons (alkanes), and isoparaffins are the
branched products of paraffinic isomerization (iso-alkanes). First four alkanes (methane to
butane) are colorless, odorless gases at ambient conditions, C3 to C17 are colorless, nearly
odorless, volatile liquids and higher alkanes are wax-like solids. Alkanes are the simplest
class of organic compounds, extremely stable and inert, because they contain only carbon and
hydrogen atoms (small electro negativity difference) and have no functional groups (Bano,
2007). According to an extensive review of toxicity studies on alkanes carried out by HSPA
(2015), C5-C15 alkanes present no significant toxicological effects to humans, with the
exception of n-pentanes, trimethylpentanes and n-hexanes. Alkanes of >C15 have lower vapor
pressures, hindering their application as passive tracer gases (HSPA, 2015). Inhalation studies
in rats indicate that C8-C15 isoparaffins can cause kidney effects. However, such effects are
species-specific and not a concern for human health (Carrillo et al., 2013). Nevertheless,
adding that to the fact that isoparaffins are somewhat more reactive than paraffins due to their
branched nature, the best options for tracers are considered to be among the paraffins group.
There is however a major problem regarding the applicability of paraffins as tracers:
since these compounds are largely present in the composition of a range of household
products, their typical background concentration is considerably high in most indoor
environments. An ideal tracer should be able to be easily recognized from all other
constituents of air, i.e. it should not be a normal constituent of air in the ambient it is being
placed. Ideally, the background concentration should be negligible, but a tracer with non-zero
background may be used provided that such background is stable and that the additional tracer
concentration is significantly larger than it. The background concentration should also be as
low as possible in order not to oversaturate the passive sampler, risking a backdiffusion effect
(when the adsorbed mass of analyte reaches the maximum amount allowed by the adsorbing
medium capacity, leading to an underestimation of the actual environmental concentration).
A second option for a tracer gas is the solvent 2-butoxyethyl acetate (also called
ethylene glycol monobutyl ether acetate or EGBEA, CAS 112-07-2), a compound from the
group of glycol ethers mentioned by Radiello® in the VOC CS2-desorption sampler infosheet. Glycol ethers comprise a large family of more than 80 chemical compounds. The two
most common series of glycol ethers are E-series (ROCH2CH2OH), which are the reaction
products of ethylene oxide with various alcohols, and the P-series (ROCH2CH2CH2OH),
which are the products of propylene oxide with various alcohols (Zhu et al., 2001). Due to
their excellent solvency, chemical stability and water compatibility, glycol ethers are good
solvents for many applications (Archer, 1996). These chemical compounds are amphiphilic,
completely miscible with water and with a large number of organic solvents and present
relatively low volatility. Around 30 different derivatives of glycol ethers have been
synthesized and extensively used as solvents by different sectors of the industry (Plaisance et
al., 2008). With an increased number of so-called water-based consumer products (e.g. in
paints, lacquers, resins, oils and fat) in the last four decades, they have gained more and more
importance. In common households, they are mainly found in liquid cleaning products, paints,
inks, varnishes, polish removers, surface coatings, cosmetics, etc. (Fromme et al., 2013).
During recent years, it became readily apparent that four E-series glycol ethers (2methoxy ethanol, 2-ethoxy ethanol and their acetates) are potent reproductive and
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developmental toxicants and they were subject to French regulations to forbid their presence
in cosmetics and drugs, and to limit their concentrations above 0.5% in consumer goods
(Plaisance et al., 2008). Their industrial use is still permitted, as long as they carry a label
stating their potential health effects. Consecutively they have been progressively replaced by
other glycol ether derivatives (e.g. methoxy propanol, butoxy ethanol) which have seen a
growth of production in the last years, so nowadays many research activities are performed in
order to assess their potential toxicity on human health.
Amongst the currently used glycol ethers, EGBEA, which is the acetate of 2butoxyethanol (EGBE), is a relatively high production volume compound. Its estimated
production volume in the European Union is about 1.2 x 104 tons y-1, a value about 10 times
lower than EGBE (SCHER, 2006). Although EGBEA is present in various household
products (ATSDR, 1999), its background indoor concentration is usually very low. A national
survey for IAQ carried out in 490 French dwellings found EGBEA concentrations below the
detection limit in 97% of the assessed houses (Billionnet et al, 2011). A similar assessment,
carried out as part of the HABIT’AIR Nord – Pas de Calais program, monitored the presence
of glycol ethers in 60 homes located in northern France, finding no trace of EGBEA in any of
the assessed houses (Plaisance et al., 2008). More recently, Derbez et al. (2014) performed a
field survey in 7 newly built energy-efficient houses, also in France, measuring a range of
IAQ indicators and environmental parameters both before and during the first year of
occupancy; EGBEA was not detected in any sample from any of the assessed houses.
Regarding human health, EGBEA has generally low toxicity and has not been linked to any
chronic effects (ATSDR, 1999; ECETOC, 2005; SCHER, 2006).
2.2

Preliminary test for measurability

A preliminary test was carried out in order to test EGBEA’s measurability by Radiello®
samplers in simplified field conditions. The Radiello® samplers were used to measure this
compound’s concentration in one room before and after the placement of a recipient
containing the solvent. The room used was an office in VITO which was at that time not
being used (unoccupied), although fully furnished (two desks with two chairs, two PCs, one
wall cabinet and plastic blinds in the windows). Three sampling cartridges were used in total
for this test: one was used as a lab blank, i.e. analyzed right out of its package, no exposition;
a second cartridge was used to measure the background EGBEA concentration in the office;
the third and last cartridge was used to measure the air concentration of EGBEA after the
placement of a source of this solvent in liquid phase. This so-called source consisted of a
simple glass beaker filled with approximately 11 ml of EGBEA (9.536 g) left uncapped so the
solvent could freely volatilize into the room air, acting therefore as a completely passive
source. Both these samplers were exposed in the room for a period of consecutive 4 days.
Figure 2 shows the setup of the experiment.
3

RESULTS AND DISCUSSION
Results from the preliminary experiment are presented in Table 1.
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Figure 1: Preliminary test setup
Table 1: Preliminary field test results
Sample
Lab blank
Background
With EGBEA source

Sampling start
15/01 – 17h25
19/01 – 17h40

Sampling finish
19/01 – 17h39
23/01 – 17h34

EGBEA mass
0,067
0,059
3,324

Based on the values presented in Table 1, the background EGBEA concentration in the
assessed room can be considered insignificant: the EGBEA mass desorbed from the cartridge
placed before the recipient placement (background) was very similar to the mass desorbed
from the blank cartridge, even slightly lower, meaning that virtually no EGBEA was adsorbed
onto the cartridge. Furthermore, the relatively low volatility of EGBA (0.23 g evaporated in 4
days) did not hinder its measurability by the Radiello® sampler: the cartridge placed in the
room after the addition of the EGBEA source adsorbed an EGBEA mass two orders of
magnitude higher than the blank and background cartridges. The calculated average
concentration in air corresponding to the adsorbed mass after 4 days exposure to the EGBEA
source was 14.1 µg m-3. The results observed in this primary experiment can be interpreted as
clear indications of the potential suitability of EGBEA as tracer for the purposes of a new
TGT approach: its background concentration in the assessed room was negligible and it was
successfully captured by a commercial VOC sample at a measurable level.
4

CONCLUSIONS

A TGT employing as tracer a harmless gas which is not commonly present in
background indoor air, can be passively captured by commonly used commercial passive
samplers and then analysed along with common IAQ pollutants, using the same analytical lab
procedure, is close to an ideal method to measure total ventilation. After several
considerations, EGBEA solvent stands out as possible candidate: it can be captured by
commercial VOC passive samplers commonly used in IAQ studies, presents no relevant
effects on human health and has a typical very low presence in indoor environments. A
preliminary test indicated a good measurability of EGBEA by a commercial passive sampler
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in simplified field conditions. Further test chamber and field tests will be carried out in order
to determine the actual applicability of this substance as tracer in TGTs.
5
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ABSTRACT
Nowadays the improvement of building airtightness is an essential condition to achieve high energy performance
of buildings. Therefore, there is a need to precisely describe and quantify buildings infiltrations.
In France, building airtightness is determined by fan pressurization, as described in the international standard ISO
9972. Appliqued to large buildings however, several technical questions arise, such as the ability to generate a
pressure difference of at least 50Pa, or to achieve a uniform indoor pressure for the whole building. For these
reasons, it is suggested to divide large buildings into smaller elements. This approach, often referred as multizonal, was applied here to a case study. According to ISO 9972 standard, two different techniques can be used:
providing an identical pressure in adjacent zones, or including inter-zonal air flows in the calculation of the
airtightness of a room. Both techniques were applied here to a 32 000 m3 building.
The building was made of offices, classrooms and four large halls devoted to research. For offices and classrooms,
an airtightness level n50 lower than 1.47 h-1 has to be achieved. For the halls however, it should be lower than
2.89 h-1. Consequently, both part had to be measured separately. In addition, the four halls could not be measured
simultaneously as they were not contiguous.
A first step consisted in assessing inter-zonal airflows. Each part of the building should be isolated from the other,
on an airflow point of view. However, many important leakages were detected: at the junction between the ceiling
and separation walls, between the exterior wall and separation walls, at doorways where doorsills or seals were
missing, and through the separation walls because of the crossing with beams, sheathes, and networks ducts.
Next, the building airtightness was measured according to several multi-zonal methods. First, halls were measured
one by one, then each hall was measured while the adjacent halls were simultaneously depressurized, and finally
the four halls were measured simultaneously, with depressurized adjacent offices and classrooms. Offices and
classrooms were tested with and without depressurization of adjacent halls.
The results showed that inter-zonal airflows were non-negligible and significantly influenced the measured
airtightness: the n50 value was overestimated and ranged from about 70% to 100%. On average, a higher difference
(+92%) was obtained for the halls while it reached as much as 80% for offices and classrooms.
According to ISO 9972 standard, all multi-zonal measurement methods used in this study are allowed to determine
the airtightness of this building. The huge difference between results is a problem, especially when airtightness is
measured for compliance with a specification of a building code or standard, in the context of calculation of energy
performance of buildings.

KEYWORDS
Airtightness, multi-zonal techniques, inter-zonal airflows

1

INTRODUCTION

The improvement of building airtightness is an essential condition to achieve high energy
performance of buildings. Therefore, there is a need to precisely describe and quantify
buildings infiltrations. In France, building airtightness is determined by a fan pressurization
test, as described in the international standard ISO 9972 (AFNOR, NF EN ISO 9972, 2015).
When applying to large buildings, two methods are allowed to measure airtightness: to
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achieve a measurement for the whole building, thanks to the use of several fans or the
building ventilation and air conditioning system fans (single-zonal techniques), or to divide
the building into smaller elements (multi-zonal techniques).
A single-zonal technique often requires several fans. Table 1 shows examples of large
buildings measured with common blower door fans (7000-8000 m3/h), presented in
(Dorschky, Simons, & Rolfsmeier, 2005), (Blomsterberg & Burke, 2012), and (Szymanski,
Gorka, & Gorzenski, 2014).
Table 1: Measurements results for large buildings, measured with one or several blower door fans

Building use

Volume (m3)

n50 (h-1)

School
Home for the elderly
Industry
School
Office
Office
Food store
Industry
Shop
Research building
School
Research building
Industry
Care center

13 500
11 000
191 000
8 995
15 171
31 500
8 000
46 500
61 090
50 000
14 000
50 000
17 100
27 400

0.13
0.18
0.01
0.34
0.43
0.21
1.11
0.22
0.20
0.30
1.28
0.44
1.30
1.60

Airflow at 50 Pa
(m3/h)
1 786
1 965
2 674
3 043
6 558
6 615
8 916
10 230
12 131
15 000
17 870
22 000
22 230
43 840

Number of fans
1
1
1
1
1
1
2
2
3
3
3
3
3
7

It is possible to measure large buildings with a unique fan, either if the building is airtight
enough (see Table 1), or if the fan capacity is higher than standard models ones. Table 2
summarizes measurements for which special fans were used: BGV capacity is about
72 000 m3/h, whereas Megafan capacity is around 300 000 m3/h. These results are presented
in (Boithias, Berthault, & Juricic, 2013), (Litvak, Boze, & Kilberger, 2001), and (Biaunier,
Berthault, Huet, & Charrier, 2010).
Table 2: Measurements results for large buildings, by using two special fans

Building use

Volume (m3)

n50 (h-1)

Industry
School
School
Shop
School
School
Industry
School
Industry
Industry
Gymnasium
Industry
Commercial Center

6 982
7 426
4 237
14 061
4 563
4 862
4 083
6 610
53 000
53 000
7 408
14 910
27 858

0.28
1.07
3.54
1.25
3.95
3.83
7.87
6.81
0.91
0.93
8.98
10.42
29.20

Airflow at 50 Pa
(m3/h)
1 955
7 968
15 004
17 576
18 015
18 601
32 133
45 003
48 230
49 290
66 524
155 346
813 454

Fan
Megafan
BGV
BGV
Megafan
BGV
BGV
Megafan
Megafan
Megafan
Megafan
Megafan
Megafan
Megafan

As concerned the single zonal approach applied to a large building, (Szymanski, Gorka, &
Gorzenski, 2014) and (Blomsterberg & Burke, 2012) proposed to use the building ventilation
and air conditioning system fans, if they were able to generate a sufficient airflow rate. The
international standard ISO 9972 allows this method, if the uncertainty of the measured airflow
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rate is lower than 7% of the reading. Yet, this condition is hard to meet. Indeed for the cases
studied in (Szymanski, Gorka, & Gorzenski, 2014), the authors acknowledged that additional
efforts were required to obtain accurate results.
For the multi-zonal approach, large buildings are divided in smaller elements, measured
separately as mentioned above. Two different techniques can be used. They consist in:
1. Providing an identical pressure in adjacent zones (named “the guarded test”
approach);
2. Including the airflow from adjacent zones into the calculation of the airtightness of the
targeted zone.
In (Szymanski, Gorka, & Gorzenski, 2014), both techniques were applied to a large building
split in two zones. The difference between the n50 values was about 30%. In (Hult &
Sherman, 2014), the authors exposed methods to quantify leakage between house and garage,
and estimated the uncertainty of each method. They concluded that balancing the pressure
was the method the most consistent, which can be achieved by using two blower doors. The
inter-zonal leakage was determined with an accuracy of 20%.The authors extended this
method to multi-zone buildings, by simulating the guarded test method (see Figure 1). They
showed that using a non-guarded test method could overestimate the n50 value between 30%
and 100%, depending on airtightness of adjacent zones, and leaks between zones.

Figure 1: Scheme of a guarded test method on a multi-zone building.

The present paper deals with multi-zonal techniques applied to a large non-residential
building. The case study and measurements techniques are exposed in section 2. The main
results are presented and discussed in section 3, and section 4 gives complementary analyses.
2 METHODE
The case study is a building of 32 000 m3, made of offices, classrooms and four large halls
devoted to research (Figure 2). For offices and classrooms, an airtightness level n50 lower than
1.47 h-1 has to be achieved. For the halls however, it should be lower than 2.89 h-1.
Consequently, both part had to be measured separately. In addition, the four halls could not be
measured simultaneously as they were not contiguous, except for hall C.1 and C.2. Thereafter,
if the interconnecting door is opened, the addition of the two halls will be called Hall C.
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Figure 2: Building plan of the case study

A first step consisted in assessing inter-zonal airflows. To do so, each zone of the building
was isolated from the other ones, on an airflow point of view.
Second, the building airtightness was measured according to ISO 9972 and using the
following protocol for the halls:
1. The halls were measured separately, with no action taken for the adjacent zones;
2. Each hall was measured while the adjacent halls were simultaneously depressurized;
3. The four halls were measured simultaneously, with depressurized adjacent offices and
classrooms.
Concerning the offices and classrooms, the tests were performed twice, with and without
depressurizing the adjacent halls. Table 3 summarizes the notations used for the airtightness
tests results (q50 values).
It was assumed that airflows were not depending on the direction, which means there was no
valve effect. Inter-zonal airflows are evaluated by calculation, assuming that the pressures in
adjacent zones, that were not depressurized, were the same as outdoor pressure, ie
depressurization of one zone did not disturb the pressure in adjacent zones. Notations used for
calculated q50 values and equations are given in Table 4. Figure 3 illustrates all calculated
airflows.

Figure 3: Leakage airflows
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Table 3: Airtightness tests notations
Measurement
Hall A alone
Hall A, Hall B depressurized
Hall A, guarded test method
Hall B alone
Hall B, Hall A and Hall C depressurized
Hall B, guarded test method
Hall C alone
Hall C, Hall B depressurized
Hall C, guarded test method
School – offices alone
School – offices, guarded test method

q50 notation
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
Q10
Q11

Equation
Q1 = QAO + QAS + QAB
Q2 = QAO + QAS
Q3 = QAO
Q4 = QBO + QBS + QAB + QBC
Q5 = QBO + QBS
Q6 = QBO
Q7 = QCO + QCS + QBC
Q8 = QCO + QCS
Q9 = QCO
Q10 = QSO + QAS + QBS + QCS
Q11 = QSO

Table 4: Inter-zonal airflows notations
Interzonal leakage
Between Hall A and Hall B
Between Hall A and School - offices
Between Hall B and Hall C
Between Hall B and School - offices
Between Hall C and School - offices

3

q50 notation
QAB
QAS
QBC
QBS
QCS

Equation
QAB = Q1 – Q2
QAS = Q2 – Q3
QBC = Q4-Q5-Q1+Q2
QBS = Q5 – Q6
QCS = Q8 – Q9

MAIN RESULTS

3.1 Detection of leakage location
Each zone was depressurized successively. The main leaks between the depressurized zone
and the outdoors (thereafter called “actual leakage”) were manually detected near to:
 the external doorways;
 Roll up doors in the halls;
 Skylights and smoke removal systems in the halls, classrooms and offices;
 Intermittent air barriers;
 Expansion joints.
Many significant inter-zonal leaks were also detected (Figure 4) close to:
 The junction between the ceiling and separation walls (Figure 4a);
 Through the separation walls because of crossing beams, sheathes, and networks ducts
(Figures 4b, 4c, 4d);
 Between the exterior wall and separation walls (Figures 4e and 4f),
 At interconnecting doorways where doorsills or seals were missing.

(a)

(b)

(c)
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(d)

(e)

(f)

Figure 4: Main inter-zonal leaks detected by depressurization

3.2 Results from the air tightness tests and discussion
Table 5 presents the detailed results from all the experiments, where actual leakages of each
zone are highlighted in bold. Measurements referred to as “alone” include all of the leakages
(inter-zonal ones and actual ones), whereas airflows measured with the guarded test method
are actual leakage.
The uncertainty on q50 was calculated in accordance with ISO 9972.
Table 5: Airtightness measurements
Measurement
Hall A alone
Hall A, Hall B pressurized
Hall A, guarded test method
Hall B alone
Hall B, Hall A and Hall C pressurized
Hall B, guarded test method
Hall C alone
Hall C, Hall B pressurized
Hall C, guarded test method
School – offices alone
School – offices, guarded test method

q50 (m3/h)
Q1 = 12 006
Q2 = 9481
Q3 = 7071
Q4 = 11622
Q5 = 7305
Q6 = 6640
Q7 = 47086
Q8 = 40492
Q9 = 24412
Q10 = 56317
Q11 = 31328

Uncertainty on q50 (%)
5.6%
1.6%
2.8%
1.2%
2.2%
3.2%
0.8%
1.5%
2.8%
1.2%
2.6%

n50 (h-1)
5.29
4.17
3.11
7.73
4.86
4.41
4.47
3.85
2.32
3.44
1.91

The n50 value for “school-offices” was higher than the threshold (1.47 h-1). On the other hand,
satisfying results were obtained for the halls given that the mean value was 2.67 h-1, yet the
threshold was also higher (2.89 h-1).
To go on further, the global inter-zonal airflow was calculated by subtracting the result from
the guarded test to one of the zone alone. The results are presented in Table 6. Also the
uncertainty was added using the principle of propagation of uncertainty (type B, uncorrelated
variables).
Table 6: Calculation of global inter-zonal airflows, zone by zone

Global inter-zonal airflow (m3/h)
Uncertainty (%)
Inter-zonal airflow compared with actual
leakage (%)

Hall A

Hall B

Hall C

4935
14%

4982
5%

22674
3%

Schooloffices
24989
4%

70%

75%

93%

80%

From these results, it can be concluded that inter-zonal airflows should not be neglected,
neither for halls nor for school-offices. For this case study, the results obtained with the
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standard method highly overestimated the actual leakage. Therefore, it seems necessary to use
a guarded test method instead, even if 8 blower door fans and a specific fan are required.
The inter-zonal airflows are presented in Table 7, and the uncertainty is calculated using the
same principle as above. Significant differences were observed: uncertainties lower than 10%
were obtained for QAS and QCS, whereas it was significantly higher for other inter-zonal
airflows, up to 40%. These latest are significant, as only 20% were obtained for a “two blower
doors method” in (Hult & Sherman, 2014), which can be taken as a reference.
Table 7: Estimation of inter-zonal airflows
Inter-zonal leakage
Between Hall A and Hall B
Between Hall A and School - offices
Between Hall B and Hall C
Between Hall B and School - offices
Between Hall C and School - offices

q50 (m3/h)
QAB = 2525
QAS = 2410
QBC = 1792
QBS = 665
QCS = 16080

Uncertainty in q50 (%)
27%
10%
40%
40%
6%

To go more into the details, each inter-zonal airflow is compared against actual leakage of the
zones (see Table 8). In Hall A, inter-zonal airflows came as much from Hall B as from
adjacent classrooms and offices. In Hall B, the majority of inter-zonal airflows came from
adjacent halls, contrary to Hall C, where main inter-zonal airflows came from classrooms and
offices.
The airflow between Hall C and offices was, respectively, two thirds and one-half of the
actual leakage of these zones. This was a problem, because delivery trucks came in Hall C,
and exhaust gas could influence indoor air quality in classrooms and offices, depending on the
airflow direction.
Airflows between the halls did not seem to be problematic, but an airflow between a hall and
a classroom or an office could create an energy loss. Indeed, the indoor temperature in the
halls was lower than in the classrooms and offices.
Table 8: Inter-zonal airflows, compared with actual leakage, zone by zone
QAB
QAS
QBC
QBS
QCS
Total

QAO
36%
34%

70%

QBO
38%

QCO

27%
10%

7%

QSO
8%

75%

66%
73%

2%
51%
61%

The inter-zonal airflows were successfully estimated with the methodology presented in this
paper. However, some limits were also exhibited. First, the sum of the calculated inter-zonal
airflows did not fit exactly to the measured ones, given in Table 6. Moreover, different
equations can be used to calculate the airflow rate, which may lead to significant differences
or even absurd (negative) values. Finally, high uncertainties were obtained indicating that the
results should be considered with caution.
4 ADDITIONAL RESULTS
4.1 Inter-zonal airflow between Hall C.1 and Hall C.2
The inter-zonal airflow between halls C.1 and C.2 is calculated by opening and closing the
interconnecting door. Table 9 and Table 10 give respectively measurement results and
calculated inter-zonal airflows, by using the same method as above.
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Table 9: Measurement results of halls C.1 and C.2
Measurement
Hall C.1 alone
Hall C.1, hall C.2 depressurized
Hall C.2 alone
Hall C.2, hall C.1 depressurized

q50
notation
Q12
Q13
Q14
Q15

Equation
Q12 = QC.1-O+QC.1-E+QC.1-B+QC.1-C.2
Q13= QC.1-O+QC.1-E+ QC.1-B
Q14 = QC.2-O+QC.2-E+ QC.2-C1
Q15 = QC.2-O+QC.2-E

Result
(m3/h)
23199
21724
26789
25362

Uncertainty
(%)
1.1%
1.5%
0.9%
0.6%

Table 10: Airflow between halls C.1 and C.2, calculated by two means
Inter-zonal airflow
From hall C.2 to hall C.1
From hall C.1 to all C.1

q50
notation
QC.1-C.2
QC.2-C.1

Result (m3/h)

Equation
QC.1-C.2 = Q12-Q13
QC.2-C.1= Q14 –Q15

1475
1427

The airflow between the two halls is calculated for the two directions (from Hall C.1 to Hall
C.2, and vice versa). Results match very well (within 3%), meaning that there is no valve
effect, and that calculation method is accurate enough in this case.
4.2 Additional measurement in Hall A
A fourth measurement is realized in Hall A, while the doors on Hall B were maintained
opened during the test. Therefore, the pressure in Hall B was effectively the one from the
outdoor. The four q50 values are represented in Figure 5, along with the uncertainties, and Q1’
stands for the result obtained with this latest test.

Figure 5: Four measurement results in Hall A

Q1’ is higher than Q1. However, Q1’ confidence interval is fully enclosed in Q1 interval, and
the difference between Q1’ and Q1 (360 m3/h) is shorter than the width of confidence intervals
of Q1’ and Q1 (respectively, 574 m3/h and 1349 m3/h). Therefore, it can be concluded that the
influence on the result of Hall A sounds negligible, compared with the high influence of
depressurization of adjacent zones (Q2 and Q3).
In this case, it is acceptable to assume that unpressurized Hall B was at outdoor pressure, in
order to calculate inter-zonal airflow rate, because Hall B was sufficiently large and not
airtight. However we induced by this way an error on Q1 value, and hence on QAB value.
4.3 Hall B: air flow rate at 4 Pa pressure difference
As the French thermal regulation considers that the air leakages are occurring under a 4 Pa
pressure difference, this was also studied in the present paper. Figure 6 shows the air leakage
graphs of the three measurements in Hall B.
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Figure 6: Air leakage graph of Hall B

It can be observed that the curves do not remain parallel. Indeed the ones obtained from
measurements no. 5 and 6 are crossing at approximately 20 Pa. This is because the airflow
exponents n are quite different (respectively, 0.637 and 0.543). As explained in (Sherman &
Rengie, 2004), this exponent is representative of the nature of the leakages: the “actual
leakage” (measurement 6) is quite like an orifice, whereas inter-zonal leakages between Hall
B and offices and classrooms were longer.
However, these results at 4 Pa are absurd: the airflow rate obtained with the guarded test
method should have been lower than the one obtained when the leakages between Hall B and
classrooms were included. This inconsistency was not observed in the other zones.
5 CONCLUSION
The airtightness of a large multi-zone building was measured according to a classic multi-zonal
technique, then according to a guarded test method. The results showed that inter-zonal airflows
were non-negligible, and had a significant influence on the measured airtightness: the n50 value
was overestimated from about 70% to 100%. On average, a higher difference (+92%) was
obtained for the halls while it reached as much as 80% for offices and classrooms.
Thus, the guarded test method is much more accurate, yet it requires a specific equipment; in
our case, a specific fan and 8 blower door fans. This high strain encourages using a classic
multi-zonal technique then subtracting inter-zonal airflows. These ones were calculated for
each separating wall in this case study, assuming:
(1) That depressurization of one zone did not disturb the pressure in adjacent zones. This
hypothesis was found to be acceptable in one zone, but it may induce an error,
particularly in little or airtight adjacent zones. The influence of this assumption should
be evaluated for other cases, by means of simulation for example.
(2) That inter-zonal airflow rates were the same in the two directions, which means there
was no valve effect. This assumption was checked for one separating wall.
(3) That the guarded test method did not change the nature of the leakages, so that it remains
valid whatever the pressure difference. Yet this hypothesis was not verified for one hall,
which prevented from working at low pressure differences.
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This method gave some consistent results, and allowed to point high inter-zonal airflow rates,
with their potential consequences: energy losses and a negative influence on interior air quality.
But high uncertainties and inconsistent results harden the analysis.
For these reasons, it is advised to use a guarded test method when measuring a large multi-zone
building, especially when airtightness is measured for compliance with a specification of a
building code or standard. If a classic multi-zonal technique is used however, inter-zonal
airflows should be calculated and subtracted from the measurement result. In order to reduce
uncertainties, the method to evaluate inter-zonal airflows should take account of pressure in
adjacent zones. Despite of some of the considerations in the French regulation, a pressure
difference of 50Pa is preferable to lower values.
6
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ABSTRACT
In this paper a new methodology is presented to determine airtightness of buildings. The common
method for airtightness testing is through fan pressurization with a blower door test. The new
methodology also uses fan pressurization. Instead of an external fan, it uses the building fan system to
pressurize the building.
The new airtightness tester device is no more than a pressure sensor, a reference vessel,
communication hardware and an app. The flow rate of the ventilation system can easily be measured
with an airflow meter. The fan pressurization of the building is measured relative to the pressure in the
reference vessel which is the building pressure with the building ventilation system turned off.
Measuring the reference pressure inside the building has the advantage that there is no need to use a
building opening for an outdoor pressure measurement and pressure variations over the building
envelope due to wind are averaged out.
Using the building fan system reduces the price of the measuring device and the time for an
airtightness test. This makes it feasible to measure the airtightness of all buildings in a housing project
instead of taking a few samples as currently is common practice in the Netherlands. Our new method
allows both a one-point and a multiple-point test as described in the RESNET-380-2016 [1]. Here we
only discuss the one-point test because this method is very efficient whilst also giving adequate
results.
Validation of the new method has been carried out based on airtightness tests in buildings with both
the blower door test and our new method. When taking the uncertainty of both methodologies into
account, both pass or fail nearly all the same buildings. Preliminary results also seem to support the
notion that the new method is less affected by wind, as measurements could be done on a windy day
where this was not possible with the blower door test.

KEYWORDS
Airtightness, fan-pressurization, blower door.

1

INTRODUCTION

The development of the airtightness tester is part of the Securevent project. The purpose of
Securevent is to guarantee the integral performance of air installations by developing simple
measuring instruments and methods for the professional market, with which the air volume
flow and the sound level of the ventilation system and the air tightness of the building can be
tested quickly and affordably.
The standard method of measuring airtightness is through fan pressurization with a blower
door test. A blower door is a combination of an air moving fan, an airflow meter and a
covering to integrate the fan in a building opening. At least in the Netherlands it is not
common practice that the airtightness of all newly built houses in a construction project are
980 | P a g e

measured. In most cases only a couple of buildings of a housing project are measured, and if
these buildings pass the set requirements, it is assumed that all buildings are sufficiently
airtight. The reasons given against testing all buildings are the price, complexity and time it
takes to perform such measurements with the blower door.
The goal of the new device and new measuring method is to reduce the time it takes to
perform an airtightness measurement, making it realistic to measure all houses in a larger
project or more cost effective in a single housing project. This time reduction can be achieved
by shortening the time it takes to do the measurement itself, but also by reducing the time it
takes to setup the system.

Pressure sensor and processor

Reference vessel

Tablet with software

Figure 1: Prototype of the device used in this paper

The new method also measures through fan pressurization. Instead of an external fan and
frame, it uses the fan system in the building, as described in ISO 9972[2], the international
standard for the fan pressurization method. The main advantage of using the building
ventilation system is a reduction in time for the setup and the measurements. Note that the
ISO 9972 does not allow a one-point test whereas the RESNET 380-2016, the official US
standard for testing airtightness of buildings, does allow it. Of course, one could use the
different ventilation settings to do a multiple-point test. Given the increased complexity of the
method and the extra time this would require we decided to concentrate on the one-point test.
The use of an indoor reference vessel and the building fan system instead of the blower door
set up also has technical advantages. The new method is less sensitive to wind pressure
fluctuations, as these fluctuations average out over the whole building envelope. No opening
in the building envelope is required, meaning that the whole building envelope, including the
exterior door, is measured.
At the start of the measurement, the vessel is closed when the ventilation system is turned off
and will remain closed for the duration of the measurement. The pressure inside the vessel is
now equal to the pressure of the building with the ventilation system turned off. When the
ventilation system is turned on, a pressure difference will occur between the reference vessel
and the building itself. This pressure difference, together with the flow rate of the ventilation
system, is a measure for the airtightness.
This paper reports on our newly developed method and whether it obtains a reliable result for
the airtightness. By measuring buildings with both the blower door test and the new device
the new method is validated. The uncertainties of both methods are considered in the
comparison.
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2

THEORY BEHIND THE NEW DEVICE

A value for the airtightness can be calculated at a specified reference building pressure with
n
 P 
(1)
qv , Pr  qv , sys   r 
 P 
where
qv,Pr
qv,sys
Pr
ΔP
n

:
:
:
:
:

airtightness at the referenced building pressure
volumetric flow rate of the ventilation system
specified reference building pressure
measured differential pressure
flow exponent.

[l/s]
[l/s]
[Pa]
[Pa]
[-]

Compared to a blower door, the pressure difference (ΔP) generated by a ventilation system
can be relatively low. Therefore, multiple cycles are taken and averaged when measuring. The
minimum amount of cycles used is five. If the measured pressure difference is low, or a signal
has a lot of noise, more cycles can be taken to improve the result. Note that if a pressure
difference is very low, the accuracy of the measurement is no longer relevant, as it probably
can already be concluded that the building is not going to pass the requirement.
Because the airtightness is measured at only one pressure difference and flow rate, it is not
possible to determine the flow exponent. This means that an assumption must be made on the
flow exponent. The flow exponent in houses typically ranges between 0.55 and 0.75[4]. The
average flow exponent is determined to be 0.66[3]. As prescribed in the RESNET380 standard
measurements one could also use 0.65. Given the uncertainty of the flow exponent this does
not make a difference (see section 2.1). If the airtightness is below the requirement when
calculated with both a flow exponent of 0.55 a flow exponent of 0.75, it can be concluded
that, regardless of the actual flow exponent, the building passes the requirement.
2.1

Uncertainty of the new method

In our view, determining whether a building passes or fails the airtightness requirement can
only be properly done when the uncertainty of a measurement is taken into account. As seen
in equation 1, the airtightness calculated with the new method is dependent on three variables:
the volumetric flow rate of the ventilation system, the measured pressure difference and the
flow exponent. Each of these variables introduces an uncertainty in the total measured
airtightness, making the equation for the total uncertainty
2

q

v ,Pr

2
2
 f 
 f 
 f 
2
2
 


 
 2
 q  qv ,sys  P  P  n  n
 v,sys 

(2)

To calculate the airtightness with this method, the volumetric flow rate of the ventilation
system must be known. The uncertainty of this flow rate is largely dependent on the device
used to measure the flow. However, in general the uncertainty will be uniformly distributed,
making the total uncertainty of the ventilation system

q

v ,sys

where
:
bn
:
an



1
1
1
 (b1  a1 )2   (b2  a2 )2  ......  (bn  an )2
12
12
12

the maximum value for the measured flow of a valve
the minimum value for the measured flow of a valve.

(3)
[l/s]
[l/s]
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The uncertainty introduced by the pressure difference is calculated from standard deviation
between the pressure difference measured in each cycle

  P  P 
N

 P 

2

i

i 1

N 1
In general, a N of 5 is sufficient for an accurate result. However, when a signal has a lot of
noise, it can be useful to take more samples.

(4)

The use of an average flow exponent is considered in the uncertainty. By calculating the
airtightness at 0.55, 0.66 and 0.75, an airtightness value is obtained at each reasonably
possible flow exponent value. The range of possible airtightness values is taken into the
calculation for the total uncertainty, (3rd term in equation 2).
2.2

Impact of the uncertainty

Here we discuss for each of the three variables the impact of its uncertainty on the
airtightness. The effects of changing each of the three variables from -20% to +20% on the
airtightness is shown in figure 2. The change in airtightness as a result of the changed
variables is calculated at a pressure ratio (in Eq.1) of Pr/ΔP=0.66.
It is important that the flow rate is determined as accurate as possible, as the figure shows that
this value has a one to one impact on the result: when the flow measurement is off by +20%,
the measured airtightness value will be off by +20% as well.
The impact of the pressure difference uncertainty depends on the flow exponent. The impact
will be the higher when the flow exponent is higher. When a flow exponent of 0.66 is used,
and the pressure is changed by +20%, the airtightness will roughly change -11%. When the
pressure is changed by -20%, the airtightness will roughly change +16%.
25

Change in airtightness caused by pressure
Change in airtightness caused by flow exponent
Change in airtightness caused by flow rate
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Figure 2: Change in airtightness, caused by changing one of the three variables.
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Figure 3: Deviation in airtightness as a function of the flow exponent.

The influence of the flow exponent on the total uncertainty is largely dependent on the
difference between the referenced building pressure (Pr in Eq. 1) and the measured
differential pressure (ΔP in Eq. 1). The bigger the difference between these pressures, the
bigger the uncertainty caused by the flow exponent will be, as shown in figure 3.
From figure 3 it can be concluded that, to keep the uncertainty caused by assuming the flow
exponent to a minimum, a ventilation setting should be chosen where, if possible, the ratio
between Pr and ΔP is close to 1.
2.3

Measurement protocol

All test measurements presented in this paper have been performed using the following
measurement protocol, taking the relevant points from ISO 9972:
1.
2.
3.
4.
5.

Place the reference vessel in the house with the venting valve opened.
Close all exterior doors and windows.
Open all interior doors.
Check that water traps in plumbing systems are correctly filled or sealed.
Prepare the ventilation system.
a. In case of balanced ventilation, close off either the supply or exhaust side.
b. Confirm how to turn the system on and off.
6. Close the reference vessel.
7. Connect the reference vessel to a phone or tablet via Wi-Fi using the software.
8. Turn the ventilation system on and off in cycles of roughly 10 seconds (dependent on
the start-up time of the ventilation system) for 5 cycles. In case of low pressure
measurements or measurements with a lot of noise more cycles can improve the
quality of the result.
9. Measure the flow of the ventilation system before returning the ventilation system to
its original state and input this in the software.
10. Save the measurement.
11. Return the ventilation system to its original state.
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The flows are determined using a powered flow hood with an
uncertainty of ±3 m3/h when the measured value is below 100
m3/h and ±3% when the value is above 100 m3/h. The
measured objects were buildings with mechanical or balanced
ventilation systems. Note that with a balanced ventilation
system one could determine the airtightness for pressurization
and depressurization.
All measurements with the new methodology are done
directly after the blower door test with the blower door still in
place, ensuring that both tests are done in similar conditions.
To show the impact of using an assumed flow exponent, the
calculation for the airtightness with the new methodology is
done with both the calculated flow exponent from the blower
door test, and the assumed flow exponent of 0.66.
The new method has a reduced setup time, as it is not
necessary to build a frame into the door for a fan. It is
necessary to measure the flows of the ventilation system,
something that is not needed for the blower door test.
Because the new method uses only a reference vessel and
software on a phone or tablet, the setup can very easily be
transported between buildings, saving time when multiple
buildings are going to be measured.
3

Figure 4: The powered flow hood

RESULTS

The uncertainty for a measurement done with the blower door is calculated using the
recommended procedure for estimating uncertainty described in ISO 9972[1]. Three sets of
buildings have been measured, each set having its own airtightness requirement. An example
of what a measurement using the new method looks like is provided in figure 5.
As can be seen in this figure, the signal has a downward trend. This trend is caused by small
changes in the volume and temperature of the reference vessel. The pressure difference is
automatically calculated by the software and takes this trend into account. Different
algorithms have been tested and have shown that the trend makes little difference on the
result.
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ΔP

Figure 5: Example of what a signal on the new methodology looks like.

In the tables 1 to 3 the results of the measurements are shown per set. Each result has been
colour coded in one of three colours:
Green
Blue
Red

The building meets the requirement.
The building only meets the requirement when the uncertainty is not
considered.
The building does not meet the requirement.

The first column shows the building number. The second column shows the result of the
blower door measurement. The third column shows the airtightness measured with the new
method, using the flow exponent measured with the blower door for the calculation. The last
column shows the airtightness with the new method, calculated with a flow exponent of 0.66.
Table 1: First set of buildings, balanced ventilation, airtightness requirement of 22.3 l/s at 10 Pa.

Building no.
1
2
3
4
5
6
7
8
9
10

qblower (l/s)
24.8±1.4
25.0±1.4
25.6±3.6
34.3±4.2
29.1±2.7
27.6±3.3
27.5±3.6
23.7±4.6
25.8±2.4
20.7±2.5

qnew,nmeas (l/s)
25.0±0.5
27.2±0.5
30.9±0.8
34.8±0.7
32.0±1.1
26.1±0.6
29.1±0.6
26.9±0.8
28.2±0.8
23.3±0.9

qnew,nfixed (l/s)
27.4±2.9
29.7±3.2
33.4±3.0
34.9±2.5
33.1±3.4
28.2±3.5
29.6±3.1
30.4±3.7
30.9±3.2
27.1±3.1

In the first set of houses only building no. 10 passes with the blower door test and fails when
using the new method. The measurement with the blower door test only passes when the
uncertainty is not taken into account.
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Table 2: Second set of buildings, mechanical ventilation, airtightness requirement of 30.0 l/s at 10 Pa.

Building no.
11
12
13
14
15
16
17

qblower (l/s)
12.9±1.6
14.8±1.5
17.2±2.8
16.3±2.9
14.4±2.4
16.8±3.6
24.4±1.9

qnew,nmeas (l/s)
15.5±0.7
16.8±0.7
20.6±0.8
17.0±1.0
17.7±0.8
18.6±0.7
25.4±0.5

qnew,nfixed (l/s)
17.1±2.6
17.7±3.7
20.9±3.2
19.0±3.9
20.1±2.7
19.8±2.6
23.7±4.3

In the second set of measurements, all buildings pass, even when the uncertainty is taken into
account.
Table 3: Third set of buildings, mechanical ventilation, airtightness requirement of 18.1 l/s at 10 Pa.

Building no.
18
19
20
21
22
23
24
25
26
27
28

qblower (l/s)
9.9±1.2
10.6±1.5
14.8±1.2
20.0±1.2
17.5±1.1
12.2±2.3
10.9±0.7
12.5±1.3
14.0±1.7
10.8±1.4
9.8±1.6

qnew,nmeas (l/s)
10.3±0.4
11.0±0.5
17.7±1.4
19.6±0.5
18.9±0.4
14.1±0.5
12.3±0.3
14.3±0.6
14.9±0.5
11.2±0.4
11.2±0.6

qnew,nfixed (l/s)
12.0±1.6
10.8±1.4
18.0±1.6
21.2±2.9
20.0±2.9
17.1±2.8
14.8±2.5
16.8±2.0
14.9±1.6
13.4±2.0
12.1±1.5

In the last set of measurements there is a bit more disparity. Building no. 20 passes with the
blower door test, but only passes with the new test when the uncertainty is not considered.
Building no. 22 passes with the blower door test when the uncertainty is not considered, and
fails with the new test regardless of the uncertainty. Building no. 23 and 25 only pass with the
new test with a flow exponent of 0.66 when the uncertainty is not taken into account, though
these buildings do pass with the blower door test and with the new test with the measured
flow exponent.
3.1

Measurement on a windy day

There is one particular measurement that is interesting to show here. At the time of this
measurement there was a wind force of 7 Beaufort. It was impossible to perform a stable
measurement with the blower door in these conditions. With our new method, we could
perform a good measurement.
The result of the measurement was a qv,10 of 34.0±4.8 l/s using a flow exponent of 0.66. This
building was measured with the blower door on a different day, giving a qv,10 of 33.4±1.6 l/s,
indicating that the measurement done on the windy day on the new method gave a reliable
result. The requirement for this building was 22.3 l/s, so with both methods the same
conclusion can be reached: the building does not pass the requirement.
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Figure 6: Signal of the measurement performed under windy conditions.

3.2

Using a different specified reference pressure

In the Netherlands the airtightness is expressed at a reference pressure of 10 Pa. In most EU
countries however, a reference pressure of 50 Pa is used [4]. In table 4 the results of the third
set of measurements from table 3 are shown again, only calculated at a specified reference
pressure of 50 Pa instead of 10 Pa.
Table 4: The results of the third set of buildings, calculated at a specified reference pressure 50 Pa.

Building no.
18
19
20
21
22
23
24
25
26
27
28

qblower (l/s)
34.6±1.8
30.0±1.8
39.9±1.4
63.3±1.6
53.6±1.4
42.5±3.7
37.3±1.0
45.5±2.1
40.7±2.2
38.1±2.1
31.6±2.1

qnew,nmeas (l/s)
36.3±1.5
31.2±1.3
48.0±3.8
62.5±1.6
58.4±1.1
49.6±1.6
42.4±1.1
52.0±2.1
43.1±1.5
39.4±1.2
36.2±2.0

qnew,nfixed (l/s)
34.8±1.8
31.3±1.7
52.0±11
61.4±2.3
58.0±1.6
49.5±1.5
42.7±1.1
48.5±3.0
43.1±3.0
38.7±1.3
34.9±2.6

Compared to the results at a fixed flow exponent in table 3, the results in table 4 almost all
have a lower uncertainty. The exception is building no. 20, which has a bigger uncertainty.
Also noticeable is that the difference in uncertainty between a calculation with a measured
and a fixed flow exponent is smaller. The exception again being building no. 20.
The cause of this exception can be explained by looking at figure 3 and equation 1. The
bigger uncertainty is caused by the fact that the ratio between the reference pressure (Pr) and
the measured pressure difference (ΔP) got further away from 1 at 50 Pa than at 10 Pa.
Therefore a measurement closer to 50 Pa can reduce this uncertainty. It could be interesting to
research if there is a relation in flow exponent and airtightness, this could lead to more
accurate result. It could be expected that tighter dwellings have a higher flow exponent.
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4

CONCLUSIONS

In this paper a methodology for airtightness measurements through fan pressurization is
described, using a single-point pressure measurement. This methodology measures the
airtightness through the ventilation system of the building itself, as described in ISO 9972.
This method makes it possible to measure the entire building envelope, including the front
door. To validate this method, comparisons have been done by measuring buildings with both
the blower door test and the new methodology. In this paper all measurements on the new
method were taken with the blower door in place, to ensure an as accurate comparison as
possible.
When taking the uncertainty into account, the new method passes 95% of the same buildings
as the blower door at a measured flow exponent. At a fixed flow exponent, the new method
passes 80% of the same buildings. When the uncertainty is not taken into account the new
method passes 90% of the same buildings for both a measured and fixed flow exponent.
Early results also seem to support the notion that the new method is less affected by wind, as
measurements could be done on a windy day where it was not possible with the blower door
test.
There can be a big difference in the uncertainty between a calculation done at a specified
reference pressure of 10 Pa and 50 Pa. From this it can be concluded that, to minimize the
uncertainty caused by assuming the flow exponent, a pressure difference should be achieved
that is as close to the specified reference pressure as possible.
Our new method is a one-point test and therefore does not fully comply with the ISO-9972.
However there seems to be good grounds to also allow a one-point test given that the
RESNET 380-2016 and the draft for the RESNET 380-2018 does allow such a test. Both
standards also require an outdoor pressure measurement. We think that our solution with the
reference vessel is equally valid.
5
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ABSTRACT
The air renovation of a building should be controlled in order to ensure a proper level of indoor air quality while
minimize heat losses. It is a crucial point for the future energy efficiency goals. However, air infiltration rate in
buildings is a complex parameter which is influenced by several boundary conditions. Although a detailed dynamic
analysis could be used to properly characterize the phenomenon, estimated values can be obtained from
experimental methods, as Blower Door test and gas concentration-based approaches. Given that, the market
provides affordable sensors which permit recording CO2 concentration, the present study has implemented those
methodologies using CO2 as a gas tracer to estimate the air infiltration rate.
For the present study, CO2 concentration measurements have been carried out in a typical Spanish residential
building. Weather data have been provided by a nearby meteorological station. Using data collected during
unoccupied hours, the CO2 decay method has been implemented. Furthermore, Blower Door tests have been
performed and compared with the CO2 concentration-based method.
Infiltration rate results using the decay method differ between different time periods in a considerable way, ranging
between 0.08 and 0.49 air changes/hours. These variations are mainly due to differences in wind speed, wind
direction and temperature gradient between the interior and the exterior of the building. Although these factors
clearly influence the external air infiltration level, they alone are unable to describe in a complete way the air
tightness of the building envelope due to the complexity of the phenomenon (building shape, local wind
distribution and wind gusts). This paper aims to contribute enhancing awareness regarding infiltration field study
and suggest a simple and not invasive methodology to obtain the n50 parameter useful as input for building models
calibration.

KEYWORDS
Air infiltration; Residential building; Blower Door; Decay method; CO2 measurements.

1

INTRODUCTION

According to ASHRAE indications [1], the air change rate (ACH) of a building is defined as
the volumetric flow rate of air entering into the considered spaces. It is the combination of two
phenomena called infiltration and ventilation. Particular emphasis has been put on
considerations regarding air infiltration in residential buildings. It is an uncontrolled behaviour
which, especially for buildings having leaky envelopes, has a considerable impact on the overall
energy consumption. Regarding building energy simulations, Hopfe et al [2] performed a
sensitivity analysis on several physical parameters demonstrating that heating and cooling load
are highly sensitive to the ACH parameter. The two main driving forces which create a pressure
gradient between inside and outside of buildings are stack effect and wind pressure [3]. Since
these two forces are highly dynamics, the ACH is not constant. However, in order to provide
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guidelines, experimental methodologies as tracer gas approach and Blower Door test have been
developed. This last refers to a standardized and well known methodology to estimate the
airtightness of the building (UNE-EN 13829:2002 [4]).
Regarding tracer gas approaches, which implementation is described in the ASTM standard
E741-83 [5], Cui et al [6] implemented the tracer gas decay method using in-situ CO2
measurements carried out in a controlled environment and Roulet et al [7] compared decay
processes of SF6 and CO2 in an auditorium showing a good reliability of CO2 results. Batterman
[8] provided a complete review about CO2-based methods to evaluate the ventilation rates,
demonstrating that the decay method is the most simple method. Finally, Montoya et al [9]
evaluated the ACH of several residential dwellings in Catalonia using the same methodology,
obtaining a mean value around 0.23 h-1. Concluding, tracer gas approach results in easy
application, and the use of CO2 as a tracer gas sounds interesting since it is not affecting human
health and it is generated by the human metabolic process.
In this study, CO2 concentration measurements have been carried out in a residential building
in Catalonia. With the data collected during unoccupied periods, when there is not indoor
generation of CO2, the exponential decay method has been implemented. The results have been
related to weather conditions provided by a nearby weather station. Moreover, a Blower Door
test and a thermographic analysis have been performed. Results of the Blower Door tests have
been compared with the results of the decay method. The objective of the work is to show how
simple and repeatable CO2 measurements might be useful to provide an estimated range of the
ACH of residential buildings which can be used as input parameter to enhance the reliability of
building energy simulations.
2

METHODOLOGY
2.1

Building description

The building under description is a residential apartment of 109 m2 located in Terrassa, Spain.
It is a structure built in the early ’90 and its envelope construction elements follow the building
code of the period (NRE-AT-87) and they are representative of the common Spanish buildings
stock. More details regarding internal zones division, orientation and a general overview of the
apartment are provided in Fig. 1. The heating system comprehends radiators and a gas boiler.
There is not mechanical ventilation installed.

Figure 1: Building overview

2.2

Tracer gas decay method description

CO2 concentration decay method is based, as for the other tracer gas methods, on a mass balance
equation applied for a specific control volume. The mass balance differential equation,
considering the background concentration of CO2 in the outside air (Cbg) and without internal
generation, can be written as:
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(1)
Where V is the control volume considered in m3, Q is the air mass flow rate entering/exiting the
control volume in m3/h and Ct is the CO2 concentration of the indoor air in ppm/m3.
Defining the ACH as the resulting air mass flow rate divided by the total volume (ACH = Q/V)
and considering a constant background level of the concentrations, it is possible to reformulate
the equation as follow:
(2)
ASTM standard [5] provides two approaches for the decay method: two point method and
regression analysis. Assuming that the ACH varies during the considered periods, the two point
method has been implemented as first approach since it ensures an unbiased estimation of the
average value [10]. Integrating equation (2) between initial and final time of measurement leads
to:
(3)
On the other hand, with the assumption of constant ACH during the considered periods, a
regression method has been used to compare the two approaches. Plotting data of ln Ct against
time allows to perform a linear regression and to find the coefficients of equation 4.
ln

ln

(4)

In this case, the slope of the linear regression (A) represents the ACH value. Equations fitting
and error analysis are implemented. Among the CO2-based methodologies mentioned in the
review [8], the decay method is the easiest to implement and it is especially suitable to be dealt
with periods when there is a step down decrease or a complete evacuation of the building
occupants [3]. Periods selected are characterized by a first part of people occupation, when CO2
is injected in the space, followed by a complete evacuation. This reflects in an exponential
decay. As suggested by the study of Cui et al [6], for both methods, as initial point of the decay
curve has been considered the starting point of the exponential process while the final one in
the way that the time-span considered is equal to the nominal time constant of the exponential
decay curve. This constant represents the time to reach the 63.5% of the concentration
difference between initial and final point. As example, periods P6 and P7 are shown in Fig. 2.

Figure 2: Example of selected periods for the tracer gas decay method

It is important to notice, that some assumptions established for the decay method
implementation are not completely satisfied (ASTM E741-83, [5]), due to work in a residential
case study which is a not controlled environment. The limitations of the study are: multi-space
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sampling is not performed, which is needed to ensure the homogeneity of CO2 concentration;
single zone approach has been considered since a single house can be assumed like a single
zone [8]; Most of the uncertainties could come from inter-zone air flows due to the different
CO2 generation between persons and rooms. Despite of these limitations, the selection of the
periods has been done carefully to reduce those uncertainties.
2.3

Measurement campaign

The measurement campaign has been carried out during four winter periods. The main aim is
to not affect family daily life. Consequently, a simple procedure and not invasive sensors have
been used. Temperature and CO2 sensors are located in almost each indoor room and in the
outdoor terrace. However, only results regarding the living room have been analysed in the
study. CO2 sensors have been calibrated with the period-related background levels as suggested
from the manufacturer. Sensors data loggers are set to collect data each 5 minutes.
Wind speed and direction data have been collected from a weather station which is 1 km far
from the building. Values collected have been corrected accounting for the height of the
building. Although specific local wind distribution could be influenced by several factors (e.g.
wind gusts frequency [11]), these data have been used to correlate between the ACH and wind
conditions. In particular, the related wind parameter is the average speed value at the most
frequent direction of each considered period.
2.4

Blower Door tests: building preparation and tests performed

The Blower Door test is used to study the air tightness and air leakage of building envelopes.
This consists in a pressurisation/depressurisation test which is performed with a Blower Door
device that measures the air flow and pressure, establishing the infiltration air flow rate of the
building. This test should be supplemented with an infrared thermography to detect where the
uncontrolled cracks and openings of the envelope are located.
In this study, the Fan pressurization test, as it was also known, was performed using a
Minneapolis Blower DoorTM device, the Tectite software (v.5.0.7.3) and a Flir T1020
thermography camera. To conduct this test, all the windows in the dwelling were closed, all the
doors were left open and all the intentional openings were sealed: natural vents (bathroom and
laundry room ducts); mechanical vents (kitchen exhaust fan) and others (chimney).
The following is a brief description of the software settings of the test:
 Test standard: European standard UNE-EN 13829:2002 [4] that has a minimum of 5 Pa
target building pressures, where the maximum must not be less than 50 Pa and the
interval between the target must not exceed 10 Pa.
 Building preparation method (from standard UNE-EN 13829:2002): Method B, because
the test is performed to calculate the building envelope infiltration.
 Wind class using the Beaufort scale. It associates qualitative descriptions of wind
conditions with quantitative values, the wind speed. It is detailed in the Annex D of the
UNE-EN 13829:2002. In our test Light Breeze: 1.8 to 3.1 m/s is used, which is within
the limits to minimize error due to wind speeds. [12]
 Building Wind Exposure: Partly Exposed.
 Difference between indoor and outdoor temperature: Between 6-7ºC.
During the test the Blower door device was placed in the entrance door to depressurise (remove)
and pressurise (force) the air into the dwelling until a positive or negative pressure of 50 Pa was
reached.
For this study, two Blower Door tests are performed: one testing all the dwelling with all the
shutters open, and one for the main room with the shutters open. These tests are conducted to
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check the degree of uniformity of the envelope (all the dwelling vs the main room). Fig. 3 shows
the results of these last two tests.

Figure 3: Blower Door test result. Left: All dwelling. Right: Main room (E4)

In section 3.3 the numeric results of the tests and the degree of uniformity of the obtained
infiltration rate are analysed in detail.
3

RESULTS AND DISCUSSION
3.1

Tracer gas decay method results

Table 1 shows the estimated values of the ACH for both tracer gas approaches, the duration of
the decays and their error analysis of the regression approach. Values indicate a good agreement
between the two approaches with differences lower than 10%, except for period P6 and P7.
Decays range from 2 to 8 hours depending on the initial concentration value and the real ACH.
Confidence intervals have been estimated with a 99% level of confidence. Moreover, as
evaluation of the fitting quality, the R-square values are provided, presenting values greater
than 0.98. The ACH [h-1] results obtained with the regression method are used in the following
sections.
Table 1: Decay methods results
Two Point

Regression analysis
Regression
Confidence
ACH [h-1]
band

R2

Period

From

To

ACH [h-1]

P1

25/12/2012 - 22:41

26/12/2012 - 09:06

0.074

0.080

± 0.0021

0.98745

P2

31/12/2012 - 20:06

01/01/2013 - 01:11

0.191

0.198

± 0.0017

0.99970

P3

04/01/2013 - 10:13

04/01/2013 - 17:32

0.135

0.144

± 0.0013

0.99892

P4

22/01/2013 - 21:21

23/01/2013 - 05:06

0.103

0.107

± 0.0014

0.99769

P5

24/02/2015 - 08:48

24/02/2015 - 10:42

0.501

0.489

± 0.0146

0.99541

P6

02/03/2015 – 09:03

02/03/2015 - 11:51

0.320

0.370

± 0.0127

0.99099

P7

04/03/2015 - 08:33

04/03/2015 - 11:36

0.323

0.364

± 0.0162

0.98453

P8

25/12/2017 - 17:39

26/12/2017 - 00:33

0.135

0.135

± 0.0008

0.99917

Regarding the regression study, Fig. 4 demonstrates how the slope of the logarithmic regression
normalized upon the initial concentration gives a graphical representation on the ACH results.
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P5, P6 and P7 are the periods with higher slope, and correspond with the periods with high
infiltration rates (0.3 – 0.5 h-1). On the contrary, periods P1, P3, P4 and P8 are the ones with
lower slope and consequently, lower level of infiltration (< 0.15 h-1).

Figure 4: Logarithm of normalized CO2 concentrations decays

3.2

ACH correlation with weather conditions

ACH relation with main driving forces of air infiltration has been investigated. As it is possible
to notice from Fig. 5, there is a quite good correlation between high values of infiltration and
high values of wind speed. P1, P3 and P5, which are characterized by wind blowing mainly
from Northwest, show a direct correlation between wind average speed and ACH rate. This is
not valid for the other periods where it is difficult to establish a clear correlation. This could be
probably explained with the presence of the neighbouring buildings which have the possibility
to create a tunnel effect and highly affect the local wind distribution. On the other hand, the
temperature difference between the inside and the outside of the building seems not affecting
in a relevant way due to relatively high wind speed values. Indeed, for relevant wind speeds,
the main contribute to air infiltration in building is given by the wind pressure [3]. For this
reason, it makes sense to analyse the correlations between ACH, temperature difference and
wind speed only for periods with low wind speed (wind average speed < 3 m/s). In particular,
in Fig. 5, P1 and P3 show how the ACH rate is varying according the temperature difference,
while the wind speed is not relevant. However, these two forces are not able to explain the
phenomenon in a complete way and the combination of the effects is really difficult to estimate
due to local influences.
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Figure 5: ACH and weather correlations: temperature difference (left) and wind average speed and predominant
direction (right).

3.3

Blower Door results

Table 2 shows the numeric values obtained in all the tests performed. The results are given as
air flow across the building envelope [7], infiltration air flow rate per internal volume (n),
relationship between infiltration rate and floor area (w) and relationship between infiltration
rate and envelope area (q). The sub-index indicates the pressure test for the obtained value (50
Pa or 4 Pa). The value of 4 Pa corresponds to the reference value of the building infiltration
under natural conditions; however it can be lower than 4 Pa [13].
Table 2: Blower door results
V50
n50
w50
q50
V4
n4
w4
q4

Average results at 50 Pascals
m3/h50 (Airflow)
1/h (Air Change Rate)
m3/(h.m2 Floor Area)
m3/(h.m2 Envelope Area)
Average results at 4 Pascals
m3/h4 (Airflow)
1/h (Air Change Rate)
m3/(h.m2 Floor Area)
m3/(h.m2 Envelope Area)

All dwelling
782
2.89
7.23
2.41

Main Bedroom
127
2.92
7.29
1.57

140
0.51
1.28
0.43

23
0.52
1.3
0.28

The uniformity of the dwelling envelope is observed, obtaining similar results when testing the
entire building and only one room.
3.4

Methodologies comparison

The results obtained with the gas tracer approaches are compared with the Blower Door tests.
It has to be taken into account that natural pressure difference between indoor and outdoor could
be between 1-4 Pa. For this reason, using as reference the results of the Blower Door tests and
an European standard [14] it is possible to correlate the n50 values obtained with a pressure
difference between indoor and outdoor of 1 Pa. (n1), as equation 5 shows.
13.59

(5)

It is expected that the ACH values obtained with the decay methods range in the pressure
interval of 1-4 Pa. The average result of the Blower Door tests of the entire dwelling (n50=2.89
h-1) has been converted to these two pressure interval, using equation (5) and the result of the
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test at 4 Pa. Fig. 6 demonstrates that almost the halves of the periods are inside the range. In
particular, periods that are outside the range provides ACH lower than 0.15 h-1, which could be
associated to lower pressure difference (< 1 Pa).

Figure 6: Decay method and Blower Door comparison

The objective is to provide a reasonable n50 input value for residential building simulations
without performing a Blower Door test. The suggested methodology consists in evaluating the
average ACH excluding periods which wind speed average at most frequent direction is higher
than 6 m/s, which is the limit established by the Blower Door methodology to obtain reliable
results. In this study P6 and P7 have been excluded. Then, with the assumption that the average
natural pressure difference between indoor and outdoor is around 1 Pa, as much of the obtained
ACH are around this difference of pressure, it is possible to convert this average value to n50
through equation 5. Table 3 shows the results for the method proposed, which are very close to
the Blower Door results (differences lower than 5%).
Table 3: Comparison of CO2 estimation approach
CO2 estimation approach [ACHav]
Blower Door test

4

Average ACH – n1 [h-1]

Average n50 [h-1]

0.22
0.21

2.92
2.89

CONCLUSION

The study investigates the air infiltration in a Spanish residential case study. Different periods
and weather conditions have been taken into account to show the dependency of the ACH with
the main driving forces of infiltration. ACH has been evaluated implementing two tracer gas
approaches using CO2. Both methodologies are coherent providing consistent results with
differences lower than 10% for most of the periods.
In order to contrast with a well-known and proven technique, Blower Door tests have been
performed. The n50 provided is 2.89 h-1 and 2.92 h-1 respectively for the entire building and the
main bedroom (E4). These results show the homogeneity of the building envelope. In general,
all the results reflect a good air tightness of the building envelope, especially considering the
construction period of the building (90s).
Finally, a methodology has been suggested as simplified way to estimate an n50 value without
performing a Blower Door test based on the CO2 decay method. This procedure can be useful
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since the Blower Door is not always feasible, especially in residential occupied buildings. The
proposed method provides a mean value of the infiltration rate of n1 of 0.22 h-1, and n50 of 2.92
h-1, which is very close to the Blower Door result. The suggested procedure should be applied
to other residential case studies in order to confirm its validity.
Concluding, a simply and not invasive method is proposed to allow improving the hypothesis
about air infiltration, in comparison to the tabulated values of different standards [14], which
are classified by qualitative air tightness. The approach presents a good procedure to estimate
the air infiltration parameter (n50) of the building models and reduce the uncertainty when
calibrating the building models by means of dynamic simulations.
5
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ABSTRACT
Air infiltration contributes to a heat loss typically representing up to one third of the heating demand of a
building. The building airtightness, also quantified as air leakage, is the fundamental building property that
impacts infiltration. The steady (de)pressurization method (blower door) is the widely accepted standard process
for measuring building air leakage. However, this method requires the enclosure to be pressurised to a typical
range of 10-60 Pa, which is not physically representative of the pressures experienced by buildings under natural
conditions. The Pulse technique is a novel alternative method, which measures air leakage at low pressures;
quoting it at a reference pressure of 4 Pa. An experiment was designed to test the leakage characteristics of a
detached house in the UK and compare them with the infiltration rate; which were measured by tracer gas
techniques, utilising the decay method. The blower door and Pulse tests were both performed multiple times
during a six week period to cover a range of different environmental conditions. Initial results have shown that
there might be correlation between the infiltration rate and air leakage at 4 Pa and 50 Pa. It was concluded that
Pulse technique’s results induce less uncertainty when predicting air infiltration. Further experimental testing is
required to be carried out in a range of properties to investigate how this conclusion stands and how the results
given by existing infiltration models compare with the experimentally obtained infiltration rate.

KEYWORDS
Air Infiltration, Air leakage, Tracer gas, PULSE, Blower door

1

INTRODUCTION

Air infiltration rate is the most important parameter to determine the energy loss caused by
non-intended ventilation. Air infiltration can represent up to one third of the heating demand
of a house (Etheridge , 2015; Energy Saving Trust;, 2006). Infiltration is fundamentally
dependent on the building airtightness (Sherman & Grimsrud, 1980), it is driven mainly by
wind and stack effects through cracks and gaps.
Air infiltration is measured through tracer gas tests, several gases can be used among which
carbon dioxide is probably the most used one (British Standards Distribution;, 2017;
Liddament, 1996). The most accurate tracer gas method to measure air infiltration is the
constant concentration method, however, the decay method is the easiest and less costly one
(Sherman , 1998). Although the infiltration rate is the most important parameter to calculate
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heat losses, measuring it is expensive, disruptive and time taking; for this reason, the common
practice is to measure the air leakage rate and predict a representative infiltration rate.
Fan pressurization method (commonly known as “blower door”) is the most used method for
measuring the air leakage rate. The blower door pressurizes or depressurizes the building
typically from 10 to 60 Pa using a fan mounted on a doorway; the pressure difference in the
building and the flow passing through the fan are measured; the air leakage rate is typically
quoted at 50 Pa (The British Standards Institution, 2015), but also quoted at other reference
pressures such as 4 Pa and 10 Pa.
On the other hand, the PULSE technique is a novel technique to measure air leakage rate at
low pressures (Cooper, et al., 2014; Cooper & Etheridge, 2007; Cooper, et al., 2015). It is
implemented by releasing compressed air into the test space in a short period of time (usually
for 1.5 seconds) and measuring the pressure change in the building and in the compressed air
vessel to calculate the amount of air leaking through building envelope; and the test result is
quoted at weather induced pressure level, typically at 4 Pa.
Finally, via different infiltration models or empirical ratios, the air infiltration rate can be
predicted using the measurements taken from the fan pressurisation test, however, it has been
mentioned that this can lead to high uncertainty due to an extrapolation procedure (Cooper &
Etheridge, 2004). Conversely, the Pulse method cannot predict infiltration rates, since there
have not been studies used to correlate the results from the method with the infiltration rates.
The objective of this experimental study is to start understanding the correlation between air
infiltration and the air leakage measurements taken at 4 Pa by the pulse technique and how it
compares with the correlation obtained for air infiltration and air leakage measured at 50 Pa
by the blower door.
2

METHODOLOGY

Tracer gas methods have regularly been used to measure the air infiltration in buildings;
several studies have used the techniques to measure infiltration rates and compared them to
physical phenomena, prediction models, to define the infiltration rates of certain buildings or
only to test the methods. (Cui, et al., 2015; Guyot, et al., 2016; Hayati, et al., 2014; Hong &
Sean Kim, 2016; Laussmann & Helm, 2011; Sherman , 1998; Turner , et al., 2012). This
study focuses on how the measured infiltration rates are related to the air leakage
characteristics of the house measured at 4 Pa and 50 Pa by pulse and blower door methods
respectively.
Using an INNOVA 1412i gas analyser and a LumaSense 1303 multi point gas sampler and
doser, a detached UK house was tested using tracer gas methods. The selected gas to be traced
was carbon dioxide (CO2) because of its physical properties, low price and being easy-toobtain.
During the months of January and February in 2018, several tracer gas constant concentration
and decay tests were carried out during different climate conditions. The internal temperature
of the house was controlled by the research team. Indoor temperature was varied to provide
various temperature scenarios. The two tracer gas methods were exchanged according to the
conditions selected. The duration of the constant concentration test varied from 2 to 6 days
depending on the nature of the test. Table 2 shows how the heating conditions were changed,
the objective was to create different temperature differences during different periods of the
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day and to do a side-by-side studies with QUBe and Co-Heating tests, however, those tests
are not part of the scope of this paper.

Airtightness
PULSE-60,
BD-4

Table 1. List of equipment and materials for testing
Infiltration
Gas: Carbon dioxide
Measuring: INNOVA 1412I gas analyser
Dosing/sampling:
TinyTag CO2 logger, LumaSense 1303 multipoint gas
sampler and doser

Others
Fan heaters,
Weather station,
Differential pressure
transducers and
Temperature sensors

Note: PULSE-60 stands for a pulse unit with a 60 litre air receiver; BD-4 stands for Minneapolis blower door
model 4.

To calculate the infiltration rate equation 1 is used for the constant concentration method;
where Q is the infiltration rate (h-1) m is the tracer gas dose (m3/h), n is the number of zones in
the building, Ct is the concentration target (m3). For the decay method, the infiltration rate is
represented by the slope a in the equation of the line (y=ax+b), to develop this equation a
regression of elapsed time against the natural log of the average concentration is done.
Q=∑n1m/Ct

(1)

Correspondingly, several repeated (three as a minimum) Pulse tests were performed every day
with the objectives to first, assess the repeatability of the method under various weather
conditions. Pulse test doesn’t affect the integrity of the building’s envelope (Cooper, et al.,
2014), that is why the technique was employed while the tracer gas tests were running. The
operational disturbance (opening of door and presence of a person) in the test was considered
during the air infiltration’s calculation. Both Pulse and blower door tests were carried out
before and after each constant concentration test with extra pulse tests done in week days
during the test. The blower door requires to open a door, therefore it could only be done
before and after the tracer gas tests which require to maintain the building’s envelope
constant.
A bias noticed worth mentioning is that during the blower door tests, the fan heaters were
turned off, whereas the Pulse tests were done with fan heaters on. Different weather
conditions were captured in the form of wind and temperature conditions in the constant
concentration tracer gas test. It provides insight to the impact of weather condition on the
measurement of air infiltration rates, which were then compared to air leakage rates measured
by PULSE-60 and BD-4.
2.1

Description of the case study

The house used for the experiment is a two-storey detached house located on the University
Park campus of the University of Nottingham. The house is located with 6 other houses on
top of a hill, it is blocked by a barrier of trees 30 meters away on the south, 5 meters from the
house on the east and west there are two other detached houses with a road on the North.
Figure 1 show the location of the house and its neighbouring environment and a view of east
façade and north façade (with glazing).
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Case study

Figure 1: Location of the case study house and perspective view of its South and East facades

The thermal envelope of the house has an approximate area of 290m2 and approximate 285
m3 of conditioned space. For the tracer gas tests, 6 zones were defined within the house, each
one had a tracer gas dosing tube, a CO2 measuring tube and a CO2 sensor, a fan, and heaters
to vary the internal temperature of the house. Zones 1, 2, 3 and 4 were on the first floor while
zones 5 and 6 were on the ground floor. Figure 2 shows the floorplans of the house and the
location of dosers and samplers for the tracer gas analysis.

Figure 2. Floor plans of the case study house and location of equipment setup
Table 2: Description of the tracer gas tests and the heating schedules in the test house
Test
1
2

Date
18–23
Jan
23-26 Jan

3

26-29 Jan

4

29 Jan –
02 Feb
02-05
Feb
05-09
Feb
09-12
Feb
12-16
Feb
16-19
Feb

5
6
7
8
9

Tracer gas test
Constant Concentration for 110 hours + decay
method for 8 hours
Constant concentration for 61 hours + decay method
5 hours (7am to 12 pm)
Constant concentration from 3 pm to 7 am and
decay method from 7 am to 3 pm.
Constant concentration for 80 hours + decay method
for 8 hours
Constant concentration from 2 am to 6 pm and
decay method from 6 pm to 2 am.
Constant concentration for 86 hours + decay method
7 hours
Constant concentration from 4 pm to 6 am + decay
method from 6 am to 4 pm.
Constant concentration for 85 hours + decay method
5 hours (7am to 12 pm)
Constant concentration from 3 pm to 7 am and
decay method from 7 am to 3 pm.

Heating conditions
Heating from 5 pm to
12 am
Heating from 5 pm to
12 am
Heating from 5 pm to
12 am
Heating from 5 pm to
12 am
Heating from 6 pm to
12.00 am
Constant temperature
23°C
Constant temperature
23°C
No heating, allowing
heat losses
No heating, allowing
heat losses

Duration
5 days
3 days
3.5 days
4 days
3 days
4 days
3 days
4 days
3 days
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10
11
12

3

19-22
Feb
23-28
Feb
28 Feb –
01 Mar

Constant concentration from 8 am to 12 am and
decay method from 12 am to 8 am.
Constant concentration for 131 hours + decay
method for 9 hour
Decay method for 24 hours

Heating from 5 pm to
12 am
Heating from 5 pm to
12 am
Heating from 5 pm to
12 am

3 days
6 days
1 day

RESULTS AND DISCUSSIONS

Permeability given by BD-4 and PULSE-60 under various weather conditions are listed in
Table 3, in the blower door case, both pressurisation and depressurisation tests were carried
out with the result of each and an average of both represented. All tests were carried out
according to standard (The British Standards Institution, 2015).
Table 3. Permeability measured by both and relative percentage difference (RPD) against the average

Pressurisation
RPD
BD-4
Depressurisation
@50 Pa RPD
Average
RPD
PULSE-60 @4 Pa
RPD
Maximum wind speed (m/s)
Average wind speed (m/s)
Average outdoor
temperature (°C)
Pressurisation
RPD
Depressurisation
BD-4
@50 Pa RPD
Average
RPD
PULSE-60 @4 Pa
RPD
Maximum wind speed (m/s)
Average wind speed (m/s)
Average outdoor
temperature (°C)
Pressurisation
RPD
BD-4 @50 Depressurisation
RPD
Pa
Average
RPD
PULSE-60 @4 Pa
RPD
Maximum wind speed (m/s)
Average wind speed (m/s)
Average outdoor temperature
(°C)
BD-4 @50 Pa

18Jan
7.48
-2%
7.70
-1%
7.59
0%
1.54
5%
7.50
2.72

19Jan
N/A
N/A
N/A
N/A
N/A
N/A
1.45
-1%
11.90
3.32

22Jan
N/A
N/A
N/A
N/A
N/A
N/A
1.59
8%
7.50
2.32

23Jan
7.21
2%
7.73
-1%
7.47
0%
1.56
6%
7.50
2.71

25Jan
N/A
N/A
N/A
N/A
N/A
N/A
1.49
1%
7.50
2.86

26Jan
7.45
-1%
7.84
-3%
7.65
-1%
1.58
7%
4.50
1.00

29Jan
7.35
0%
7.43
3%
7.39
1%
1.58
8%
10.45
3.33

30Jan
N/A
N/A
N/A
N/A
N/A
N/A
1.60
9%
5.97
2.31

31Jan
N/A
N/A
N/A
N/A
N/A
N/A
1.43
-3%
7.50
2.84

01Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.53
4%
11.9
4.17

6.44

4.29

8.27

11.92

8.05

7.59

8.34

7.22

5.25

6.63

02Feb
7.30
1%
7.64
0%
7.47
0%
1.54
5%
7.50
1.83

05Feb
7.60
-4%
7.95
-4%
7.78
-2%
1.49
1%
7.50
2.40

06Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.38
-6%
2.99
0.45

08Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.41
-4%
10.45
2.92

09Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.40
-4%
11.9
4.48

12Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.43
-3%
10.45
4.48

13Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.19
-19%
8.95
3.38

14Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.37
-7%
8.95
3.38

15Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.42
-3%
13.4
4.49

16Feb
7.04
-2%
7.78
-2%
7.41
0%
1.49
2%
7.50
2.14

6.92

3.96

1.63

7.18

6.13

3.84

4.71

4.22

7.46

8.63

19Feb
7.60
-3%
7.72
-1%
7.66
-3%
1.51
3%
5.97
1.69

20Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.54
5%
11.90
3.23

21Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.45
-1%
5.97
1.52

22Feb
6.91
4%
7.32
4%
7.12
3%
1.33
-9%
7.47
2.68

23Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.49
1%
8.96
2.32

26Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.53
4%
8.96
2.78

27Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.42
-4%
8.96
2.37

28Feb
N/A
N/A
N/A
N/A
N/A
N/A
1.53
4%
7.50
2.92

01Mar
7.60
-3%
7.24
5%
7.42
1%
1.38
-6%
11.9
3.83

10.38

8.49

7.46

2.83

2.55

0.62

-0.31

-2.86

-3.27

Pressurisation

MEAN
7.35

MIN
6.91

MAX
7.60

1003 | P a g e

Depressurisation
Average
PULSE-60 @4 Pa

7.64
7.49
1.47

7.24
7.12
1.19

7.95
7.78
1.60

As shown in Table 3 and Figure 3, the results of blower door tests carried out on different
days do not differ from each other significantly. There are a few variations, but they represent
a slight change in the weather conditions. Hence, a good repeatability has been demonstrated.
A similar analysis was made to the Pulse tests, the results, as shown in Figure 4 and Table 3,
differ more from the average than blower door. However, the pulse results are based on tests
that were carried out on more days where the tests were subjected to wider range of weather
conditions. Nevertheless, the uncertainty of the pulse tests mostly lies within ±10% which
agrees with previous finding (Cooper and Zheng 2016).
To illustrate the environment conditions, Table 3 shows the average wind and outdoor
temperature during the Pulse tests. Different conditions were captured and it was seen that
high wind speed has relatively bigger impact on the Pulse test at lower pressures. The test
results presented in this paper didn’t exclude the lower range test. When the lower range
measurements were taken out from the analysis, the agreement with the average value
improved significantly, which agrees with recent finding (Zheng and Mazzon 2018) and
suggests that when high wind condition is present, the lower range measurements should be
discarded in pulse test data analysis in order to reduce the wind impact on the pulse test.
The infiltration rates were measured using the tracer gas constant concentration and decay
methods. The results from both methods are listed in Table 4.

Infiltratio
n rate (h1
)

Infiltratio
n rate (h‐
1
)

Table 4. Air infiltration rate of the constant concentration and decay tracer gas tests
1
2
3
4
5
Test
Sub
3.1 3.2 4.1 4.2 5.1 5.2 5.3
test
0.05 0.19
0.12-0.26 0.13-0.32
Constant
Range
0.30 0.27
NOT VALID
Concentrati
Averag
on
0.24 0.23
0.21
0.25
e
0.1 0.1 0.1 0.1 0.1 0.1 0.1
N/A 0.18
Decay
5
5
8
3
8
8
9
Test
8
9
10
Sub
10.
8.1
8.2
9.1
9.2
9.3
10.1 10.2
test
3
022
0.14 0.10 0.11 0.09 0.07 0.17 0.21
‐
Constant
Range
‐
‐
‐
‐
‐
‐
‐
0.2
Concentratio
0.20 0.27 0.17 0.20 0.25 0.23 0.25
4
n
Averag
0.2
0.17 0.18 0.15 0.14 0.14 0.20 0.22
e
2
0.2
Decay
0.16
0.17 0.13 0.10 0.19 0.19
0

Infiltration rate (h‐
1
)

Constant Concentration
Decay

MEAN
0.21
0.17

MIN
0.14
0.10

6

7

0.18
0.30

0.19
0.26

0.26

0.25

0.15

0.15

11

12

0.19
‐
0.29

N/A

0.24
0.17

0.2
4

MAX
0.26
0.24
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Air permeability at 50 Pa
(m3/h·m2)

8
7.8
7.6
7.4
7.2
7
6.8
10-Jan

BD Pressurization

BD Depressurization

20-Jan

9-Feb
Test date

30-Jan

BD Average

19-Feb

1-Mar

11-Mar

Figure 3. Blower door tests results.

For the tracer gas tests, the main difference from both methods is that the constant
concentration gives real time infiltration rate measurements: therefore, during the length of
the test i.e. more than one day, an analysis of the infiltration rates variation during time can be
made. Alternatively, the decay method declares one value for infiltration rate that is obtained
by observing the decay in concentration during a few hours.
Different from the previous techniques the air infiltration rates showed in Table 4 and Table 5
are in ACH (h-1) that is a unit of ventilation, in this case used to identify the non-intended
ventilation standardized by building’s volume.
PULSE

Average

10%

-10%

1.7

(m3h-1m-2)

1.6
1.5
1.4
1.3
1.2
1.1
17-Jan

22-Jan

27-Jan

1-Feb

6-Feb

11-Feb

16-Feb

21-Feb

26-Feb

3-Mar

Figure 4. Air permeability at 4 Pa given by PULSE-60

It wasn’t expected to obtain similar results for each test, because air infiltration is driven by
the changes in pressure difference caused by the environmental conditions. While the tests
were performed, outdoor temperatures above 10° and below -5° were captured, likewise, the
wind speed captured ranged from 0 to 20 m/s, this means that different results of infiltration
rates were expected, i.e. during test 12 cold winds from Siberia were hitting the United
Kingdom, and there is when the most extreme results were obtained. From both a) and b) in
table 5 it can be seen that the results differ quite a lot from one day to other in both
techniques. Nevertheless, Figure 4 depicts a trend: the infiltration rates increased at the end of
the testing period, these tests were the ones performed during the most extreme weather
conditions.
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Table 5. Deviation from average of tracer gas methods: a) Constant concentration average and b) Decay method
b)Infiltration Rate (ACH) decay method
a)Infiltration Rate (ACH) Constant Conc.
Test

Sub
test

1
2
3.1
3.2
4.1
4.2

3
4
6
7

8.1
8.2
9.1
9.2
9.3
10.1
10.2
10.3

8
9
10
11

Test
CC Average
0.24
0.23

Dev from Av.
15%
9%

0.21

3%

0.25
0.26
0.25
0.17
0.18
0.15
0.14
0.14
0.20
0.22
0.22
0.24

21%
24%
20%
-17%
-12%
-29%
-33%
-31%
-3%
8%
9%
16%

Sub test

Decay

Dev. From Av.

3.1
3.2
4.1
4.2
5.1
5.2
5.3

N/A
0.18
0.15
0.15
0.18
0.13
0.18
0.18
0.19
0.15
0.15

6%
-13%
-12%
6%
-21%
10%
9%
10%
-11%
-11%

0.16

-7%

0.17
0.13
0.10
0.19
0.19
0.20
0.17
0.24

-1%
-24%
-41%
16%
14%
22%
4%
45%

1
2
3
4
5
6
7
8
9
10

8.1
8.2
9.1
9.2
9.3
10.1
10.2
10.3

11
12

ACH

0.3

Air Infiltration Rate (ACH)

0.2
0.1
0
20-Jan

25-Jan

30-Jan

4-Feb

9-Feb

14-Feb

19-Feb

24-Feb

1-Mar

6-Mar

Figure 5. Air infiltration rates from tracer gas decay method.

From these results one might think that even when airtightness is the most important
parameter affecting air infiltration, the variation in infiltration rate is high and therefore, one
must consider all the weather conditions when trying to predict the infiltration rates.
The parameter needed to calculate the heat losses due to ventilation is the infiltration rate, in
the UK, the standard assessment procedure (SAP) uses a leakage-infiltration ratio (Jones, et
al., 2016), equation 2, where normally N takes the value of 20. Q50 represents the air
permeability at 50 Pa given by a blower door test and Q1 is the infiltration rate in h-1.

Q50 / Q1  N

(2)

If the results obtained from this study are considered to test the ratio, it is observed that when
the blower door average results are used, N would take a value between 31 and 50 (excluding
extreme results) depending which value is used; if Q4 average is used instead, N would take
the values between 8 and 10. Using these ratios is not recommended, however using the
blower door results, might lead to a creation of a high level of uncertainty.
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If the environmental conditions are not considered, and the analysis is based only in the
infiltration results, it can be said by observation that, the results from the PULSE technique
hold a closer relationship with the infiltration rates, nevertheless, a statistical study needs to
be carried out to support these statements.
4

CONCLUSION

Experimentation during the winter of 2018 was carried out in a house in the UK’s East
Midlands, to measure the airtightness properties and the air infiltration rates. Two techniques
were employed to measure airtightness: the fan pressurisation method and the Pulse
technique; likewise, two tracer gas methods including the constant concentration and decay
method were used to measure infiltration rates.
Results showed that over the testing period both methods gave a measurement uncertainty
within ±10% with the blower door demonstrating a smaller uncertainty (in the range of ±6%
from the average) than the pulse. However, it needs to be noted that the pulse tests were
undertaken in a bigger number of days where wider range of weather conditions were present.
That could contribute to the difference. It was also noticed that the pulse test in lower pressure
was more affected by high wind condition. When the lower range measurement was taken out
from the pulse test analysis, a better agreement with the average value was observed. That
finding provides some guideline on data analysis when a pulse test has to be carried out under
high wind conditions.
Using the infiltration results, both tracer gas test showed the variability of the infiltration rate
and its dependence to the environmental conditions. The Pulse technique showed higher
potential (than the blower door) to predict infiltration rate, however, further statistical analysis
is needed to support this statement, and to develop a correlation. Finally, development of
studies including the environmental and shielding conditions must be made to compare the
accuracy of both techniques when predicting air infiltration and therefore heat losses. The
existence of a correlation needs to be investigated in a range of properties.
5

ACKNOWLEDGEMENTS

The authors acknowledge Saint Gobain Recherche for the provision of the tracer gas testing
materials and equipment. Part of this work was funded by the Mexican Council of Science
and Technology (CONACYT), and the Build2Spec project (HORIZON 2020) and their full
support is acknowledged by the authors.
6 REFERENCES
British Standards Distribution;, 2017. BS EN ISO 12569:2017 Thermal Performance of
Buildings ans Materials - Determination of Specific Aiflow Rate in Buildings - Tracer
Gas Dilution Method , United Kingdom: BSI Standards limited .
Cooper, E. & Etheridge, D., 2007. Determining the Adventitious Leakage of Buildings at
Low Pressure, Part 1: Uncertainties. Building Services Engineers Research
Technology , Volume 28, pp. 71-80.
Cooper, E. & Etheridge, D., 2007. Determining the Adventitious Leakage of Buildings at
Low Pressure, Part 2: Pulse Technique. Building Services Engineers Research
Technology, Volume 28, pp. 81-96.
Cooper, E. W. & Etheridge, D. W., 2004. Masurement of building leakage by unsteady
pressurisation. Prague, Czech Republic, s.n.

1007 | P a g e

Cooper, E. et al., 2014. A Nozzle Pressurization Technique for Measurements of Building
Leakage at Low Pressures. Poznan, Poland, s.n.
Cooper, E. et al., 2015. Field Trialling of a New Airtightness Tester in a Range of UK homes.
Madrid, Spain, s.n.
Cooper E., Zheng X.F., Wood C., Gillott M., Tetlow D., Riffat. S, Simon L. (2016) . Field
trialling of a new airtightness tester in a range of UK homes. International Journal of
Ventilation. http://dx.doi.org/10.1080/14733315.2016.1252155
Crowe, K., 1974. A History of the Original Peoples of Northern Canada. Montreal:
McGill/Queen's University Press for the Arctic Insitute of North America.
Cui, S., Cohen, M., Stabat, P. & Marchio, D., 2015. CO2 tracer gas concentration decay
method for measuring air change rate. Building and Environment, Volume 84, pp.
162-169.
Energy Saving Trust;, 2006. Good Practice Guide 268- Energy efficient ventilation in
dwellings - a guide for specifiers. London, UK.: Energy Saving Trust.
Etheridge , D., 2015. A perspective of fifty years of natural ventilation research. Building and
environment, Volume 97, pp. 51-60.
Guyot, G. et al., 2016. Multizone air leakage measurements and interactions with ventilation
flows in low-energy homes. Building and Environment, Volume 2016, pp. 52-63.
Hayati, A., Mattsson, M. & Sandberg, M., 2014. Evaluation of the LBL and AIM-2 Air
Infiltration models on Large Single zones: Three Historical Churches. Building and
Environment, Volume 81, pp. 365-379.
Hong , G. & Sean Kim, B., 2016. Field measurements of infiltration rate in high rise
residential buildings using the constant concentration method. Building and
Environment, Volume 97, pp. 48-54.
Jones, B., Persily, A. & Sherman, M. H., 2016. The Origin and Application of LeakageInfiltration Ratios. Alexandria, Virginia, U.S.A., s.n.
Laussmann, D. & Helm, D., 2011. Air Change Measurements Using Tracer Gases: Methods
and Results. Significance of air change for indoor air quality. Em: Chemistry,
Emission Control, Radioactive Pollution and Indoor Air Quality. s.l.:InTech, pp. 365406.
Liddament, M. W., 1996. A guide to Energy Efficient Ventilation, s.l.: AIC-TNVENTGUIDE-1996 ISBN 0 946075 85 9.
Sherman , M. H., 1998. Air Infiltration Measurement Techniques, California, U.S.A.: s.n.
Sherman, M. H. & Grimsrud, D., 1980. Infiltration-Pressurization Correlation: simplified
Physical Modelling. Denver, Colorado, s.n.
The British Standards Institution, 2015. Thermal Performance of Buildings - Determination of
Air Permeability of Buildings - Fan Pressurization Method, United Kingdom: BS EN
ISO 9972:2015.
Turner , W., Sherman, M. H. & Walker, I. S., 2012. Infiltration as Ventilation: WeatherInduced Dilution. HVAC&R Research, 18(6), pp. 1122-1135.
Zheng X.F., Mazzon J., Wallis I., and Christopher J.W., 2018. Experimental study of
enclosure airtightness of an outdoor chamber using the pulse technique and blower
door method under various leakage and wind conditions In: 39th AIVC conference,
Juan-Les-Pins, France, 18-19 September 2018.

1008 | P a g e

An experimental investigation into the ventilation
effectiveness of diffuse ceiling ventilation
Chen Zhang*, Rune Andersen, Georgios Christodoulou, Marius Kubilius, Per
Kvols Heiselberg
Department of Civil Engineering, Aalborg University, Thomas Manns Vej 23, 9220 Aalborg
*Corresponding author: cz@civil.aau.dk

ABSTRACT
Diffuse ceiling ventilation is a novel air distribution concept, where the space above a
suspended ceiling is used as a plenum and fresh air is supplied into the occupied zone through
perforations in the suspended ceiling panels. Due to the low momentum supply, the airflow in
the room is driven by buoyancy force generated by heat sources. The previous studies indicate
that the diffuse ceiling ventilation system can effectively eliminate the draught risk in the
occupied zone and provide a comfortable indoor environment even with low-temperature
supply. However, the effectiveness of diffuse ceiling ventilation in term of air quality has not
been studied systematically. It is essential to investigate whether the ventilation system could
remove the air-borne contaminants in an efficient way. This study was based on experimental
measurement in a full-scale test room simulated an office condition. Contaminant removal
effectiveness were measured with N2O tracer gas by step-up method. Two different
contaminant sources were analysed, one was occupants also served as heat sources, and the
other was a point source located at floor level and 1.1 m height simulated the contaminant
from floor finish and furniture. The measurements were conducted with different heat loads
and air flow rates, which represented typical office operating scenario in the summer. When
the contaminant released from occupants, mixing has been reached between contaminant and
room air. In addition, the stronger the heat load, the higher mixing level was observed. When
the passive contaminant source was located on the floor, due to lack of buoyancy it was
trapped in the lower zone and high CRE was observed in the occupied zone (above 0.6 m
height). However, the thermal plume around occupant created an upward movement and
brought the containment to the breathing zone. This local disturbance of the concentration
distribution may affect the personal exposure significantly. Finally, the contaminant
concentration was measured in the plenum, and the results indicated that no reverse flow from
occupied zone to the plenum occurred in all cases.
KEYWORDS
Diffuse ceiling ventilation, Ventilation effectiveness, Contaminant removal effectiveness,
Experimental study
1. INTRODUCTION
Diffuse ceiling ventilation is a novel air distribution concept, where the space above a
suspended ceiling is used as a plenum and fresh air is supplied into the occupied zone through
perforations in the suspended ceiling panels. The inlet opening could occupy the entire ceiling
area or part of the ceiling. Due to the large inlet area, the air is supplied into the occupied zone
with very low momentum and the airflow in the room is mainly driven by buoyancy forces
generated by heat sources. The previous studies indicate that the diffuse ceiling ventilation
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system can effectively eliminate the draught risk in the occupied zone and provide a
comfortable indoor environment even with low-temperature supply (Chen Zhang et al.
2015)(Kristensen et al. 2017)(Hviid & Svendsen 2013).
Beside thermal comfort, air quality is another leading factor to evaluate the performance of a
ventilation system. Although the measured temperature distribution indicated a good mixing
level in the room with diffuse ceiling ventilation (Zhang et al. 2016)(Fan et al. 2013)(Nielsen
et al. 2010), the effectiveness in term of contaminant distribution has not been studied
systematically. Skistad. H et al. (Skistad et al. 2007) mentioned that the effectiveness of
temperature distribution and effectiveness of concentration distribution are comparable only
when the contaminant source is the significant heat source in the room. It is essential to
investigate whether the ventilation system could provide good indoor air quality with different
types of contaminant source. In this study, the experimental measurements are carried out in a
full-scale test chamber simulated a two-person office room. Trace gas test is used to evaluate
the ventilation effectiveness in the room and whether there is any reverse flow into the
plenum. Two types of contaminant sources are analyzed, one is occupants also served as a
heat source, and the other is point source simulated the contaminant from furniture and floor
finish.
2. EXPERIMENTAL METHOD
2.1 Experiment facility
The tests were performed in a guarded hot box located in the laboratory of Aalborg
University. The guarded hot box comprises a cold chamber simulated outdoor environment
and a hot chamber simulated an office room, as shown in Figure 1. Cold chamber and hot
chamber were separated by 1.4 cm thickness Plywood board with U-value of 3.6 W/m2.K.

Figure 1. Guarded hot box (a) Photo (b) Cross-section

Diffuse ceiling separates the hot chamber into a plenum and an occupied zone. In this study,
the diffuse ceiling was made by wood-cement panels with a thickness of 2.5 cm (Figure 2
(a)), the other physical properties of the wood-cement panel can be found in Table 1. Plenum
is the space to distribute air before sending into the occupied zone. In the previous study
(Chen Zhang et al. 2015), a slot opening located at one side of the plenum was used as an
inlet, which caused uneven air distribution in the plenum. In this study, a fabric duct alone the
length of the plenum was used as an inlet in order to obtain more uniform air distribution, as
shown in Figure 2 (b).
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(a)

(b)

Figure 2. (a) Wood-cement panel (b) Fabric duct in the plenum
Table 1. Physical properties of the wood-cement panel

Density
[kg/m3]
359

Conductivity
[W/m.K]
0.085

Specific heat capacity
[J/kg.K]
923

Porosity
[%]
65

The test room represented a typical office room, with two manikins (100 W *2), two PC (75.5
W and 55 W) and two desk lamps (60 W*2). An electric carpet located on the floor simulated
the solar heat gain (410 W).
2.2 Measurements
This study focused on the air quality in the occupied zone, therefore tracer gas tests were
conducted by using N2O. Two type of contaminant sources were considered, one was
pollutants from person’s mouth and the other was a point source that was not heated source.
The tracer gas concentrations were measured in fabric duct, exhaust duct, plenum and the
occupied zone. The contaminant removal effectiveness (CRE) is used to evaluate how
efficient the ventilation system removes the airborne contaminant from the room when the
position of the contaminant source is known, which is calculated based on equation below:
 ܧܴܥൌ

 ିೞ
 ିೞ

[1]

where Ce is the concentration in the exhaust air; Cs is the concentration of the supplied air,
and Ci is the concentration in the occupied zone. In well-mixing ventilation, the global CRE is
1.

(a)

(b)

(c)

Figure 3. Test room layout and measurement points (a) Office room layout (b) Placement of measurement
columns (c) Sensors’ positions in each column
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Beside the air quality, thermal comfort was also evaluated in this study. Both air temperature
and air velocity were measured in the occupied zone. The positions of the sensors are
illustrated in Figure 3.
The investigations were carried out for 6 cases. The first two cases represent summer period
with two persons inside the office who are contaminant sources. The first scenario includes
solar gains and has 6ACH while the second scenario is without solar gains and has 3ACH.
Furthermore, the third and fourth cases are identical to the first two cases with the only
difference is that a point source located on the floor serves as contaminant source. The fifth
and sixth case consist of only1 person operating scenario with different contaminant sources.
The cases are described in detail in Table 2. Boundary conditions of test cases
Table 2. Boundary conditions of test cases
Case

1
2
3
4
5
6

Cold box
temp
oC
21,6
21,6
21,6
21,6
21,6
21,6

Room temp
oC
22
22
22
22
22
22

Supply
temp.
oC
14,19
14,42
14,42
14,19
17,34
17,34

ACH

Internal heat
load
W
451
861
861
451
275
275

h-1
3
6
6
3
3
3

Contaminant source

2 persons
2 persons
point source on the floor
point source on the floor
point source at 1.1 m
1 person

3 RESULTS AND DISCUSSIONS
3.1 Ventilation effectiveness in the occupied zone
The average values of CRE in the occupied zone are summarized in
Table 3. When the
contaminant released from occupants (Case 1, 2 and 6), the ventilation effectiveness of
diffuse ceiling ventilation was comparable with mixing ventilation. Case 2 with the largest
heat load of 861 W provided the highest CRE of 0.97, while the Case 6 with only one person
load of 275 W obtained the lowest CRE of 0.88. These results further prove that the air flow
in the room with diffuse ceiling ventilation was driven by the thermal buoyancy from heat
sources. The stronger the thermal plume the higher level of mixing can be reached. However,
the CRE shows very different manners in the cases with passive contaminant sources (point
source). Case 3 and Case 4 with the passive source located on the floor give the average CRE
of 2.24 and 0.99, while, Case 5 with the passive source located at the breathing height obtains
the average CRE of 1.21.
Table 3． Average contaminant removal effectiveness in different cases

CREavg

Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

0,93

0,97

2,24

0,99

1,21

0,88

In order to understand the contaminant distribution in the occupied zone, the CRE profiles in
different cases are illustrated in Figure 4. As expected, the cases with pollution from
occupants (also as heat sources) have uniform contaminant distributions in both vertical and
horizontal directions. In Case 6, the contaminant distribution has a slightly larger deviation in
the horizontal direction with CRE from 0.75 to 1.02, this might due to the contaminant and
heat only released from one occupant which created less mixing of air in this condition.
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Figure 4. Contaminant removal effectiveness profiles (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5;
(f) Case 6.

The contaminant distributions differ significantly in the cases with passive contaminant
source. In Case 3, high CRE from 2 to 3.2 are observed in most of the occupied zone, which
indicates good ventilation effectiveness has been obtained in these areas. However, high
contaminant concentrations are observed in Column 3(close to the occupant 1) at 0.5m and
1.1 m height. This could be explained by the fact that contaminates source had a higher
density than air and located on the floor, so the contaminant did not follow the airflow pattern
and directly exhausted in the lower zone. However, the thermal plume around occupant
created an upward movement to the flow field, and gave rise to a vertical flow of contaminant
and brought the containment from lower zone to the breathing zone. This local disturbance of
the concentration distribution may affect the personal exposure significantly (Mundt et al.
2004). The similar trend also shows in Case 4, the highest concentration exists in Column 6
(close to the occupant 1) at 1.7 m height with CRE of 0.22, and the CRE is between 1.1 to 1.5
in the rest of the occupied zone. The low average CRE in Case 4 than Case 3 may due to the
low air change rate of 3 h-1 could not dispel contaminant as efficient as the one of 6 h-1,
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therefore, the contaminant stayed in the room for a longer period and had higher mixing with
the room air. The CRE ranges from 0.94 to 1.37 in Case 5 with contaminant source located at
1.1 m height. The results indicate that the contaminant source seems involved by the warm
convective flow and mix with the room air. However, the ventilation effectiveness is still
better than mixing ventilation in this case.
3.2 Concentration in the plenum
Table 4. N2O concentration in the inlet and plenum
Concentration
[ppm]
Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Inlet
1,00
0,68
0,49
4,81
1,02
Plenum
0,59
0,52
0,49
3,03
0,57

0,40
0,38

The previous studies (Hviid & Svendsen 2013)(C. Zhang et al. 2015)(Elmroth & Fredlund
1996) mentioned that reverse flow from occupant zone to the plenum may occur due to the
low pressure drop of the diffuse ceiling and the strong convective flow from heat sources. In
order to investigate the reverse flow, the concentration in the plenum is also measured at two
points. One locates just above heat sources and the other locates above the crack between two
diffuse ceiling panels. Table 4 shows the average concentrations in the plenum and compare
them with the concentrations in the inlet opening. The results indicate that the concentrations
in the plenum have almost identical values as in the inlet. There is no evidence of reverse flow
in all cases.
4 CONCLUSIONS
This study aims to investigate the ventilation effectiveness of diffuse ceiling ventilation with
different types of contaminant source. If the contaminant from occupants which are
significant heat source in the room, contaminant will be carried by the warm convective flow
from the heat source and mix with the supply air. Therefore, the ventilation effectiveness is
comparable with mixing ventilation with CRE of 1. In addition, the stronger the heat load, the
higher mixing level will reach. If the contaminant source is cold and located on the floor, the
contaminant will be trapped in the lower zone and high ventilation effectiveness occurs in the
occupied zone. However, the thermal plume around occupant might create an upward
movement and bring the containment from the lower zone to the breathing zone. This local
disturbance of the concentration distribution may affect the personal exposure significantly.
When the passive contaminant source located at the 1.1 m height, the contaminant seems
involved into the convective flow. However, the contaminant concentration in the occupied
zone is still lower than by mixing ventilation with average CRE of 1.2.
Besides the influence of contaminant source types and locations, there are still several impact
parameters need to be explored in the future study. It is known that the exhaust has a small
impact on the velocity and temperature distribution, but it may have a large influence on the
ventilation effectiveness. Therefore, different locations of exhaust opening will be
investigated in the further study. In addition, this study focused on the cooling conditions,
where the ventilation system is used to remove the heat load. It will be interesting to see how
is the ventilation effectiveness and whether there is any stagnant zone in the room when
diffuse ceiling ventilation operates in the heating conditions.
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ABSTRACT
The implementation of decentralised ventilation units is growing, especially in the residential
retrofit. These systems are typically simple to install on site (usually in the external façade
with no additional ductwork) and allow room-by-room control strategies. Until now,
decentralised systems are evaluated by applying the same methodologies as for centralised
ventilation systems, even though different boundary conditions apply. Some differences are
for example:
-

thermal bridges through the casing of the ventilation device are more important to
consider
most of the decentralised ventilation systems operate by alternating supply and
exhaust airflow through the same flow channel
they usually need almost no ductwork

Furthermore, the existing mandatory evaluation methodologies (based on the Energy
Performance of Buildings Directive, EPBD) are focused on the evaluation of the energy
performance. This evaluation of the energy performance is not combined with other aspects,
such as e.g. the influence of the ventilation unit on the indoor air quality (CO2, VOC, among
others), the indoor air age distribution, the temperature or the moisture distribution in a room,
etc. Within the following paper, a new evaluation method is going to be introduced. The
methodology is modular, rating the performance of decentralised ventilation systems related
to a variety of aspects such as their energy efficiency, the resulting indoor air quality for a
residential use, hygrothermal comfort, etc. The new evaluation method, which is theoretically
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introduced here, will later be implemented in a climate-chamber test-facility to evaluate and
assess decentralised ventilation systems.
KEYWORDS
Decentralised alternating regenerative ventilation device, heat recovery, IAQ – indoor air quality, ventilation
efficiency, hygrothermal comfort, evaluation method, technical regulation

1

SYMBOLS

Dimensions
c
C
E
f
m
nP
PE
PPD
DR

Concentration
Concentration
Energy
Any standardisation function
Mass flow
Number
Effective electric power input
Percentage persons dissatisfied
Draft rate

PDΔT

Percentage dissatisfied in terms of
temperature gradients
Percentage dissatisfied in terms of
CO2 -concentration
Pressure drop/difference
Volume flow
Volume concentration
Ventilation efficiency
Temperature
Mass fraction of water in dry air
Heat recovery ratio
Moisture recovery ratio
Nominal time constant or inverse air
exchange rate
Air age

PDCO2
Δp
V
γ
ε
ϑ
x
ηϑ
ηx
τ
τi

2

Indexes
mg⋅m-3
[unspecified]
J
kg⋅h-1
pers
W
-

11
12
21
22
a
b
e
elec
IM

-

in

Indoor air
Extracted air at the outdoor side
Outdoor air for the supply
Supply air indoor
Average
Building
Environment
Electric
Indoor mixing chamber
according to DIBt LÜ-A Nr. 22-2
Inflow into the mixing chamber

-

o

Operation

Pa
m3 ⋅h-1
vol.%
K

out

s

P
ref
st
trans
v

Outflow extracted from the
mixing chamber
Person
Reference
Steady-state conditions
Transient
ventilation

s

INTRODUCTION

Decentralised residential ventilation (DRV) units are increasingly implemented in buildings.
They are especially interesting for the residential retrofit market, where they can for example
be implemented in the outer façade of the building, providing heat recovery ventilation with
room-by-room control possibilities. The installation is simple and in most cases, no ductwork
is required. In Germany in the year 2017, 179 000 DRV with heat recovery were sold, which
represented an increase of +21 % compared to the previous year (Bundesverband der
Deutschen Heizungsindustrie e. V., pp.3).
The current technical regulations and standards applying to ventilation systems for residential
buildings are summarised in EN 13141-7 & -8, EN 13142, DIN 1946-6, DIN V 18599-6,
DIBt LÜ-A. Nr. 21 & 22, PHI-Prüfverfahren, EU 1254/2014 and related ones (DIN EN
13141-7; DIN EN 13141-8; DIN EN 13142; DIN 1946-6 Entwurf; DIN V 18599-6;
Deutsches Institut für Bautechnik 2018; Holzwarth 2014; Passivhaus Institut 2009; European
Commission 2014). These technical regulations and standards have two major drawbacks
when it comes to assessing DRV:
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-

-

The DRV operating in alternating mode are not represented sufficiently by the existing
evaluation methods. These regenerative DRVs operate by reversing the airflow direction
in the device every time period to transfer energy from or to a thermal storage, providing
recovered heat. The main limits of the current evaluation methods for these devices are
their transient behaviour and the fact they are usually façade-integrated. In that sense, it is
highly difficult to replicate the real boundary conditions for a laboratory measurement.
The second aspect is the fact that mechanical ventilation devices are insufficiently
evaluated with respect to ventilation efficiency, indoor air quality and a pleasant
hygrothermal comfort.

Therefore, this contribution is presenting an approach for a holistic method to assess DRVs on
multiple aspects. The aim is to address the need for a more precise quantitative evaluation of
all the aspects relevant for DRVs.
3

STATE OF THE ART

As already summarised by Fabian Coydon (2015) the most important physically measureable
aspects relevant to evaluate the ventilation performance are the energy efficiency of the
devices, the ventilation efficiency, the hygrothermal comfort and the acoustic. For all of these
aspects there are several evaluation methods available and accepted for approval procedures
of devices or systems closely connected to DRVs. However, they are not combined in a
holistic method to evaluate DRVs. The three aspects energy efficiency, hygrothermal comfort
and indoor air quality will be reviewed in the following sections.,
3.1

Evaluation of energy efficiency

The overall energy consumption of a ventilation device including a heat recovery is already
covered by several evaluation methods. The most relevant in Germany is based on the
technical regulation series EN 13141 (Deutsches Institut für Bautechnik 2018)(Deutsches
Institut für Bautechnik 2018). In order to authorise the application of regenerative DRVs in
Germany, each of them has to be tested according to DIBt Lü-A. Nr. 22-2, which is a

Façade

Outside
Q̇gains

Inside
Pheating

Case1:
Energy balance of
the ventilation
device

Q̇in-out
Tin

Tout

Q̇-device

Pelec

Q̇ +device

Tsup

Texh
alternating or
continuous flow
DRV
Figure 1

+
-

Q̇infiltrations

Case 2:
Energy balance of
the heated space
(boundary on the
inside surface)

Case 3:
Energy balance of
the heated space
(boundary on the
outside surface)

Energy and airflows characterising a façade integrated decentralised ventilation system with
heat recovery and boundaries of different energy balances (Coydon 2015, p. 38)
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modified EN 13141-8:2014-09 evaluation method. This testing procedure is called
“Spülkammerverfahren” (engl. rinse chamber procedure) (Deutsches Institut für Bautechnik
2017). Other evaluation methods or values are e.g. provided by Passivhaus-Institut
(Passivhaus Institut 2009). A calorimetric method was also proposed in the dissertation of
Fabien Coydon (Coydon 2015, pp.50; Passivhaus Institut 2009, pp.4).
Each one of the heat recovery efficiencies resulting out of these methods for DRVs is based
on one of the three energy balances which have already been summarised by Coydon
(Coydon 2015, pp.38). The system boundaries for the energy balance can be chosen according
to the cases depicted in Figure 1. The energy balances of the evaluation methods DIN EN
13141-8 and PHI 2009 match case 1. The DIBt LÜ-A. Nr. 22-2 is matching case 2 and the
proposed method from Coydon case 3.

3.2

Hygrothermal comfort

For the indoor comfort, there is a broad range of technical regulations and standards available
to describe hygrothermal comfort itself. In general, these can be distinguished into steady and
adaptive comfort models. For the first type the most widespread and accepted methods to
describe indoor air comfort are considered to be DIN EN ISO 7730 and DIN 4108-2. EN
15251 and ASHRAE 55 are describing the adaptive models. In terms of the indoor
distribution of the temperature, the humidity and the air velocity, the indicators to be chosen
are PMV incl. PPD, PD and DR.

3.3

Indoor air quality and air exchange efficiency

Up until now, the indoor air quality is generally considered suitable or sufficient as long as
certain air exchange ratios are provided by the ventilation strategy of a building (DIN EN
15251, pp.20–23). As a result, there is hardly any connection to the actual occurring air
pollution concentrations. The foundation of this approach is the assumption of perfect mixing
of the indoor air. This means in particular, the concentration of pollutants is close to the ducts
equal to the concentration in the entire room (DIN EN 15251, pp.33–34). Whether or not this
is a sufficient assumption for a particular ventilation strategy is not questioned by these
methods. Nevertheless, if the CO2 -concentration and its distribution throughout the room
shall be evaluated, EN 15251 refers to EN 13779 to evaluate the ventilation efficiency (DIN
EN 15251, pp.34).

4

HOLISTIC METHOD

The holistic evaluation method for domestic ventilation devices presented is based on
(Coydon 2015, pp.61). The idea is to combine different aspects and indicators (energetic,
hygrothermal, ventilation efficiency, acoustic, etc.) in one single indicator. Since the
measurement conditions and equipment to evaluate the acoustic is not compatible with those
of the other aspects this work will not focus on it, however the approach will be adaptable to
integrate this aspect in a next stage. The idea of the new method will following template
Equation (4-1):

ΣVD =
Σ
fi xj
wi

I

wi
⋅fi
I
∑
i=1 i wi

xj

with i,j ∈

+

| [1;I], ∑Ii wi ∈[0;100]

(4-1)

total score achieved by the ventilation device
standardisation function for the indicator xj
weighting factor for indicator i
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I

total number of indicators combined in the holistic method

The standardisation functions fi xi will represent one crucial aspect for the evaluation each.
Their role is to be able to compare different indicators coming from different fields. Examples
for these functions will be similar to that in equation (4-2). As far as possible, these functions
will reference to already existing functions and evaluation procedures with a broad range of
acceptance like those mentioned in 3 State of the art.
fi xj = [0;100] ∈ ηϑ , PPD, DR, PDΔT ,εv , PDCO2 ∀ i,j ∈
ηϑ
PPD
DR
PDΔT
εv
PDCO2

+

(4-2)

mean seasonal heat recovery ratio based on several typical cases for a whole year
percentage persons dissatisfied
draft rate
percentage dissatisfied in terms of vertical temperature gradients
ventilation efficiency in a representative horizontal plane in the room
percentage dissatisfied with respect to the CO2-concentration

The second type of values necessary for the equation (4-1) is the weighting factor. These will
be based on a representative survey. Architects, building planers, building operators and
actual users will be asked. The survey will primarily be focused on the aspects mentioned
above in order to have a relevant basis to establish the weighting coefficients.

4.1

Evaluation of energy efficiency

The methods mentioned in 3.1 to evaluate the energy performance of DRVs will be the ones
taken into account for the holistic. Nevertheless, it might still be possible to consider further
methods for the energy efficiency to integrate into the holistic method if it is necessary in
future.
The EU 1254/2014 requires at least a temperature exchange rate ηϑ between extract and
supply air flow measured with balanced mass flow, under standard air conditions (20 °C,
101325 Pa) and an indoor-outdoor temperature difference of 13 K (European Commission
2014, pp.5). Depending on the requirements for the temperature sensor position EU
1254/2014 can be equal to ηϑ in EN 308 (DIN EN 308, pp.3). But more importantly ηϑ in
EN 13141-8 equals EU 1254/2014 in the case where the mass flow ratios of the extract and
supply air are perfectly balanced and the temperature sensor positions are defined to be at the
in- and outlet of the entire housing of the DRV (DIN EN 13141-8, pp.21–26). The following
Table 1 summarizes the pros and cons of the different evaluation methods for DRVs.
Table 1: Evaluation methods to evaluate the energy efficiency of decentralised façade-integrated ventilation
systems with heat recovery.
Source and equation

Pros

Contras

EU 1254/2014

-

-

(European
2014)

-

ηϑ =

Commission
ϑ22 -ϑ21
ϑ11 -ϑ21

-

Broad range of values to indicate the
energy consumption characteristics
Widespread acceptance
Open to technical and scientific
improvements
Provides an annual m²-specific energy
consumption as well
Internal leakages need to be evaluated
for 100 Pa pressure
External leakages need to be evaluated

Because of the legislative
character of the regulation:
 no details concerning the
required measurement
uncertainties and
procedures
 the values required can be
based on different
evaluation methods
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for {-250, 250} Pa

DIN EN 13141-8:2014-09

-

(DIN EN 13141-8)
ηϑ =

ϑ22 -ϑ21 m22
⋅
ϑ11 -ϑ21 m11

-

x22 -x21 m22
⋅
ηx =
x11 -x21 m11
-

-

DIBt LÜ-A. Nr. 22-2 as a
variation of
DIN EN 13141-8:2014-09

-

(Mirring and Busler 2014)
ηϑ =

ϑIM,out,trans - ϑIM,out,st
ϑIM,in - ϑIM,out,st

-

Passivhaus-Institut
requirements for
ventilation devices
< 600 m³/h

-

(Passivhaus Institut 2009)
P
ϑ11 - ϑ12 + el
m⋅cp
ηϑ =
ϑ11 - ϑ21

-

influences of hygrothermal differences
are take into account for:

temperature

humidity
Specific, mandatory and optional
measurement conditions
V, Δp curve has to be specified
according to (DIN EN 13141-4) and
(EVS EN ISO 5801) for over and under
pressure {-20, 0, 20} Pa
PE has to be specified at least for the
maximum, the minimum and the
reference air flow
the allowed sensor uncertainties are
specified
multiplies the ηt by the ratio of the
,
mass flow rates, which leads to a
correction for slightly unbalanced
DRVs
considers internal and external volume
flow leakages and defines a maximum
allowed leakage rate

-

influences of hygrothermal differences
are take into account for:
 temperature
specific mandatory measurement
conditions according to (DIN EN
13141-8)
V,Δp-curve has to specified according
to DIN EN ISO 5801:2012-11 for over
and under pressure {-20, 0, 20} Pa
has to be specified at least for the
maximum, the minimum and the
reference air flow
Applies EN 13141-8 for internal and
external leakages

-

temperature, humidity and
electric power input are not
used together in a actual heat
recovery ratio
- influences of hygrothermal
gradients are not indicated
for:
 humidity
- ηϑ (DIBt) does not multiply by
the ratio of the mass flow rates
of the DRVs ⇒ no correction
for slightly unbalanced DRVs
sensor uncertainties are not
indicated
- uncertainties of the results are
not indicated
- evaluation of thermal bridges
is not possible

influences of hygrothermal gradients
are indicated for:
 temperature
specific mandatory measurement
conditions according to (Passivhaus
Institut 2009)
V,Δp-curve has to specified for over
and under pressure {-300, 300} Pa
Pel has to be specified for 100 Pa
pressure difference

-

-

-

temperature, humidity and
electric power input are not
used together in a actual heat
recovery ratio
thermal bridges are not
specifically evaluated
contrary statements for the
measurement setup:
 ambient temperature of
the device = dry bulb
temperature of the extract
air ⇒ forced thermal
boundary condition for the
housing
 parts of the device in the
façade have to be well
insulated ⇒ temperature
gradient through the
façade

temperature, humidity and
electric power input are not
used together in a actual heat
recovery ratio
influences of hygrothermal
differences are not indicated
for:
humidity
mass flow rates are not part
of ηϑ (PHI) representing the
heat recovery ratio for
EU 1254/2014 (European
Commission 2014)
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Dissertation Fabien
Coydon
(Coydon 2015)
ηϑ =

4.2

Eref,v -Eheating,v -Eelec
Eref,v

-

Reference condition is not just
representing mass flows entering and
leaving the black box of the device, or a
reference volume of the indoor air, but a
whole reference room without any
ventilation device.
Considered effects
 the heat from the fans received by
the supply and exhaust airflows
 heat exchange through the envelope
of the ventilation device
 Imbalance between the supply and
exhaust airflows
 Considers internal and external
leakages
 Influence of both airflows on the
thermal performance of the building
envelope

-

-

sensor uncertainties are not
indicated
uncertainties of the results are
not indicated
thermal bridges are not
specifically evaluated
There are hardly any
specifications regarding the
measurement procedures and
equipment necessary for the
evaluation.
An evaluation of just one type
of ventilation devices
according to this method
would rise the question if the
results were still comparable
to the results of evaluation
methods for other ventilation
devices.

Hygrothermal comfort

Even though ventilation devices are not yet evaluated directly in terms of their impact to the
indoor comfort, there is a broad range of technical regulations and standards available to
describe hygrothermal comfort itself. As mentioned in 3.2 Hygrothermal comfort the
evaluation methods for this aspect can be distinguished into steady and adaptive comfort
models. Table 2 and Table 3 are summarising the basic concepts of these models.
Table 2: Summary of the referenced steady comfort models (DIN EN ISO 7730; DIN 4108-2)
Source

ISO 7730

DIN 4108-2

reference values

Proposed percentage dissatisfied PPD
- Activity (Office, class room) = 1,2 met
- Clothing factor
 heating period = [0.7; 1.1] clo
 cooling period = [0.3; 0.7] clo
- Operative indoor temperature limit:
 heating period ϑo = 24.5 °C
 cooling period ϑo = 22.0 °C
- humidity: φ11 = 50 %rh
- indoor air velocity: v11,I , v11,II , v11,III in
m⋅s-1
 heating period {0.1; 0.16; 0.21}
 cooling period {0.12; 0.19; 0.24}
⇒ evaluation values: PPD, PDΔT , DR

Operative indoor temperature limit:
- ϑo = 25 °C for ϑe,a < 16.5 °C
- ϑo = 26 °C for
16,5 °C ≤ ϑe,a ≤ 18 °C
- ϑo = 27 °C for 18 °C < ϑe,a

Comfort classes

I: 94% acceptance ±1 °C
II: 90% acceptance ±2 °C
II: 85% acceptance ±3 °C

No
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Table 3: Summary of the referenced adaptive comfort models (DIN EN 15251; ANSI/ASHRAE Standard 55)
Source

EN 15251

ASHRAE 55

Reference values

-

-

Activity (living space, seated) = 1.2 met
Clothing factor
 heating period = 1 clo
 cooling period = 0.5 clo
- Operative indoor temperature limit
ϑo = 0.33 ϑe,a + 18.8
- humidity: φ11 = 50 %rh
⇒ evaluation value: PPD
Reference to (ISO 7730)
- draft
- vertical temperature gradient
- floor temperature
- asymmetry in radiation temperature
⇒ evaluation values: DR, PDΔT

Comfort classes

4.3

I: 94% acceptance ±2 °C
II: 90% acceptance ±3 °C
II: 85% acceptance ±4 °C

Activity (living space, seated) =
[1; 1.3] met
- Clothing factor = [0.5; 1] clo
- Operative indoor temperature limit
ϑo = 0.31 ϑe,a + 17.8
- indoor air velocity: v11 < 0.2 m⋅s-1
- humidity: X11 ≤ 0.012 kg(w)
kg(da)-1
⇒ evaluation values: PPD, PDΔT , DR

I: 90% acceptance ±2.5 °C
II: 80% acceptance ±3.5 °C

Indoor air quality and air exchange efficiency

For both aspects 3.3 Indoor air quality and air exchange efficiency already mentions DIN EN
15251. Even though this method is not yet applied for evaluating the IAQ and air exchange
efficiency provided because of ventilation devices it will be the central technical standard
considered for the further evaluation. The first important regulation applied out this standard
are the satisfaction categories for CO2 -concentration in Table 4 (DIN EN 15251, pp.31 + 34).
Table 4: necessary volume flow values considered to provide certain satisfaction categories for the CO2 concentration (DIN EN 15251, pp.31 + 34)
Cat.

PDCO2 in %

Volume flow per
person (in single
office)

Specific volume flow
for building with low
air pollution

Allowed CO2 concentration above
outdoor level

VP ⋅nP -1 in l s-1 pers-1

VB ⋅A11 -1 in l s-1 m-2

in ppm

I
II
III

15
20
30

10
7
4

1
0.7
0.4

350
500
800

IV

>30

<4

<0.4

>800

As already mentioned EN 15251 refers to EN 13779 to evaluate the ventilation efficiency
(DIN EN 15251, pp.34). However, EN 13779 is just one possibility to master the evaluation
of the ventilation efficiency. Table 5 provides a summary of the selected evaluation methods
to evaluate the ventilation effectiveness.
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Table 5: Comparison of methods to evaluate the ventilation effectiveness (Rietschel and Fitzner 2008; EVS
EN ISO 16000-26; DIN EN 13779; DIN ISO 16000-8)
Source and equation

Pros

ISO 16000-26

-

Examination and determination of the average
gas concentration throughout a relevant
space/plane in the room

-

Simple to implement

-

Examination and determination of the average
gas concentration throughout a relevant
space/plane in the room

-

Simple to implement

-

Examination and determination of the average
gas concentration throughout a relevant space =
room

Ventilation efficiency
γ12,a - γ21,a
εv =
γ11,a - γ21,a
EN 13779
Ventilation efficiency
c12,a - c21,a
εv =
c11,a - c21,a
Rietschel & Fitzner
Contaminant removal
effectiveness (CRE)
εv =

C12,st,a
C11,st,a

Rietschel & Fitzner

-

C12,st,a
C11,st

Rietschel & Fitzner +
ISO 16000-8
Local or average air
exchange efficiency
τ
εv = , with τi ={τ11 , τ12 }
τi
∞

τi =

0

-

Simple to implement

-

Examination and determination of the a specific
point in a relevant space/plane in the room

-

Simple to implement

-

Examination and determination of
 a specific point in a relevant space/plane in
the room possible
 the average concentration in the room for
each time step
evaluation of the transient behaviour of the
concentration
 step-up behaviour
 step-down behaviour
 entering and exit point of the steady state
behaviour
Evaluation of the transient distribution in the
room possible by installing several points of
measurement

-

Ci (t)
dt
Ci (t = 0)
-

5

-

-

Local air quality index
εv =

Contras

-

Calculation based
on steady or
instantaneous
values ⇒ the
reaction of a
ventilation device
to a sudden
variation is not
clear, and
alternating DRVs
may not be assessed
correctly.
Limited evidence
about the
distribution of the
pollutant
No statement about
the user acceptance
level

No statement about
the user acceptance
level

CONCLUSION

In this contribution, a new holistic method (HM) to evaluate Decentralised Residential
Ventilation (DRV) units are presented. The method combines different aspects such as energy
efficiency, hygrothermal comfort, ventilation efficiency and indoor air quality (IAQ). The
method is modular and other aspects could be added later on. For each aspect, a selection has
been made among existing evaluation methods. The next steps are:
- Construction of a test chamber (TC) to evaluate the energetic, comfort, IAQ and
ventilation efficiency of DRVs.
- Using the TC to evaluate different existing DRVs according to the above methods.
- Choice of the most suited evaluation methods for each aspect, to be used in the HM.
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- Apply the HM to the different DRVs and compare the DRVs performance.
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ABSTRACT
This article proposes to study the impact of envelope and internal partition walls airleakage distributions, on the
indoor air quality (IAQ) performance. It is based on a preliminary performance-based approach using
formaldehyde with three emission levels (low, medium, high). This multizone modelling (CONTAM) approach
uses as performance indicators, the average concentration per room as well as the percentage of time of
exceeding the limit value (ELV) of 9 µg.m-3. This work allowed to highlight that the ELV was largely exceeded
for the high and medium emission scenarios, whether for balanced ventilation or exhaust-only ventilation,
complying with the regulatory flow rates. And this, respectively in 100% and 90% of the time for balanced
ventilation, and 100% for exhaust-only ventilation. Impacts on concentrations of detailed external and internal
airleakage distributions are higher with exhaust-only ventilation than with balanced ventilation (52% and 18% of
maximal variation between the different distributions, respectively).
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multizone modelling, indoor air quality, airleakage

1.

INTRODUCTION

Adequate air change rates are necessary in order to ensure a good indoor air quality,
including a proper humidity level in buildings. On the other side, building energy
performance requires to rethink the ventilation and the air change rates, because of their
impact on thermal losses. In this context, envelope airtightness treatment becomes crucial,
especially for low energy dwellings. Indeed, envelope air leakage entails thermal losses, but
also modifies theoretical voluntary airflows circuits in building.
The present paper is a part of a PhD thesis developing a performance-based approach for
ventilation in low-energy dwellings, integrating indoor air quality. Such an approach implies a
more precise quantification of airflows in the dwellings, and between the rooms, in order to
avoid global and/or local situations with high pollutant or humidity levels. As airtightness is
recognized as an essential issue for low energy dwellings, it is nowadays often included in
energy-performance (EP) calculations, often through single zone models with uniform air
leakage. Because more consideration is often given to energy performance than to indoor air
quality issues, air leakage through internal partitions is often disregarded. Thus, additional
studies are needed to check these current assumptions. Therefore, in the present study impact

-1-
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of air leakage through building envelope and through internal partitions on inside
formaldehyde concentrations has been investigated.
2.

METHODS

2.1. Studied House
The studied building is a 2 stories-low-energy brick house equipped with a balanced
ventilation system, located near Chambéry, France. A measurement campaign was conducted
in order to quantify and finely describe envelope and internal partitions airleakage (Guyot et
al. 2016). Envelope airtightness is n50=1.5 h-1 (Eq. 1) and internal partitions were measured as
rather airtight, with a median value of q50=0.8 m3.h-1.m-2, (Eq. 2). The house has four
bedrooms (called BR1, BR2, BR3, BR4), two bathrooms (Bath 1 and 2), two toilets (WC 1
and 2), a mezzanine (Mezz), a kitchen open on the living room (K+LR) and a hall, as shown
on Figure 1.

n50 

C * (50)

n

(1)

L

V

* (50)
q C A

n

L

(2)

50

Where CL is the airleakage coefficient [m3.h-1.Pa-n] ; n is the airflow exponent [-] ; A is the area of
the measured wall [m²] ; 50 is a 50Pa reference pressure difference across the building envelope or
across the measured wall, V is the building heated volume [m3].

Figure 1. Plan of the house studied: (a) ground floor (b) first floor.

2.2. Modelling study
Formaldehyde concentrations were investigated using numerical modelling with
CONTAM software (Walton et Emmerich 1994). We used a multizone model for the
dwelling (each room is one zone), with a 10 minutes’ time step over the heating period, with
meteorological data of a typical year in Lyon (ASHRAE IWEC Weather file, 2001). The wind
at the building is calculated from the weather data using a 0.3287 modifier factor, resulting
from a power law used with factors from a suburban area and a 8.5 m-elevation of the house.
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The pressure coefficients from the EN 15242 (CEN 2007) are used, supposing no barrier, i.e
+0.5 on the upwind facades and -0.7 on the downwind facades. The inside temperature is
supposed to be 20°C during the heating period.
2.3. Airleakage distributions
Four cases of detail in modelling airleakage were simulated and compared: airtight
envelope (case a), evenly distributed envelope airleakage (case b), unevenly envelope
airleakage (case c) and unevenly external and internal airleakage (case d). With case a, we
calculate airflows due to mechanical ventilation only. Cases b, c and d use experimental data
on airleakage performed on this low energy house.
In order to further study, the impact of internal partition airleakage, we defined and
compared four other cases taking into account measured values and input values proposed in
(Guyot el al., 2016) for heavy and wood structures.
Table 1: Description of airleakage distributions cases, from Guyot et al., 2016.

Cases
Case a
(theoretical)
Case b
Case c
Case d

Envelope airtightness

Internal partition walls airleakage

without

without

Evenly distributed
Unevenly distributed
Unevenly distributed
(measured on the heavy structure house)

without
without
Unevenly distributed
(measured on the heavy structure house)
Unevenly distributed
(Input values from Guyot et al 2016)
for a heavy structure: q50, median = 1,2
m3.m-2.h-1
Inter quartile range (q50) = 3 m3.m-2.h-1

Case d2

Unevenly distributed
(measured on the heavy structure house)

Case d3

Unevenly distributed
(measured on the heavy structure house)

Case d4

Unevenly distributed
(measured on the heavy structure house)

Unevenly distributed
(measured on a wood structure house)
Unevenly distributed
(Input values from Guyot et al 2016)
for a wood structure: q50, median = 6
m3.m-2.h-1
Inter quartile range (q50) = 12 m3.m-2.h-1

2.4. Ventilation systems
The ventilation system is supposed to provide regulatory airflows: 135 m3/h for a 6 roomshouse, with 2 bathrooms (30 m3/h) and 2 toilets (15 m3/h). This accounts for a dwelling air
change rate (ACR) of 0.4 h-1. Regulation requires that kitchen exhaust should be able to
switch from a base speed of 45 m3/h to a peak speed of 135 m3/h. We studied two types of
constant airflow ventilation: exhaust-only and balanced ventilation. Extract airflows are the
same in both cases. With balanced ventilation, each bedroom is equipped with a supply vent
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providing 19,3 m3/h, the living room with two. With exhaust-only ventilation, this seven
supply vents are replaced by self-regulating trickle vents with a 22 m3.h-1 module.
2.5. Occupation scenarii
We used data from the French national campaign on IAQ of dwellings from 2005
(Zeghnoun, Dor, et Grégoire 2010). In the present study, we used the following occupation
scenarii for the 5 occupants.
Table 2: Occupancy schedules.

Occupant
N°1 and 2 (bedroom 1)

N°3 (bedroom 2)

N°4 (bedroom 3)

N°5 (bedroom 4)

In living-room + open
kitchen
7h-8h30
12h-14h
19h-21h
(5h30-duration)
6h20-8h30
12h-14h
19h-20h20
(5h30-duration)
6h20-8h30
12h-14h
19h-19h40
20h20-21h
(5h30-duration)
6h20-8h30
12h-14h
19h-20h20
(5h30-duration)

In bathroom

In bedroom

6h20-7h
(bathroom n°2)

21h-6h20
(9h20 duration)

20h20-21h
(bathroom n°2)

21h-6h20
(9h20 duration)

19h40-20h20
(bathroom n°2)

21h-6h20
(9h20 duration)

20h20-21h
(bathroom n°1)

21h-6h20
(9h20 duration)

2.6. Formaldehyde emission scenarii
Formaldehyde (HCHO) is a common VOC interesting to survey in dwellings for many
reasons. Firstly, this pollutant is nearly always measured in homes (100% of the French
dwellings), and it’s also a quasi-only inside production (until 10 times superior than the
outside) due to huge quantity of indoor emitting materials, furniture and products (Kirchner et
al. 2006). Secondly, this substance is recognized as having a large range of health impacts,
depending on the concentration and the acute and chronic exposures (AFSSET 2007; CIRC
2006; INERIS 2010). As a result, several studies identified formaldehyde among the pollutant
of concerns in dwellings (Kirchner et al. 2007; Koistinen et al. 2008; WHO 2010; Logue et al.
2011a; Borsboom et al. 2016).
Emission rates measured directly at the dwelling scale are rarely found in the literature
(Hodgson et al., 2000; Sherman and Hodgson, 2002), and especially in low-energy dwellings
considered as representative of the French dwellings. We proposed to use a simplified
method, based on a mass balance to calculate formaldehyde average emission rates adapted
from (Hodgson et al. 2000; Sherman et Hodgson 2002), using measurements campaign from
the (Guyot et al. 2017). We defined a low-emission class: 4,5 µg.h-1.m-2; a middle-emission
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class: 12,0 µg.h-1.m-2; and a high-emission class: 23,6 µg.h-1.m-2. Then, we used a
continuously emitting model for formaldehyde emission.
2.7. IAQ metrics using formaldehyde
In this study, we focused on long-term exposure, because of the lack of data at the building
scale on rates for short-term emissions. We decided to use the reference exposure limit value
(ELV) set to the minimum one used through the world, i.e. 9 µg/m3 for formaldehyde (USACalifornia) as proposed by (Cony Renaud Salis et al. 2017). We selected also as performance
metrics related to formaldehyde calculated in each zone of the dwelling over the heating
period: average concentration, ratio between average concentration and ELV, percentage of
time with concentration over the ELV. We used also the maximum total cumulative exposure
of the five occupants: Emax, (Eq. 3), which will be compared to the total cumulative exposure
to the ELV during the whole heating period (4366 h), EELV=39294 µg.m-3.h-1:

(3)

where Cj(ti) is the exposure concentration for occupant j at the time step ti.
3.

RESULTS

3.1. Exhaust-only ventilation
On Figure 2, we plotted the average formaldehyde concentration in each zone of the house
obtained with the highest formaldehyde emission rate, for the seven airleakage cases. We also
plotted the exposure ratio for the seven cases and three levels of emissions (Figure 3).
Whatever the case, with the high-emission scenario the concentration stays in the
range 17.3–36.6 µg.m-3, thus 1.9–4.1 times higher than the ELV, exceeding it more than
99.9% of the time. Ignoring envelope airleakage accounts for a maximum difference of
−33.3% on the average concentration (case a, BR4). Taking into account unevenly distributed
airleakage accounts for a maximum 27.3% difference (case c, BR2). Taking into account
internal partition wall airleakage can reach an impact of 38.8% (case d3, BR1).
For the medium formaldehyde emission, average concentrations are in the range 10.2–
19.9 µg.m-3, i.e. between 1.1 and 2.2 times the ELV, exceeding it more than 99% of the time.
For the low formaldehyde emission (not shown here), average concentrations are in
the range 5.6–9.25 µg.m-3, 0.6–1.0 times the ELV. This average exceeding concentration
occurs only in WC2 in the d2 case and in BR1 in the d3 case. Depending the cases studied,
Bath2, WC2, BR1 and Mezz are zones with concentrations over the ELV more than 30% of
the time, even if their average concentration is below the ELV. It can be noted that only in d3,
one bedroom (BR1) concentration is higher than the ELV, but 70% of the time, due to a
threshold effect. For cases d, d2 and d4, the average concentration in BR1 is 8.4 µg.m-3, with
an exceeding time of 0.04, 0.24 and 3.6% respectively.
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Studying the maximum formaldehyde exposure (Figure 3), we can first note that the
exposure clearly depends on the emission level (high/medium/low). It should be added that
Figure 3 shows only the case of the most exposed occupant, which differs depending on the
case: occupants 1 and 2 (cases c, d3, d4), occupant 3 (cases d, d2) and occupant 5 (cases a, b).
This maximum exposure can be compared to the ELV limit exposure, and the resulting ratio
is in the range [1.6–2.1] for the high emission scenario, [0.9–1.2] for the medium emission
scenario, [0.5–0.6] for the low emission scenario.
Ignoring envelope airleakage always underestimates the exposure (case a), −24.7% for the
high-emission scenario. Taking into account unevenly distributed envelope airleakage
distribution slightly overestimates the exposure, −5.4% for the high-emission scenario.
Depending on the internal partition wall airleakage distribution selected, impacts on the
exposure are in the range [−9% to +0.4%].

Figure 2: Impact of detailed airleakage data on average formaldehyde concentration; high-emission scenario,
exhaust-only ventilation.
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Figure 3 : Impact of airleakage distribution on maximum exposed occupant to formaldehyde; three levels of
emissions, exhaust-only ventilation.

3.2. Balanced ventilation
All the cases (a to d4) were also simulated with balanced ventilation. However, all indicators
show lower dispersion than with exhaust-only ventilation and are not shown in detail.
For the high-emission scenario, the concentration is in the range 17.1–26.9 µg.m-3,
1.9–3.0 higher than the ELV, more than 99.9% of the time. In the seven cases, we observed
no impact on average bedroom concentrations (maximum difference, −1.7%, BR4, d4).
For the medium formaldehyde emission, average concentrations are in the range 10.1–
15.0 µg.m-3, 1.1–1.7 higher than the ELV, exceeding it more than 90% of the time. For the
low formaldehyde emission scenario, average concentrations are in the range 5.5–7.4 µg.m-3,
0.6–0.8 times the ELV. The concentration stays under the ELV in each room 100% of the
time.
In the seven cases, we also obtained low impacts of airleakage cases on the ratio
between maximum formaldehyde exposure and ELV limit exposure (maximum difference,
6.4%, case a). The exposure ratio is lower than with the exhaust-only ventilation system,
staying in the range [1.4–1.5] for the high-emission scenario, [0.8–0.9] for the mediumemission scenario and in the range [0.4–0.5] for the low-emission scenario.
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4.

DISCUSSION

Results analysis shows firstly than whatever the case and whatever the ventilation system,
average formaldehyde concentrations are higher than the selected threshold of 9 µg.m-3,
except for the lower emission rate of 4,5 µg.h-1.m-2. We must here specify than the French
regulatory threshold is higher: 30 µg.m-3 since January 2015, but should become 10 µg.m-3 in
2023. Moreover, emission rates have been here estimated on a little sample including only 10
houses. Performing the calculation on a larger sample could led to different emission rates
and thus different results.
We also observe that balanced ventilation gives lower concentrations than the equivalent
exhaust-only ventilation providing the same exhaust airflow of 135 m3.h-1. For instance, for
the lower emission rate, ELV is never exceeded with the balanced ventilation whereas it is
exceeded in four zones more than 30% of the time with the exhaust-only ventilation,
including a room for 70% of the time. We can outline here than such a ventilation system is
never used on new French low-energy house. Instead, humidity demand-controlled exhaustonly ventilation is used, performing around 30% lower ventilation rates.
In this studied house, we can also observe that using an unevenly distributed envelope
airtightness can have a strong impact (up to 52%) on formaldehyde concentrations with an
exhaust-only ventilation but also an impact (up to 18%) with balanced ventilation. With an
exhaust-only ventilation system, impacts of using internal partitions airleakage can reach
20%. With a balanced ventilation impact is very light (up to 3%), because of the lower
pressure differences between zones. This suggests also that impact of modelling doors
undercut might be light with such a ventilation system, since we can get the same order of
magnitude in size of the path between an undercut and a leak on internal partition (Guyot et
al. 2016).
5.

CONCLUSION AND PERSPECTIVES

We studied impacts of a detailed envelope airleakage distribution and of internal partition
airleakage data on the ventilation performance of a low-energy house. We used a multizone
modelling approach performed with three levels of emissions (4,5-12,0 and 23,6 9 µg.m-3), to
calculate IAQ metrics based on formaldehyde. The selected metrics are average concentration
in each zone, ratio with the limit value (ELV) of 9 µg.m-3, and time of exceeding
concentration. We studied two types of ventilation: exhaust-only and balanced ventilation,
providing the total regulatory airflow of 135 m3.h-1 required for this house.
We showed that formaldehyde concentrations were rarely under the ELV, except for the
lower emission scenario with the balanced ventilation system.
This seems relevant to use detailed data on envelope airtightness. Indeed, gaps on average
formaldehyde concentrations can reach 52% with exhaust-only ventilation and 18% with the
equivalent balanced ventilation. Taking into account detailed data on internal partitions
airleakage seems worthwhile with an exhaust-only ventilation system but non useful with
balanced ventilation systems.
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Such results must be confirmed with the on-going modelling study on other metrics based
on other parameters (PM2,5, humidity, CO2).
As a general perspective, we need to get more emission rates in the literature on
formaldehyde but also on other pollutants of concern as particle matter, at a house scale.
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ABSTRACT
This paper presents results from a project on the assessment of the indoor air quality (IAQ)
benefits that might accrue from the use of a balanced energy recovery ventilation system. The
study compared the whole-building pressure, IAQ and ventilation performance of a balanced
energy recovery ventilation (ERV) system with that of an exhaust-only ventilation system
(continuous exhaust from master bathroom). This investigation compared experimentally the
impacts of the two ventilation systems in a side-by-side testing configurations using the
Canadian Centre for Housing Technology’s (CCHT) twin houses to demonstrate and quantify
the potential indoor air quality benefits of balanced ventilation system. The testing approach
was a combination of building air leakage and HVAC characterization, envelope differential
pressure, perfluorocarbon (PFT) tracer gas tests, sampling of aldehyde and volatile organic
compound (VOCs). Two VOCs, toluene and α-pinene, were dosed at a constant rate to mimic
indoor sources. The winter testing results have shown that a house operated with an ERV was
under low positive pressure (1 to 3 Pa) and the house operated with an exhaust-only system
was under negative pressure (-1 to -3 Pa). The effect of positive pressure on the IAQ has
shown that relevant IAQ pollutants were significantly reduced in the house operated with a
balanced ERV system. Average concentrations of formaldehyde in houses with balanced
ventilation were reduced by 10-66% over houses operated with exhaust system. The average
concentrations of two VOCs added (aPin and dTol) were respectively significantly reduced by
8-89% and 14-76% with partial mixing and with no mixing, respectively. The house with
balanced ERV system had an average weekly space heating and ventilation total energy
consumption reduced by 3.9-8.5%. The balanced (ERV) ventilation system was an energyefficient solution to improve IAQ by generating a positive indoor pressure (1-3 Pa).
KEYWORDS
Ventilation, ERV, Exhaust-only, Positive pressure, IAQ

1 INTRODUCTION
Ventilation energy consumption is a significant part of the energy consumption and cost of
homes. The energy efficiency of residential buildings has steadily increased since 1970’s due
to improvements in construction methods (air-sealed building enclosures) and HVAC
technology (Wray 2000). A major component of this improvement in energy efficiency has
come as a result of reduced uncontrolled air leakage through the building envelope. Over the
same period, changes in building materials, appliances, home furnishings and manufactured
products have resulted in new types of indoor pollutants and increased emissions levels
(Sherman 2007). These indoor pollutants can include moisture generated indoor (people,
plants and activities such as cooking and showering), contaminants and odours generated by
interior sources (people, cooking, household cleaners, and off-gassing of interior finishes and
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furnishings), and contaminants from exterior air (dust, particulates, allergens, and mould).
While source control is an essential first step toward limiting exposure to indoor pollutants,
adequate ventilation (paired with infiltration) is a critical means of establishing and
maintaining indoor air quality. In order to provide a healthy indoor environment for building
occupants, most jurisdictions prescribe residential ventilation rates based on the size of the
liveable space and the number of anticipated occupants. Builders have traditionally met the
requirements with central exhaust-only systems, which are relatively simple to install and
have low initial cost (Wray 2000). As interest in energy conservation grows, balanced supply
and exhaust systems are becoming increasingly popular in cold climates because they allow
for heat to be recaptured from warm exhaust air. Balanced ventilation systems also allow for
pre-filtration of supply air and prevent depressurization of homes, which can have negative
effects on indoor air quality (Russel 2005). There is a lack of research to support allowing
credit for better performing residential mechanical ventilation systems, such as balanced
ventilation compared to exhaust-only ventilation. Building codes and ventilation standards do
not attempt to address delivery of outdoor air to each space or forced air
circulation/distribution of ventilation air. Instead, an assumption is made that for all
ventilation system situations, the entire house is a single, well-mixed zone and the focus is
only on relative annual average exposure of contaminants. With this assumption as the basis
for ventilation design, the ventilation rate must be high enough to accommodate the worst
performing system, which is exhaust-only ventilation.
Rudd (Rudd 2000) conducted a study on the in-situ impacts of various ventilation systems
using two nearly identical (one with vented attic, the other with an unvented attic)
unoccupied, single-family, detached lab homes. The project included five tests; Baseline (no
ventilation), Exhaust (from master bathroom), Exhaust with mixing (exhaust from master
bathroom and 20% central fan operation), CFIS (central-fan-integrated supply ventilation and
33% central fan duty cycle) and ERV (balanced ventilation with no central fan operation).
Exhaust ventilation testing showed lower uniformity of outdoor air exchange rate between
living space zones, and higher concentrations of particulates, formaldehyde and other Top 20
VOCs than did the supply and balanced ventilation systems. In contrast, the supply and
balanced ventilation systems showed that there is a significant benefit to drawing outside air
from a known outside location, and filtering and fully distributing that air. Total Volatile
Compound (TVOC) data showed that, compared to the Exhaust system, the CFIS and ERV
ventilation systems reduced TVOC by 47% and 57% respectively, averaged between the two
houses. Compared to the Baseline test, the Exhaust system increased TVOC by 37% in House
1 main zone, and increased TVOC by 18% in the House 2 master zone. Vornanen-Winqvist
(Vornanen 2017) conducted a case study of ventilation and IAQ investigations in a renovated
school in Finland. The ventilation system was shown to be crucially unbalanced with
fluctuation of large negative and positive pressures. To eliminate potential harmful effects of
the building related sources and infiltration airflows, the AHU was adjusted to generate a 5-7
Pa positive indoor pressure for 4 months. Results showed a significant decrease of indoor
TVOC concentration and indicated that the possible impurities infiltrated by the large
negative pressure were potential causes for the complaints from building’s occupants.
The objectives of this study were to investigate the IAQ-related benefits that might accrue
from the use of a balanced (HRV or ERV) ventilation system and to demonstrate and quantify
the effect of a neutral or positive indoor pressure which would limit infiltration from unknown
adjacent zones and decrease the concentration of indoor contaminants. The study was
performed through heating season period (2016/17) for baseline testing and testing with
partial mixing and without mixing and a cooling season period (summer of 2017) for testing
with continuous mixing, in the same twin houses. However, this paper presents only some
results from the heating season testing periods of winter 2016/17.
2

EXPERIMENTAL METHOD
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A rigorous side-by-side testing methodology was used to compare the whole-building, multizone, indoor air quality performance of continuous exhaust ventilation from master bathroom
and energy recovery ventilation as a main exhaust from kitchen and bathrooms and supply to
the return air plenum of the Furnace. The baseline side-by-side test (Test 1) was undertaken
over one week in October 2016 with no central fan operation (furnace fan off and no
heating/cooling) and all intakes and exhaust hoods/vents sealed externally. The side-by-side
test (Test 2 and 3) were undertaken over two weeks in January 2017 with partial mixing (20%
central fan operation) and in a heating mode with thermostat set at 22°C in both houses. The
side-by-side tests (Test 4 and 5) were undertaken over two week in January and February
2017 without mixing, thermostats set on “Auto” and heating mode at 22°C in both houses.
2.1 CCHT Houses
The Canadian Centre for Housing Technology (CCHT) features twin research houses to
evaluate the whole-house performance of new technologies in side-by-side testing. Figure 1
shows the reference and the test houses. The twin houses are a typical 2–storey wood-frame
house, with 210 m2 liveable area, built to the R-2000 standard. Features of the house include:
a cast-in-place concrete basement, standard 2’ x 6’ wood frame wall construction, a high
efficiency sealed combustion condensing gas furnace, a power vented conventional hot water
heater, and an energy recovery ventilator. A single centrally located programmable thermostat
controls both the space heating and cooling systems. At time of construction, the house had an
air tightness characteristic of 1.5 ach @ 50 Pa – 30% below the R-2000 requirement.

Figure 1 – CCHT Facility – House 1 (M24-B on the right) and House 2 (M24-C on the left)

An important and unique feature of the twin house facility is the simulated occupancy system,
with over 60 on/off events per day. The system is based on home automation technology and
simulates the activities of a family of two adults and two children. Simulated events include:
the operation of major appliances (dish washer, stove, washer & drier), lights, and water
draws (shower, bath, kitchen sink). Incandescent bulbs are used to simulate heat gains from
humans (60 W per adult, 40 W per child) at various locations in the house. The CCHT
research houses are equipped with a data acquisition system (DAS) consisting of over 250
sensors and 23 meters (gas, water and electrical), reading the sensors every 5 minutes and
provides hourly averages. Meter data are recorded on a 5 minute-basis. The DAS captures a
clear history of the house performance in terms of temperature, humidity and energy
consumption. A complete set of weather data is also available from a nearby weather station.
2.2 Side-by-side Testing
The CCHT houses are identical with ERV’s operating in both houses. The houses were
modified by incorporating an exhaust fan installed in the master bathroom of both houses.
The existing ERVs are installed as partially dedicated systems with direct connection of ERV
supply air stream to the air handler air return plenum and stale air exhausted from kitchen and
bathrooms. A series of experiments were performed to obtain data for different residential
ventilation systems, one balanced ventilation using an ERV and exhaust-only ventilation,
either with or without mixing. Experiments were also performed to obtain data for the two
houses without mechanical ventilation as baseline comparison of the ventilation systems. Four
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side-by-side comparisons have been evaluated; Baseline Test conducted to benchmark all
measured parameter with no ventilation and space conditioning systems operating, and where
all intake and exhaust vents were sealed externally, Mechanical Ventilation Test with Partial
Mixing conducted with central air distribution mixing system, with central system fan cycle of
48 minutes OFF and 12 minutes ON, and Mechanical Ventilation Test without Mixing
conducted without central air distribution mixing system (furnace fan OFF). Furnace fan goes
ON only when there is call for heating.
Table 1: Side-by-side experimental design
Test #
1
2
3
4
5

Type
Baseline
Partial mixing
Partial mixing
No mixing
No mixing

House 1 (M24-B)
No mechanical ventilation
Exhaust ON / ERV OFF
ERV ON / Exhaust OFF
ERV ON / Exhaust OFF
Exhaust ON / ERV OFF

House 2 (M24-C)
No mechanical ventilation
ERV ON / Exhaust OFF
Exhaust ON / ERV OFF
Exhaust ON / ERV OFF
ERV ON / Exhaust OFF

The continuous exhaust ventilation flow was adjusted to meet the ASHRAE Standard 62.22015 continuous fan flow rate calculated based on the liveable floor area and number of
bedrooms in the CCHT twin houses, and set at approximatively 95 cfm for the exhaust fan in
the master bathroom and the ERV’s supply and exhaust airflows.
2.3 Performance Measurements
The testing approach was a combination of air leakage characterization (fan depressurization
tests), envelope differential pressures (with respect to outdoor, attic and garage),
perfluorocarbon tracer gases (PFT’s) to determine zone air change rates, multi-zone sampling
of VOCs and aldehydes to determine the indoor air quality impacts as function of the
ventilation system operation, and finally impact on whole building energy consumption. The
ambient test conditions, such as flow rates through ventilation system components (exhaust
fan and ERV), temperature distributions in various zones throughout the house and weather
conditions were continuously monitored and recorded during each test to establish the
complete experimental context for each test’s results. Airtightness is the fundamental house
property that impacts infiltration (movement of air through leaks, cracks, or other adventitious
openings in the building envelope). It was necessary to characterize the airtightness of the
two houses. This was accomplished by conducting a fan depressurization test using an orifice
blower door according to the ASTM test method E 779-03 (ASTM, 2003). The blower tests
were done during the baseline test to confirm that the two houses have similar air leakage for
accurate comparisons in term of the impact of ventilation strategy on the IAQ.
The house’s envelope pressure distribution were monitored continuously and recorded during
each test to establish the complete experimental context of each test’s results and data
interpretation. The differential house envelope pressures were measured using bi-directional
Veris PX Series differential air pressure transducer sensors with data loggers. The differential
pressures were measured on all floors (basement, first floor and second floor) in designated
zone and facades with respect to outside, garage and attic, as shown in Table 2.
Table 2 – Location of envelope differential pressure measurements
Floor
Basement
Main Floor

Second Floor

Zone / Facade
North Façade
Living Room / North Façade
Dining Room / South Façade
Hallway / Entry
Master Bedroom / North Façade
Bedroom 2 / North Façade
Bedroom 3 / South Facade
Hallway

Differential Pressure
Indoor to Outdoor
Indoor to Outdoor
Indoor to Outdoor
Indoor to Garage
Indoor to Outdoor
Indoor to Outdoor
Indoor to Outdoor
Indoor to Attic
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A passive perfluorocarbon tracer gas method developed by NRC was used to measure the air
change rate in House 1 (M24-B) and House 2 (M24-C). All sources were made with a glass
vial (2, 7 or 15 mL) and a septum (silicone lined with polytetrafluoroethylene, silicone rubber
or polydimethyl silicone membrane). The difference in the vial size and septum (material and
thickness) led to different source rates. In addition to PFTs, two VOCs α-pinene (aPin) and
deuterated toluene (tolune-d8; dTol) were deployed to determine the difference in indoor air
quality for different ventilation settings. The actual source rate was determined based on the
weight difference of a source before and after each test. PFT sources were placed in four
zones (basement, 1st floor, 2nd floor, and master bedroom). PFTs and VOCs were sampled
with sorbent tubes filled with Carbopack B (CB). CB tubes were deployed in duplicates in
each zone (basement - middle, 1st floor – kitchen, 2nd floor – bedroom 2 and master bedroom)
for passive sampling with the sampling side tubes left open for 7 days. CB tubes were
analyzed by NRC’s chemical Lab with the thermal desorption/gas chromatography/mass
spectrometry (TD/GC/MS) system, including a Markes’ Unity Series 2 thermal desorber
coupled to a multi-tube autosampler ULTRA, an Agilent 6890A Gas Chromatograph
equipped with a DB-624 capillary column, and a 5973N Mass Selective Detector.
Formaldehyde (HCHO) passive sampling was conducted in the basement (unfinished), main
floor (dining area), master bedroom (second floor), Attic, Garage and outdoor of each house
and during the 5 test cases. Formaldehyde/Aldehydes passive sampling was done using three
2,4-dinitrophenylhydrazine (DNPH) cartridges; one for field blank and two for duplicate
samples. Two openings of cartridges were left open for 7 days. At the end of the sampling
period, the DNPH cartridges were sent back to NRC’s chemical lab for analysis. Analysis of
formaldehyde was performed according to ASTM D5197 and EPA TO - 11a.
Changes in house performance due to the two ventilation systems was also addressed through
comparison of energy, in addition to ventilation and IAQ of the two houses; house operated
with balanced energy recovery system to the house performance operated with continuous
exhaust ventilation system in master bathroom. The recorded houses energy consumptions
included; heating energy consumption (furnace natural gas consumption), furnace fans
electrical consumption, exhaust fans electrical consumption and dual core ERV fans electrical
consumption.
2.4 Results and Analysis
Air leakage characterization of the two twin houses was conducted using a fan
depressurization test (blower door). Same calibrated fan was used, and pressure measurement
was recorded in each house with respect to outside. The ACH50 value is the number of air
changes that will occur in one hour with a 50 Pa pressure difference being applied uniformly
across the building envelope. It is the metric of interest when one is referring to the building
airtightness. Table 3 outlines the relevant parameters that were measured for the air leakage
test conducted in both test houses. The airtightness of both research houses is essentially the
same, with a 3.4% difference.
Table 3 - Reported blower door test results for each house
Parameter
Q50 (CFM)
ACH50 (h-1)

House 1 (M24-B)
859 ± 7
1.79

House 2 (M24-C)
827 ± 8
1.73

The Natural Resources Canada ecoENERGY (NRCan) retrofit program tested thousands of
houses in Ottawa following renovations designed to improve the building airtightness. As a
comparison they found that the mean airtightness (ACH50) for the homes built between 1990
and 1999, the same decade of construction as the CCHT test houses, was 4.48 (NRCan 2015).
Therefore one should consider both CCHT houses to be very airtight.
The ERVs installed in both houses were well balanced and the exhaust fans in master
bathrooms (in both houses) were set to exhaust the same airflow as the ERV units. The
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exhaust airflow by the fans installed in the master bathroom of both houses was measured
using a calibrated airflow element (Nailor type) and the data was recorded using a Hobo data
logger. The supply airflow to the furnace return air plenum from the ERV installed in both
houses, and the exhaust airflow from bathrooms and kitchen through the ERV were measured
using calibrated airflow stations (Nailor type) and recorded by the houses data acquisition
units. The measured exhaust airflows from master bathroom and ERV’s supply/exhaust
airflows in both houses are statistically summarized in Table 4.
Table 4: Measured Supply and Exhaust Airflows
House 1 (M24-B)
House 2 (M24-C)
Airflow
location
Min.
Max. Mean Stdv Min. Max. Mean Stdv
Exhaust Fan
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1
Exhaust ERV
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
Supply ERV
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
Exhaust Fan
86.3
112.9
102.7
4.0
0.0
0.0
0.0
0.0
2
Exhaust ERV
0.0
0.0
0.0
0.0
78.8
113.5 98.9
3.9
4.5
Supply ERV
0.0
0.0
0.0
0.0
80.4
111.2 95.6
4.3
Exhaust Fan
0.0
0.0
0.0
0.0
85.1
116.2 102.4
Exhaust ERV
88.2
109.7
99.0
1.6
0.0
0.0
0.0
0.0
3
2.3
0.0
0.0
0.0
0.0
Supply ERV
77.6
112.6
95.0
3.4
Exhaust Fan
0.0
0.0
0.0
0.0
85.0
110.1 98.5
Exhaust ERV
85.9
111.0
98.2
2.0
0.0
0.0
0.0
0.0
4
2.9
0.0
0.0
0.0
0.0
Supply ERV
77.7
113.1
94.9
Exhaust Fan
81.8
113.7
97.5
3.7
0.0
0.0
0.0
0.0
5
Exhaust ERV
0.0
0.0
0.0
0.0
82.2
110.2 98.5
2.5
Supply ERV
0.0
0.0
0.0
0.0
79.0
114.0 96.4
3.5
Underlined numbers are the mean values of measured airflow over the each testing period
Test

If the building envelope is tight, there is a possibility that negative pressure can be created
inside the building. Supply air enters the building in an uncontrolled manner and may be
pulled in from relatively undesirable areas such as garages, musty basements (or crawl
spaces) or dusty attics (Barley, 2002). This study included measurement of the envelope
differential pressure between the indoor and the outdoors. A positive reading of the indoor
pressure means that the indoor is pressurized, and a negative value means the house is
depressurized. The differential pressures were measured for 5 side-by-side tested cases and a
typical weekly plot for test 5 undertaken with no mixing is presented in Figure 2.

Figure 2 – Whole House Envelope Differential Pressure from Test 5

The measured average envelope differential pressures to outdoor (including adjacent zones)
and to only outdoor (excluding attic and garage) are presented in Table 5 and Table 6. Except
for Test 1 where the two houses were operated without mechanical ventilation, the results for
the 4 Tests with mechanical ventilation (Tests 2, 3, 4 and 5) have shown that the house with
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an ERV (with balanced ventilation) had an overall positive indoor pressure showing that the
house was slightly pressurized. However, the house with a continuous exhaust from master
bathroom had an overall negative indoor pressure, showing that the house was depressurized
Table 5 – Average Measured Indoor Pressures to Outdoor (including adjacent zones)
House
M24-B
M24-C

Test 1
+0.6 (Baseline)
+0.7 (Baseline)

Test 2
-1.5 (Exhaust)
+2.8 (ERV)

Test 3
+0.7 (ERV)
-1.3 (Exhaust)

Test 4
+0.8 (ERV)
-0.9 (Exhaust)

Test 5
-1.8 (Exhaust)
+2.8 (ERV)

Table 6 - Average Measure Indoor Pressures to Outdoor (excluding adjacent zones)
House
M24-B
M24-C

Test 1
+0.5 (Baseline)
+0.3 (Baseline)

Test 2
-2.9 (Exhaust)
+2.2 (ERV)

Test 3
+1.0 (ERV)
-1.7 (Exhaust)

Test 4
+1.2 (ERV)
-1.4 (Exhaust)

Test 5
-2.4 (Exhaust)
+2.8 (ERV)

The air change rate calculated from the PFT concentrations and emission rates, assuming the
house is well-mixed single zone, are summarized in Table 7. The mean value of all PFT gases
deployed in the house was used as the representative concentration. The house volume was
assumed to be 794.3 m3. The baseline test (Test 1) shows that the air change rates in M24-B
and C were similar under the same conditions, i.e., when there was no ventilation and no
mixing. Under the partial mixing winter conditions (Test 2 and 3), the air change rate was
0.33 or 0.34 h-1 with ERV and 0.28 or 0.29 h-1 with exhaust-only ventilation. Under the nomixing and winter conditions (Test 4 and 5), the air change rate was also higher with ERV
than with exhaust-only ventilation (0.38 vs 0.36; 0.49 vs. 0.38 h-1). The air change rate in the
house with ERV was greater than that with exhaust-only ventilation by 6 to 28% in heating
season 2016/2017 regardless of the mixing condition (no mixing, partial mixing).
Table 7: Air Change Rate (h-1) for a whole House
House
Test 1
M24-B
0.06 (Baseline)
M24-C
0.07 (Baseline)
Percent Difference1
9%
1
(ACHERV – ACHEXH)/ACHEXH*100

Test 2
0.28 (Exhaust)
0.33 (ERV)
15%

Test 3
0.34 (ERV)
0.29 (Exhaust)
16%

Test 4
0.38 (ERV)
0.36 (Exhaust)
6%

Test 5
0.38 (Exhaust)
0.49 (ERV)
28%

The two added VOC sources of α-pinene (aPin) and deuterated toluene (tolune-d8; dTol) were
placed in four zones, basement (middle), 1st floor (kitchen/dining area), 2nd floor (bedroom 2
and master bedroom). The average indoor concentrations during the Baseline test and the four
ventilation systems are illustrated graphically in Figure 3.

Figure 3 – Average Indoor α-pinene and Deuterated Toluene Concentration by Ventilation System Type

Both tested ventilation systems reduced the aPin and dTol concentrations below the Baseline
concentrations which were roughly 5-7 times higher. ERV system reduced the zonal indoor
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aPin and dTol concentrations the most. For both houses operated with partial mixing, the
ERV system showed a 22% to 78% reduction in aPin concentration and a 14% to 62%
reduction in dTol concentration over exhaust-only ventilation system. When the two houses
were operated without mixing, ERV system showed an 8% to 89% reduction in aPin
concentration and a 17% to 76% in dTol over Exhaust ventilation system. In average for both
houses (operated with partial or no mixing), the ERV system showed an average 5% to 60%
reduction of aPin and an average 3% to 45% reduction of dTol over Exhaust-only ventilation
system.
Formaldehyde was sampled in the Basement, Main Floor and Second Floor (Master bedroom
and Bedroom 2) over a week testing periods. The average indoor concentrations during the
Baseline test and the four ventilation systems are illustrated graphically in Figure 4. Outdoor
formaldehyde concentrations were measured beside the twin houses located in Ottawa and
were 2.4-2.6 μg/m3. Both tested ventilation systems reduced the formaldehyde concentration
below the indoor Baseline concentration which was roughly 14 times higher than what was
measured outdoor. Exhaust-only ventilation reduced the indoor formaldehyde concentration
the least. Exhaust-only with partial mixing and without mixing showed no significant
difference in reducing the formaldehyde concentration. However, ERV without mixing
showed a significant reduction in formaldehyde concentration over ERV with partial mixing
because ERV exhausted un-mixed stale air directly from kitchen and bathroom on the Main
floor and bathrooms in on the Second floor. For both houses operated with partial mixing, the
ERV system showed an average 10% to 14% reduction in formaldehyde concentration over
exhaust-only ventilation system. When the two houses were operated without mixing, ERV
system showed an average 51% to 66% reduction over Exhaust ventilation system. In general
for both houses (operated with partial or no mixing), the Exhaust system showed a zonal 7%
to 61% reduction of formaldehyde and the ERV system showed a 13% to 89% reduction of
formaldehyde over Baseline.

Figure 4 – Average Indoor Formaldehyde Concentration by Ventilation System Type

A summary of the weekly energy analysis results from the side-by-side testing at the
Canadian Centre for Housing Technology (CCHT) in winter 2016/17 is provided in Table 8.
The energy analysis compared the total space heating and ventilation energy used in the
houses during the various testing scenarios. The energy analysis took into account the small
difference in energy performance of the twin houses when both are operating under
benchmark conditions. The expected space heating and ventilation consumption in benchmark
configuration (i.e. expected consumption if operating the benchmark ERV equipment) is
calculated first then from this the overall energy savings when operating the bathroom
exhaust fan is calculated. Savings are calculated by subtracting the measured House with
exhaust-only experiment consumption from the calculated House with ERV benchmark
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consumption. The average weekly energy savings when operating the ERV compared to
running the benchmark ERV for Tests 2 to 5 varied between -3.6% to -8.5%. The negative
indicates that the overall space heating energy consumption when operating the exhaust fan
from master bathroom was greater than when operating the ERV (an energy penalty) despite
the fact that the exhaust only electrical use was less than the ERV electrical use. This is
logical because space heating is a much greater load compared to ventilation and with exhaust
only ventilation, the make-up air would come from uncontrolled and unconditioned air
leaking into the houses, whereas with the ERV heat is recovered from the warm exhaust to
condition the controlled supply from the outside, lowering the overall space heating energy.
Table 8: Weekly Average Space Heating and Ventilation Total Energy Consumption
House 1 (M24-B)
Test

Furnace
Natural
Gas
[ft3]

Furnace
Fan
[kWh]

Exhaust
ERV
Fan(s)
[kWh]

House 2 (M24-C)
Total
[MJ]
(1)

Furnace
Natural
Gas
[ft3]

Furnace
Fan
[kWh]

Exhaust
ERV
Fan(s)
[kWh]

493.0
(475.9)
453.8
2.367
1.111
341.3
3
314.4
1.562
0.992
(n/a)
348.6
1.731
0.600
367.3
4
338.9
1.585
1.006
(n/a)
382.6
1.846
0.600
443.4
5
411.0
1.980
0.600
(426.9)
408.0
1.991
1.016
1
expected House 1 energy consumption in a benchmark configuration [MJ]
2
expected House 2 energy consumption in a benchmark configuration [MJ]
2

456.7

2.323

0.600

Savings
[MJ]

Savings
[%]

-17.1

-3.5%

-22.5

-6.3%

-32.2

-8.5%

-16.5

-3.9%

Total
[MJ]
(2)
491.9
(n/a)
376.7
(354.2)
413.0
(380.8)
441.8
(n/a)

3 CONCLUSIONS
The paper presented a portion of results from a research project intended to develop a better
understanding of whole-building ventilation systems effectiveness and distribution in R-2000
home to demonstrated and quantify the IAQ-related benefits of balanced ventilation system.
In general the side-by-side testing showed that the single-point exhaust ventilation from
master bathroom was inferior as a whole-house ventilation strategy with negative indoor
pressures. In contrast, the balanced (ERV) ventilation system was able to provide a slightly
positive indoor pressure and that there is a significant benefit to drawing outside air from a
known outdoor location, and filtering and distributing that air. The PFT testing and analysis
was required to compare the air change rates which were higher for a house operated with
balance ventilation system by 6% to 28%. Drawing air through the houses enclosure and
adjacent spaces via exhaust ventilation showed higher concentrations of formaldehyde and the
two added VOCs aPin and dTol. The ERV system showed a significant reduction in
formaldehyde concentration over the baseline and exhaust tests. In general for both houses,
the ERV system showed a 10% to 66% reduction in formaldehyde concentration over
exhaust. In terms of VOCS, the ERV system showed also a significant reduction in aPin and
dTol concentrations over the Baseline and exhaust tests. For both house operated with ERV
system showed an 8% to 89% reduction in aPin concentration and a 14% to 76% reduction in
dTol concentration over exhaust ventilation system. The study also confirmed that a balanced
ventilation system is more energy efficient with a weekly energy savings between 3.9% and
8.5%. This research provides justification for the installation of a balanced ventilation system
(positive pressure ventilation system) and supports credit for fully-distributed whole-building
ventilation systems compared to lower performance systems.
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1

ABSTRACT

Ventilation and healthy classes are a recurring problem. Continuously increasing the air flow
rate improves the living environment, but is unacceptable in terms of higher costs and energy
loss, which is why a different approach is needed. The research question asked in this study is
: Is a central ventilation system operating at low power, but combined with a decentralised
ventilation system with heat recovery, more economical and energy efficient and at the same
time does it provide the premises with a constant and good air quality? A decentralised
ventilation system means that space is ventilated according to occupancy and need.
In this case, a university building from the early 1980s is investigated. The building consists
of several classrooms and lab blocks and is located in a rural setting. Each block has its own
ventilation unit, whereby the fan is switched on/off. The challenge is to save energy while
maintaining a pleasant indoor climate. The lesson blocks consist of large (80 people) medium (40 people) and small classrooms (20 people). The occupation varies between 60 and
85%, but there is never an occupation of 100%. As a result, the entire air flow rate of the
pulsed fan is never needed. CO2 measurements show that the current air flow rate is
insufficient to meet the comfort requirements. To increase the pulsed flow rate, increases the
fan's power, which leads to a considerably higher energy consumption. Furthermore, the
increasing air velocity in the ducts can cause more noise pollution and the rising outflow
velocity may cause draught problems. Therefore a better solution is needed.
The starting point of this study is to halve the flow rate supplied by the air group - and thus
save energy (both thermal and electrical) - and to supplement this with a local ventilation
system with heat recovery. In this study the CO2 level will be measured first in three
classrooms, then the additionally needed air flow rate will be determined. This additional air
flow will be provided by a local ventilation system with heat recovery. A comparison is then
made between the two systems, on the one hand, to have the central ventilation system deliver
a higher air flow rate resulting in a higher energy cost and, on the other hand, to have the
central ventilation system supply a much smaller basic air flow rate and supplement this with
a local ventilation system with heat recovery. The end result will then be decisive to the most
energy-efficient solution. The estimation is that the system with decentralised ventilation will
be the most energy efficient and will give the most comfortable and healthy indoor climate
conditions. This study can later on be used for other applications with similar problems,
namely offices or schools that do not have 100% occupancy and still want a healthy indoor
climate.
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INTRODUCTION

In order to ensure a healthy living environment and at the same time to avoid unnecessary
consumption, speed-controlled fans based on presence detection or CO2 sensors are now used
in new buildings. In existing buildings, on the other hand, the systems often work with fans
that can only be controlled on or off. This system is unfavourable for schools because not all
classrooms are always fully occupied, which means that the full flow rate is not always
required. In this case, therefore, the potential savings will be studied at a university located in
GEEL in BELGIUM. The building is situated in a countryside environment and the oldest
classrooms date from the mid-1980s. The intention is to have the fan run at only 50% of its
full power capacity. A local heat recovery ventilation system provides additional flow when
needed.
3

CALCULATION METHOD .

The university consists of several large blocks on a surface area of 44.475 m². Each block has
its own air conditioning unit where the air is filtered and then sent to a heat recovery battery.
There the air is then warmed up to approximately 2°C above the room temperature. The air
conditioning installation only supplies a quantity of fresh air, the rooms are heated by
radiators. In this way, the different older lesson blocks are provided with the necessary
amount of fresh air.
The study focuses on a classroom with a capacity of 80 students.
In this study, we consider classroom G223 for 80 people as a separate unit. The aim is to
measure and calculate the difference in energy consumption between the period when the fan
is constantly running at full power and the period when the fan is running at 50% of its
capacity, complemented by a local heat recovery ventilation system controlled by a CO2
sensor. If this sensor measures a CO2 value of 800 ppm, the local ventilation system will
start to run.
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In the first phase, we halved the speed of the fan drive motor and then we've measured the
CO2 in the classroom with a capacity utilisation of 80% with the following results :

Figure 1 : CO2 (green line)

At the end of the previous lesson at 10.00 a.m. a short intensive ventilation was carried out. A
starting point of 600 ppm was measured, which rises quickly to a value of 1700 ppm at the
end of the lesson. This result was to be expected.
For a room of 80 people, an air flow of 2400 m³/h is required, based on a necessary amount of
fresh air of 30 m³/h per person. ASHRAE gives a recommendation of 25 m³/h but Flemish
regulations require a flow rate of 30 m³/h. Because the classroom is considered as a separate
unit in this study, we calculated the resistance of the channels and of the air intake vents from
the main branch. This resistance is 180 Pa over approximately 10 m channel length and with
two wall air vents.
According to the formula:
∗ ∆

(1)

that means a capacity of 120 W. For a 1.5-hour lesson block, this corresponds to an energy
consumption of 180 Wh. Assuming an acceptable fan efficiency of 70%, we calculate an
energy consumption of 257 Wh for a fan at constant full capacity. On the other hand, we
calculate the energy consumption at a halved flow, supplemented by a local ventilation
system that is activated when the CO2 in the room exceeds a limit of 800 ppm.
Through the proportionality rules we deduce that a halving of the flow corresponds to a
decrease of the power of 2³. Instead of 120 W, the fan will still have a consumption of 15 W,

1050 | P a g e

which means an energy consumption of 32,14 Wh for the duration of 1 lesson block. The
characteristics of a local ventilation system of 1200 m³/h indicate a power requirement of
260W.
The next question to be examined is when a concentration of 800 ppm will be reached in the
classroom.
To calculate when the CO2 level in the classroom reaches a value of 800 ppm, we use the
formula below:
.

. 1

.

(2)

.

c = carbon dioxide concentration in the room (m3/m3)
q = carbon dioxide supplied to the room (m3/h)
V = volume of the room (m3)
e = the constant 2.718.....
n = number of air shifts per hour (1/h)
t = time (hour, h)
ci = carbon dioxide concentration in the inlet ventilation air (m3/m3)
c0 = carbon dioxide concentration in the room at start, t = 0 (m3/m3)
This calculation learns that after about 20 minutes the limit of 800 ppm is reached. The local
fan will thus provide the additional ventilation flow for one hour and ten minutes. The energy
consumption then amounts to 1.17 h * 260 W = 304 Wh. Together with the consumption of
the central fan (32.14 Wh), this means a total consumption of 336.14 Wh, which is more than
if the central fan were operating alone (257 Wh). This is in line with expectations, but the
premises never have an occupancy rate of 100% . As soon as the occupancy rate falls, the
profits of the decentralized system start to appear.
Table 1: energy use

Occupancy Number
Rate
of persons

Total air
flow

Air flow
decentral
unit

Power

Time

Energy
use

90 %

72

(m³/h)
2160

(m³/h)
960

(W)
170

(h)
1,3 h

(Wh)
221 Wh

80 %

64

1920

720

105

1,2 h

126 Wh

70 %

56

1680

480

53

1,1 h

58 Wh

60 %

48

1440

240

48

1h

48 Wh

An occupancy rate of 90% means a presence of 72 people. If we assume that each person
emits 0.05 m³/h CO2, we can calculate from equation 2 how long it takes to reach a CO2
concentration of 800 ppm in the room. For a 90% load factor, it will already be reached after
0.2h - at which time the decentralised unit will start operating. The decentralized unit must
then provide an additional flow of 960 m³/h corresponding to a power of 170 W during 1.3 h.
This means an energy consumption of 187 Wh. Together with the energy consumption of the
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central fan, a total energy consumption of 219 Wh is reached, which is already slightly lower
than the consumption of the central fan running at full load.
The table below summarises the results with other occupancy rates.
Table 2 : Energy gains

Occupancy
rate

Energy
consumption
decentralised unit

Energy
consumption
central unit

Total energy
consumption

Difference

100 %

Wh
304 Wh

Wh
32,14 Wh

Wh
336,14 Wh

Wh
+ 79 Wh

90 %

221 Wh

32,14 Wh

253,14 Wh

80 %

126 Wh

32,14 Wh

149,14 Wh

-

107,86 Wh

70 %

58 Wh

32,14 Wh

90,14 Wh

-

166,86 Wh

60 %

48 Wh

32,14 Wh

80,14 Wh

-

176,86 Wh

-

3,86 Wh

The dates of occupancy of the premises show that, for more than 75% of the time, the
premises have an occupancy rate of less than 80%. According to these calculations it is
certainly profitable to reduce the speed of the central fan to 50% and to combine it with a
decentralized unit with CO2 control.
In the next phase, these calculations will have to be substantiated by practical measurements.
During the next school year an airmaster will therefore be installed in the classroom and
practical measurements will be taken. In addition, an economic analysis will be carried out to
determine whether the profits from this energy saving are sufficient to justify the additional
costs of purchasing and installing a decentralised unit within a reasonably acceptable payback
period.
4

CONCLUSIONS

The starting point of this case study was the consideration that in a school environment, where
ventilation is already realized by a central fan with on/off control, it is too expensive to
replace it by a decentralized unit. Classrooms in universities are almost never occupied for
100%, which means that there is always an oversupply of air flow at full rate, which costs
energy. On the other hand it is not advisable to stop or to limit the use of the existing central
ventilation system. This study wants to be a first theoretical step to justify the replacement.
It has been calculated that at capacity utilisation rates of 80 % and less, profits are already
significant. Further measurements and further economic analysis are very much needed to
reach the right decisions.
5
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ABSTRACT
There has been an increase in diseases caused by airborne infections such as influenza A/H1N1 or SARS in the
recent years. Airborne infection isolation rooms are commonly used to limit the spread of airborne infections. The
challenge today is that there is only a limited number of airborne infection isolation rooms in each hospital (class
P4). The rooms are expensive to build and airflow control to avoid contamination is often complicated. Pressure
difference between the isolation rooms and the corridor ensures that persons who stay outside the isolation are
protected against the infected person. An ongoing research project aims to achieve a 90% reduction of transferred
particles using 10% of the cost compared to the strictest class of airborne infection isolation rooms.
As part of this project CFD (Computational Fluid Dynamics) simulations have been performed for the “baseline
cases”, i.e. air flows induced by opening and closing a hinged door between a patient room and an anteroom with
balanced ventilation. The results are compared with laboratory experiments. The Overset Mesh method was used
to model the door and the person moving between the rooms.
The simulations and the laboratory experiments for “door movement only” and “person exiting” the patient room
showed very similar results. From the simulations for a person entering the patient room it was found that the air
exchange is very sensitive to the velocity and the actual moving pattern of the person. The results show that the
simulation model will enable reliable CFD simulations for more complicated cases in the future.
The simulation model will be used in the further work, which will include pressure differences between rooms, to
investigate the sensitivity of walking speed and the movement of persons and to create simplified solutions to limit
contamination from patient rooms.

KEYWORDS
Isolation rooms, Airborne infections, Contamination control, CFD simulation, Overset Mesh methods

1

INTRODUCTION

Airborne infection isolation rooms (AIIR) with pressure difference between the isolation rooms
and the corridor ensures that persons who stay outside the AIIR are protected against the
infected persons. Today there is only a few number of airborne infection isolation rooms in
each hospital. The rooms are expensive to build and airflow control to avoid contamination is
often complicated. Several studies in the last few years have examined air flow movements
causing containment failures in AIIRs. Although the rooms are in negative pressure related to
adjacent spaces, the door opening removes the pressure difference and hence the air and
airborne contaminants are free to escape to the surrounding space. It has been estimated that
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door opening and passage through the doorway is among the main factors causing containment
failures (Tang et al. 2006). For instance, Hayden et al. (1998), Saarinen et al. (2015) and
Kalliomäki et al. (2016) have mapped air flows generated by a door opening with and without
passage and showed that opening of a hinged door can induce a substantial air volume transfer
across the isolation room doorway.
This ongoing research project aims to find simplified solutions that can be implemented in
normal patient rooms to create negative pressure in the patient room and the anteroom compared
to the surrounding areas. Also, limiting the initial air volume transfer can reduce the risk of
contaminant failure. The overall aim is to significantly reduce the amount of contaminated air
that escapes from the patient room to a fraction of the cost.
CFD (Computational Fluid Dynamics) simulations of the baseline cases are presented in this
paper. The baseline consists of door opening of a hinged door in a normal bed ward with
balanced ventilation. To ensure and verify the results, it was considered necessary to carry out
laboratory measurements to validate the CFD simulation model. The laboratory methods are
presented in detail by Harsem et al. (Harsem et al., 2018).
2
2.1

METHOD
Simulation model

Numerical simulations have been performed using the commercial CFD code ANSYS Fluent.
The model represents a full-scale patient room with an anteroom, and the simulations aim at
describing the air migration when people move between these two rooms.
Figure 1 shows the layout of the rooms, with closed door and the person standing in the centre
of the patient room. The geometry, diffusors, and heat sources are the same as in the laboratory
experiments with which the results are compared (Harsem et al., 2018).
The patient room has dimensions: 4 m × 4.7 m × 2.6 m, and the anteroom: 2.4 m × 2.4 m ×
2.45 m (depth × width × height). The door is 1.22 m × 2.04 m × 0.04 m (width × height ×
thickness) with a 2 cm gap below. There are four heated plates in the patient room to represent
internal heat gains (solar heating and equipment). In the laboratory a heated mannequin was
lying the bed, but this geometry was not included in the CFD-model. There are two air extracts
in the patient room and one in the anteroom.
The air ventilation inlets in both rooms are from Halton DHN nozzle diffusers. These were
modelled using the “circular opening model” described by Kanerva et al. (Kanerva, et al.,
2018). This methodology implies that each nozzle in the diffuser is represented by a circular
inlet boundary condition with a horizontal flow component along the direction of the nozzle, in
addition to the vertical velocity defining the volume flow into the domain. Based on results
from the reference a flow angle of 30° between ceiling and the inlet velocity vector was used.
The ventilation rates were 50 l/s in and 57 l/s out from in the patient room, 14 l/s in and 15 l/s
out from the anteroom. In addition, 7 l/s came from an inlet representing the gap below the door
to the corridor (the corridor itself was not included in the CFD model). The inlet temperature
was 18.5 ºC. All heat sources were assumed to release 50 % of its heat as radiation, this radiation
was assumed distributed across all surfaces in the room, and the heat re-entered the room as
convective heat from walls, floor and ceiling. In total 75 W were added to the anteroom and
240 W in the patient room, yielding a room temperature of ca. 22.5 ºC.
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Figure 1: Lay-out of patient room and anteroom (ventilation and heating as in the laboratory).

2.2

Modelling moving objects

There are several methods available to model moving objects inside a CFD domain. Some
methods, referred to as Immersed Boundary Methods, model objects through volumetric
algoritms without the surfaces of the objects actually being resolved by the mesh. The main
disadvantage with these methods are that they may produce less accurate solutions for complex
geometries and frictional forces compared to methods that resolve the object surfaces. However,
such methods have been used in very interesting work, e.g. by Saarinen et al. (2017) who used
the Immersed Solid model in ANSYS CFX to perform LES simulations of door passages.
In methods that resolve the object, the mesh structure has to change during the simulation to
follow the moving object at all times. Such methods include Mesh Deformation, i.e. simulations
where flexible meshes accomodate movement by expanding and compressing the mesh cells,
while maintaining the same overall mesh topology. Another option, Moving Domain methods,
notably used for turbomachinery, splits the total domain into subdomains (e.g. for rotor and
stator) which move relatively to each other, passing information across sliding mesh interfaces
connecting the domains. Both of these methods, however, put large constraints on the changes
in topology that they can represent and are difficult to use for the topic at hand.
An approach, where changes in topology actually can be achieved, is automatic remeshing of
the geometry during simulation. The main disadvantage with this technique is that automatic
meshing algoritms often are far inferior to manual methods, with regard to mesh quality.
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A third alternative, which has more recently been included in commercial CFD software
packages, is the Overset Mesh method, often referred to as Chimera grid methods. In this
approach modelling of changing geometry is achieved using separate meshes for the
“background” and the moving objects. The simulation is performed for all the meshes
simultaneously and information is passed between the meshes in the zones where they overlap.
The Overset Mesh method has a combination of advantages that makes it suitable for the current
simulation of a rotating door and person moving: there are no limitations on the changes in
topology that can be included, while at the same time, the surface boundaries of the moving
objects can be resolved with high detail.
A real person walks in a very complicated manner, moving the body and limbs in a coordinated
way. Although such movement is possible to mimic with the Overset Mesh method (using one
mesh for each body part) – it was chosen to implement a simpler “sliding” representation of the
person at this time. The model of the person, and the Overset Mesh surrounding it, is illustrated
in Figure 2.
The Overset Mesh method in Fluent divides the cells in all the meshes into one of the following
types: donor, solve, receptor, orphan, or dead. Figure 2 shows the active overset meshes for
door (blue) and person (green), as well as, for the background mesh (grey). The outer extent of
the two overset meshes are shown as blue and green lines. The regions between these lines and
the similarly coloured meshes are inactive (receptor, orphan or dead) at this specific time.
All the meshes were hexahedral with cut cell refinements. Cell counts were 3.7 million for the
background mesh containing the two rooms, and respectively 1.1 million and 400,000 cells for
the overset meshes door and person.

Figure 2: Active cells for the three meshes during passage through the door (left) and mesh for person (right).
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2.3

Modelling of passage through door

Simulations were performed for passage of a person moving from anteroom to patient room,
and in the opposite direction, from patient room to anteroom. Standardized motion sequences,
approximating the movement of a real person in the laboratory were implemented for door and
person. The path and timing were defined by tabulated waypoints, given in Table 1 and Table
2, and shown Figure 3. The door opening and closing sequence is 2 seconds for opening, 1
second hold, and 4 seconds for closing.
Table 1: Waypoints describing the person and door when moving from anteroom to patient room.
Waypoint no.

Time [s]

1
2
3
4
5
6

0.0
2.2
3.0
4.8
6.0
9.2

Action

Person starts to walk from anteroom.
Person stops, pushes opener, and door starts to open.
Person starts walking
Change of walking direction
Person stops in patient room
Door closes.

Table 2: Waypoints describing the person and door when moving from patient room to anteroom.
Waypoint no.

Time [s]

1
2
3
4
5
6
7

0
2.4
3.9
4.8
5.3
6.7
9.4

Action

Person starts to walk from centre of patient room.
Person stops, pushes operator, and door starts to open.
Person starts walking again.
Change of walking direction.
Change of walking direction.
Person stops in anteroom.
Door closes.

Figure 3: Waypoints for exiting (red circles) and entering (blue squares) the patient room.
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It should be noted that, in the simulation model the movement is approximated through
accelerations, in the two horizontal directions, up to a maximum walking speed (roughly,
between 1.2 m/s2 up to 0.6 m/s, and 1.8 m/s2 up to 0.9 m/s). The model is defined to constantly
rotate into the direction of travel, i.e. with the chest normal to the direction of travel. The
implementation of the method, using accelerations, meant that the changes in direction was
smoothed somewhat.
2.4

Simulations

Three different cases were simulated using CFD and tested experimentally in the laboratory.
All cases where with balanced ventilation and isothermal conditions:
1. Door opening without passage
2. Door opening with passage from anteroom to patient room (“entry”)
3. Door opening with passage from patient room to anteroom (“exit”)
All the simulations were started using a fully developed ventilation and temperature simulation
as initial conditions. In addition, the patient room was initially filled with a passive scalar. The
amount of scalar inside the anteroom at the end of the simulation thus represents the air transfer
during the passage.
Usually, in CFD simulation one would perform a volumetric integration to determine how much
of the scalar has ended up in the anteroom. However, the Overset Mesh model in Fluent has not
yet implemented volume integrals correctly. This is to say, the volumes which are active in the
overlap between the meshes are not handled correctly, resulting in some “double counting”. To
overcome this limitation, a second model ventilated the anteroom separately and measured the
concentrations in the extract air at the end of the simulations - in other words similar to the
method used in the laboratory experiments. The ventilation rates were, however, drastically
increased after the door was closed to keep the simulation time down.
2.5 Laboratory experiment
The experiments were carried out in an isolation room model built into a ventilation laboratory
at Turku University of Applied Sciences. Tracer gas measurements using SF6 were carried out
to quantitatively assess the air volume exchange between the patient room and the anteroom
generated by the door opening and passage. The air volume transferred from the patient room
to the anteroom was calculated by integrating the area under the tracer gas decay curve in the
anteroom exhaust and by multiplying it with effective exhaust flow rate. The air volume transfer
was calculated as:
∞

𝑉 = 𝑄𝑒𝑓𝑓

∫0 𝐶𝑒 (𝑡)𝑑𝑡
𝐶0

(1)

The complete description of the methods for the laboratory experiments are presented in detail
by Harsem et al. (Harsem et al., 2018).
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3

RESULTS AND DISCUSSION

Four simulations have been performed and compared to laboratory measurements. The air
transfer calculated from these are listed in Table 3.
Table 3: Air transfer results from CFD simulations and laboratory experiments.
Simulation no.

Description
CFD model
Experiments Average
Max
Min
Difference (exp. vs. CFD)

1

2

Door only
755 litres
765 litres
810 litres
720 litres
1%

Exit
781 litres
729 litres
751 litres
684 litres
-7%

3

4

Entry
Entry (alt.)
1098 litres
682 litres
802 litres
843 litres
770 litres
-27 %
+ 18 %

First, one can notice that Simulation 1 (door only, i.e. without passage) gave very similar results
in the CFD model and in the laboratory, respectively 755 and 765 litres. The laboratory tests
varied between 720 litres and 810 litres over 8 experiments.
In the case where the person exits the patient room (Simulation 2), the CFD model found that
781 litres of patient room air followed the person to the anteroom. The experiments gave an
average of 729 litres, spanning between 684 litres and 751 litres over four repetitions. The
deviation between Simulation 1 (door only) and Simulation 2 (exit) is considered relatively
small (7 %). Figure 4 seems to illustrate that moving through a door that opens towards oneself
induces limited amounts of extra air exchanged compared to door only situation.
The difference between the CFD model and the experiments for the entry case, however, was
found to be more significant (Simulation 3). The experiment gave about 25 % less transfer of
air than the simulation. The variation within the four repetitions of the experiments is also quite
small compared to this difference.
An earlier simulation of the air exchange (Simulation 4), with a less “accurate” representation
of the passage, may shed some light on the origin of the difference. In that simulation, the
“person” held a velocity of ca. 0.6 m/s through the door opening compared to ca. 0.9 m/s in this
simulation. This simulation (Simulation 4 in Table 3) produced only 682 litres of air exchange,
i.e. considerably lower than the experiments. The velocity 0.6 m/s is roughly the velocity held
when exiting through the door (lower velocity due to the changes in walking direction).
The difference between Simulation no. 3 and 4 suggests that the aerodynamic drag forces, at
least for the person entering the patient room, is very important. As a first approximation
(without considering the door induced air velocity) a 50 % increase in speed roughly doubles
the drag force and the slipstream behind the person.
Figure 5 shows the wake behind the person entering the room (from Simulation 3) and that the
wake affects the flow out of the anteroom even after the person has entered the room. Due to
continuity, a similar volume air flow is transported in the opposite direction, from the patient
room to the anteroom.
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Figure 4: Exchange of air from patient room to anteroom; door only moving (left) and during exit (right).

Figure 5: Person moving into the patient room illustrating strength of the wake. Top right: smoke visualization.
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Many aspects of the movement differ between the CFD model and the experiments. A video
study of a person walking in the lab, revealed several interesting features. First, the acceleration
during start of walking was difficult to define as it involves just leaning forward and then just
putting the first foot in front of oneself to stop “the fall”. In addition, the changes in walking
direction involves standing on one leg, leaning to the side, and then putting the other leg in the
new direction, producing a quite sudden change in direction of the torso.
The results show that both the velocity of the person, the actual moving pattern and the drag
coefficient of the body influences the air volume transfer between an anteroom and a patient
room. The model highlights the sensitivity of air exchange on the movement of the person,
showing that the behaviour of the health care worker can contribute to the transference of
contaminants, although the door opening of a hinged door seemed to be the major contributor.
4

CONCLUSIONS

CFD simulations of air flows induced by opening and closing a hinged door between a patient
room and an anteroom have been examined and the results compared to laboratory experiments.
The simulation and the experiments for “door only” movement, i.e. without the passage of a
person through the door, matched each other closely. The simulation and experiment with a
person exiting the room, showed some difference, but within quite acceptable limits (7 %) for
using the model in future predictive analyses.
The simulations with a person entering the patient room from the anteroom showed larger
deviations. The experiments were 27 % lower than the simulations. However, an alternative
simulation with roughly 30 % lower “walking speed” gave the opposite effect – the simulation
was 18 % below the laboratory. The conclusion from this comparison, is that the air exchange,
at least walking in this direction, may be very dependent on the effective drag force produced
by the person.
The simulation model will continue be used to investigate the sensitivity of walking speed and
the movement of persons. The model will be used in future work in this research project, which
will include pressure differences to create simplified solutions to limit contamination from
patient rooms.
5
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ABSTRACT
The research question of this report is “Is it possible to save energy by lowering the bedroom temperatures in
winter”. In this paper first the literature on optimum sleeping temperatures is investigated. Then bedroom
temperatures and CO2 levels in a cold week in March 2018 are investigated in 16 bedrooms of students of the
Master course Technoledge Climate Desing in 2017-2018 of the faculty of Architecture and the Built
Environment of the Delft University of Technology. This study shows that it must be possible to save energy by
lowering the bedroom temperature in winter. The measured indoor temperatures were much higher than the 1618C recommended by several authors, and with appropriate bed covering and bed clothing could be much lower
than 18C and a period of lower temperatures could be more healthy. The thermal sensation of the occupants
also suggest that lower temperatures are possible as more occupant perceive the indoor temperature as slightly
warm or warm then slightly cool or cold, even when the outside temperatures are below 10 C.
The amount of energy that can be saved depends on the ‘home’ climate of the occupants, with occupants with a
warmer ‘home’ climate preferring higher temperatures. The amount of energy that can be saved also depends on
the energy label of the building. A better energy label means that there is less energy necessary to heat the room.
A better scheduling or control system might supply healthier and lower temperatures as night due to a longer
time that the heating is turned of. Opening windows to lower the indoor temperature, which might have health
benefits, was not preferred by the students because the room would cool down to much, due to safety concerns or
due to noise from outside.

KEYWORDS
Thermal Comfort, Bedroom, IAQ, Energy, Netherlands

1

INTRODUCTION

Thermal comfort in bedrooms during sleeping is important to get a good night's rest. Lack of
sleep can have an adverse effect on our physical and mental wellbeing. Aspects such as
indoor air temperature, indoor air quality and relative humidity need to be researched and
extensively studied to understand their relation and impact on the sleep temperature and
indoor environment.
As we become more aware of the depletion of our natural sources and increased pollution,
methods of saving energy also become necessary. Passive housing concepts are feasible highperformance standards that allow energy use to be substantially reduced without requiring
compromises in terms of indoor climate (Berge et al., 2016). Stronger trends towards better
insulation standards in new homes and energy efficient retrofitting of old homes with
incidence of warmer bedrooms is of concern (Lan et al., 2017). The hypothesis is that the
current temperature in bedrooms can be lowered to still comply with regulations and comfort
but with a lesser energy demand.
Lower air temperatures are often correlated with lower CO2 levels (Mishra at al. 2018, Lei et
al, 2017), which in turn indicate a better indoor air quality. Mishra et al. found that a lower
CO2 concentration also leads to more deep sleep and Lei et al. found an increase in mental
state at lower CO2 concentrations.
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The research question of this report is then “Is it possible to save energy by lowering the
bedroom temperatures in winter”. In this paper first the literature on optimum sleeping
temperatures is investigated. Then bedroom temperatures and CO2 levels in a cold week in
March 2018 are investigated in 16 bedrooms of students of the Master course Technoledge
Climate Desing in 2017-2018 of the faculty of Architecture and the Built Environment of the
Delft University of Technology. Finally the bedroom temperatures are related to the advised
bedroom temperatures in the literature and possible energy savings are discussed.
Sleep quality is not taken into account in this research as the test persons were students who
we did not wish to impose a strict living regime while they were studying so that a correlation
between sleep quality and temperature could not be investigated.
2

LITERATURE
2.1

Optimum sleeping temperature

The WHO (1988) advices that a bedroom temperature of 18 C can be reached when the
outdoor temperature is 0 C, see figure 1. Many people have, however, taken this temperature
as the minimum bedroom temperature, as cited for example by Lan et al.. The Chartered
Institution of Building Services Engineers CIBSE (2015) advices a bedroom temperature in
winter of 17-19 C with a clothing of 2.5 clo.

Figure 1: WHO report (WHO, 1988)

VanderPitte (2006) found that daily averaged indoor temperatures in bedrooms of 39
dwellings in Belgium were 16 C on average at an ambient outside temperature of 0 C. The
minimum and maximum values at an outside temperature of 0 C were 8 and 24 C. Based on
these measurements, Peters (Peters et al., 2009) developed an adaptive comfort band for
thermal comfort for heating conditions:
16
0.23 ∙

,

for ,
16 for 0

0
,

12.6

On the other hand, sleeping bag manufacturers are designing sleeping bags for sleeping at
ambient temperatures as low as -10 C (Huang, 2008) which means that the minimum
temperature for the bedroom is not necessary related to the minimum ambient temperatures
for sleeping as long as the bedding system insulates enough.
Lan et al. (2017) wrote a review paper on thermal environment and sleep quality. They found
a large range of different bedroom temperatures under which people were comfortable with
the exception of very low temperatures below -20 C. They concluded that there is not yet a
consensus on the optimal bedroom temperature under heating conditions, and that the bed
climate, controlling clothing and/or bed covering, plays a vital role in the sleeping thermal
comfort. Mishra et al. (2016) concluded that sleep quality, as evidenced by EEG
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measurements, was not found to be statistically different for bedroom temperatures of 10,
21.1 and 32.2 C.
From the literature it is therefore concluded that much lower bedroom temperatures than 16 or
18 C are acceptable. In addition, van Marken Lichtenbelt et al. (2017) pose the hypothesis
that “temporally exposure to (mild) heat and cold improves our metabolic health”. Thermal
comfort may therefore not be the only parameter that should determine the temperature in a
bedroom.
2.2

Optimum indoor air quality

The ASHRAE standard recommends a concentration of 700 ppm of CO2 above the outdoor
levels which is usually lays around 300 ppm. A level of 1000 - 1200 ppm is regarded as an
acceptable indoor CO2 concentration (Lei et al., 2017). The value of 1200 ppm is generally
used as the healthy reference value in the Netherlands (Bouwbesluit, 2012). Mishra et al.
(2017) found that CO2 levels around 717 ppm led to deeper sleep, but this can also be caused
by the corresponding lower air temperature in the bedrooms.
3

METHOD

In this research the bedroom temperatures and CO2 levels in a cold week in March 2018 are
investigated in 16 bedrooms of students of the Master course Technoledge Climate Design of
the faculty of Architecture and the Built Environment of the Delft University of Technology
in 2017-2018. For more insight into the student’s characteristics, thermal comfort preferences,
ventilation habits, and the built environments, an online questionnaire was applied. Students
received a brief instruction on filling in this form. The questionnaire had to be filled it in the
day after the students had the CO2 and temperature measuring device in their room so that the
information received from the questionnaire could be correlated to the CO2 and temperature
measurements.
3.1

Questionnaire

The questionnaire consisted of three sections. The first section contained general questions on
occupants’ background (age, gender, previous home climate, personal thermal preference at
the faculty of Architecture), The question about the previous home climate consisted of
asking the occupants to identify the region they had lived in for the past five years on the
Köppen-Geiger climate classification map, see figure 2. This question was asked because
Amin et al (2016) found that the resident’s “home” climate impacts the average indoor
temperature. The regions on the maps were divided into a warm and cold climatic region. The
warm climatic regions (AW, CWA,CSA and CFA) consisted of all areas which experienced a
temperature of 22 or higher for a period of one or more months in a year. The cold climatic
regions (CFC, CFB and BSK) contained the remainder areas which also have at least one
months an average temperature below 0 .
In order to understand the personal thermal preference of the occupants the Faculty of
Architecture and the Built Environment was considered as a measuring standard. This
building was chosen because all the occupants are familiar with the building and spend a lot
of time there.
The second part of the questionnaire contained questions about the occupants’ built
environment. The occupants were asked to look up the energy label of their room on the
website www.zoekuwenergielabel.nl. This is an online platform setup by the Dutch
government listing out the energy labels of 5 million Dutch residences indicating how energy
efficient a home is. They also had to supply the floor area of the room, the orientation of the
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room, the way the room is heated and ventilated and the type of floor covering. As all
occupants are students of the department of architecture and the built environment they were
also asked to draw detailed sketches of the plan and elevation of their bedroom so their built
environment could be understood better. While the study focuses on finding out whether it is
possible to save energy by lowering the bedroom temperatures in winter it was assumed
that most occupants live in studio apartments with an open plan setting. The occupants were
asked to fill in the other activities they used their bedrooms for throughout the day as it was
expected that the activities would have a direct impact on the bedroom thermal environment.

Figure 2: Köppen-Geiger climate classification, blue indicates the cold climate regions and yellow indicates the
warm climatic regions.

The third part of the questionnaire consisted of questions on thermal comfort (falling asleep,
being asleep, waking up in the middle of the night and waking up). The clo value was asked
where a clo value table was supplied. The use of an electric blanket, hot water bottle, the
ventilation grill, operable window and radiation was asked too. There was also a question
about sleep quality, asking how easy it was to wake up in the morning and how easy it was to
fall asleep at night.
3.2

Measurements

Figure 3, Measuring devices, left the I-buttons and right the HOBO device

This study used two types of measuring devices, see figure 3. I-buttons were used to record
the bedroom temperature for 2 weeks at 10 minute intervals. A HOBO CO2 meter, which also
measures the indoor air temperature and relative humidity was used for one or two nights with
a 10 minute intervals.
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The devices used for the questionnaire were tested before the measurement to see if they
showed big differences in recording the temperature. Then these measurement devices were
handed out to sixteen occupants and placed in their bedrooms. These occupants were all
students of the masters course Technoledge Climate Design. There were sixteen (not
consecutively numbered) I-buttons which were placed in the room for about two weeks to
measure the air temperature and two HOBO devices placed in the room for about one or two
nights to measure the air temperature, CO2 levels and Relative Humidity. They were both
placed on a desk or table near the bed so the devices would be at about the same height and
position in all the rooms. Occupant numbers were consistent with the I-button numbers that
were handed out .
The accuracy of I-buttons is about ±1 . The temperature resolution is 0.125 . The
I-buttons were placed together at the same time in three locations. Generally, the precision is
considered reliable because the average deviation, standard deviation, relative mean deviation
and relative standard deviation were small. For the HOBO device, the accuracy of
temperature, relative humidity, CO 2 are ±0.21 , ±4.5%, ±50 ppm. So we regard the
tolerances of these two device as ±0.42 , ±9%, ±100 ppm. When they were together in the
same room, only the maximum temperature difference was big, which may be because the
initial temperatures in these two devices were different.
4

RESULTS
4.1

Questionnaire

The results from the questionnaire were recorded and are shown below in table 1.14 out of 16
occupants filled in the online questionnaire. Of the 14 occupants ten are female and four are
male, all falling within the age group of 20-30 years. One occupant reported living with two
rabbits while the rest of the occupants did not house any pets in their bedrooms.
57% occupants come from a cold ‘home’ climate while 43% came from a warm ‘home’
climate. There is, which was not expected, no significant correlation between the ‘home’
climate and the experienced temperature at BKcity (faculty of Architecture). This could be a
matter of adaptation to the BKcity climate, or the fact that only 1 person thought that is was
warm at the faculty and therefore not all thermal categories were present so that a correlation
analysis is not possible.
The results showed that four occupants lived in a house having energy label A, three lived in a
house with an energy label of B , five lived in a house with energy label D, and one lived in a
house marked energy label G. The building age is significantly correlated to building energy
label and is therefore not reported in this paper.
22% of occupants used their bedroom for studying, 14% occupants used it for relaxing, 14%
used it for studying and relaxing while 50% occupants used their rooms for cooking, studying
and relaxing.
Although sleep quality is not taken into account in this research, the students were asked how
easily they woke up. More than half of the students had trouble waking up. When the students
were asked why it was so difficult to wake up, their main reason was that they had to work so
hard for their studies.
Table 1: Results of the Questionnaire
Question
Personal
Gender
Age
Pets

category
Male
Female
20-30
No

Total (n)
4
10
14
13
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Main living climate past 5 year
General feeling BK City
Building Environment
Building label

heating system
Ventilation system
activities
Comfort
Can you set a thermostat
Do you open the window while
sleeping
How easily do you wake up

4.2

Yes
Warm
cold
Warm
Neutral
Cold

2 rabbits
6
8
1
7
6

A
B
D
G
unknown after renovation
scaled radiator
floor heating
natural (vents/grills)
mechanical
only sleeping
others (studying, relaxing, cooking, )

4
3
5
1
1
11
3
11
2
0
14

No
Yes
No

10
4
11

Yes

3

Very Easy
Quite Easy
Quite Difficult
Very Difficult

2
2
4
4

Measurements

The measurements took place from March 6th till 19th 2018. The time periods were further
categorized into when the occupant went to sleep (11:00 p.m. - 1:00 a.m.), during the middle
of the night (3:00 a.m. - 4:00 a.m.) and the time period when the occupants woke up (7:00
a.m. - 8:00 a.m.). The results from the HOBO devices and the I-buttons were studied to
understand the air temperature, CO 2 content and relative humidity in the bedroom.
4.2.1. Ventilation of the bedroom
The CO2 levels in only two rooms go above 1100 ppm at night. The occupants explained in
the questionnaire that they did not open any windows or ventilation grilles before sleeping.
There was no correlation between the bedroom temperature and the CO2 concentration. This
is mainly because the CO2 concentrations are already good in most cases but also in the two
cases where the CO2 concentration increased to above 1200 ppm the temperature did not rise
significantly.
4.2.2. Air temperature of the bedroom
During the time period 11:00 p.m. to 1:00 a.m. two occupants had an average bedroom
temperature of 19-21 , six occupants had an average temperature of 21-23 , three
occupants had an average temperature of 23-25 and one occupant had an average
temperature of 25-26 . In the middle of the night (3:00 a.m. to 4:00 a.m.) three occupants
had an average bedroom temperature of 19-21 , two occupants had an average temperature
of 21-23 , seven occupants had an average temperature of 23-25 . In the morning during
the time period 7:00 a.m. - 8:00 a.m. three occupants had an average bedroom temperature of
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19-21 , two occupants had an average temperature of 21-23 , three occupants had an
average temperature of 23-25 and seven occupants had an average temperature of 25-26

.

Table 2: Number of occupants with a certain temperature at several time periods
Temperature (C)
23:00-01:00
03:00-04:00
07:00-08:00

19-21
2
3
3

21-23
6
2
2

23-25
3
7
3

25-26
1
0
7

The high temperatures correspond to the thermal sensation at at going to sleep, while asleep
and while waking up, there were more times that the thermal sensation slightly warm and
warm was (16) then slightly cool or cool (7). A lower bedroom temperature should therefore
be very well possible and contribute to saving energy.
Table 3: Number of occupants with a certain thermal sensation at several time periods
Temperature (C)
23:00-01:00
03:00-04:00
07:00-08:00

cool
0
0
1

slightly cool
3
2
1

neutral
5
5
3

slightly warm
1
2
2

warm
3
3
5

As found by Amin et al. (2016), this study also discovered a correlation between the student’s
‘home’ climate and the temperatures in the student rooms. In figure 3 the average temperature
during the I-button measurement period is displayed for students with a cold ‘home’ climate
and a ‘warm’ home climate. The group averages vary significantly with the warm ‘home’
climate students having a higher average indoor air temperature in the rooms.

Figure 4, Average bedroom temperatures for cold and warm ‘home’ climates

The Monicair study (Monicar, 2016) found that Dutch A-labelled dwellings showed in
general higher temperatures in A-labelled dwellings than in F-labelled ones. This correlation
could not be found in this study, possibly because in this study the warm and cold ‘home’
climate needed to be distinguished, leaving too little data to draw conclusions.
The TUDelft report ‘Selectief Stoken’ (Van den Ham, Van der Vliet, 2013) has investigated
that a significant amount of energy can be saved by not heating rooms when they are not
occupied. They write that this effect depends on the relative decrease of the indoor
temperature when the room is not heated. This relative decrease depends on the insulation,
ventilation and thermal mass of the room. Buildings with better energy labels have a higher
insulation and less unwanted ventilation, and therefore have a lower relative decrease. This
effect can also be seen in this study, see the difference between figure 5 and 6.
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Figure 5, Temperature fluctuation obtained from the bedroom of occupant 10, building energy label A.

Figure 6, Temperature fluctuations obtained from the bedroom of occupant 18, building energy label D.

Figure 7: Standard deviation of the temperature versus the energy label

A measure of this relative decrease of the indoor temperature when the room is not heated can
be the standard deviation of the indoor temperature, see figure 7. The standard deviation of
the indoor temperature increases with the energy label, except for the one room in a building
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with energy label B. A closer look at the temperatures of the room with the large standard
deviation shows that this occupant opens the window one or two times a day, thereby
decreasing the temperature up to 5  C for a short time, which has a large effect on the
standard deviation.
4.2.3. Controlling the air temperature of the bedroom
Out of the 12 occupants, only 2 reported opening their window every night. There were
several reasons why the occupants do not open their windows at night. The main reasons for
not opening the window were a. because of the low outside temperature and the subsequent
cooling of the room, b. due to safety (living on the ground floor next to a busy road), c. noise
from outside. Those that do open the window state that they open the window for fresh air and
to reduce the indoor air temperature. Note that it was not very necessary for the indoor air
quality, as most of the CO2 levels were well below 1200 ppm.
Besides opening the window, the students have trouble regulation the air temperature of their
rooms. 10 occupants could not set a thermostat, although 11 had a scaled radiator. Comments
by the students in the questionnaire showed that some were not able to control the heating
device in their room to their liking, e.g.: ‘the radiator only works when in scale 5’ or ‘Floor
heating is off and still it is always 20 degrees in my room’.
5

CONCLUSIONS

The research question of this report was “Is it possible to save energy by lowering the
bedroom temperatures in winter”. This study shows that it must be possible to save energy
by lowering the bedroom temperature in winter. The measured indoor temperatures were
much higher than the 16-18C recommended by several authors, and with appropriate bed
covering and bed clothing could be much lower than 18C. Besides, some authors even
conclude that a period of lower temperatures is more healthy. The thermal sensation of the
occupants also suggest that lower temperatures are possible as more occupant perceive the
indoor temperature as slightly warm or warm then slightly cool or cold, even when the outside
temperatures are below 10 C.
The amount of energy that can be saved depends on the ‘home’ climate of the occupants, with
occupants with a warmer ‘home’ climate preferring higher temperatures. The amount of
energy that can be saved also depends on the energy label of the building. A better energy
label means that there is less energy necessary to heat the room.
A better scheduling or control system might supply healthier and lower temperatures as night
due to a longer time that the heating is turned of.
Opening windows to lower the indoor temperature, which might have health benefits, was not
preferred by the students because the room would cool down to much, due to safety concerns
or due to noise from outside.
This research is an exploratory research with only 16 test subjects and where not all
parameters were controlled. It was therefore not possible to accurately calculate the possible
energy saving when lowering the indoor air temperature. The optimum sleep temperature
could also not be determined because of the limited amount of test subjects and the problem
that health related aspects could not be investigated without applying for permission for
human testing.
This research recommends lower bedroom temperatures in winter. How the lower bedroom
temperatures should be obtained in winter is subject of further research. It might be good to
have a different heating or ventilation system for bedroom and living room, or even a
different amount of insulation for the bedroom.
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ABSTRACT
Exposures to elevated concentrations of fine particulate matter with diameter ≤2.5µm (PM2.5) are linked to
multiple acute and chronic health effects, including increased risk of cardiovascular and respiratory disease. As
people spend up to 70% in their own homes, exposures to pollutants indoors could have a greater impact on
health than exposure outdoors. Cooking is a primary emission source of PM2.5 in dwellings, and is of interest as
it is an activity conducted several times a day in most households. Therefore, occupants are at risk of exposure to
elevated levels of PM2.5 emitted during cooking if these particles are not removed at source. This is particularly
important in high occupancy dwellings, such as student housing, where cooking periods are likely to be longer or
more frequent than average.
We studied the changes between PM2.5 concentrations measured during two one-week periods in the kitchens of
non-smoking, high occupancy dwellings in Nottingham, UK. The dwellings were occupied by students and there
were between 2 and 6 occupants per household. The measurements were made during the heating season
between 2016 and 2018.
During the first week, temporal changes in PM2.5 concentrations were measured and the occupants of the
dwellings were only informed that air quality parameters were being monitored, and so this period represents
typical occupant behaviour. Before the second week of monitoring, the same occupants were shown the
measured concentrations from week 1 and informed of the potential risks to their health that elevated PM2.5
concentrations may pose. Occupants recorded details of cooking activity throughout both weeks.
During week 2 the occupants were also asked to make any intervention that they felt was appropriate, such as
activating a range hood or opening a window or door. Specific guidance was not given and so this represents
changes made by non-experts and may also indicate the approaches used by much of the population.
The concentrations recorded during each period were investigated independently, and compared to assess
whether simple interventions are effective in reducing PM2.5 concentrations due to cooking and if expert
guidance and mitigation measures are required. The results suggest PM2.5 concentrations in student housing in
the UK are high. Across all houses, measured concentrations exceeded the WHO daily mean threshold
(25µg/m3) at least 14% of the time for Week 1, and 10% for Week 2. However, behavioural intervention was
only found to reduce concentrations in one of the five houses investigated. This highlights the limitation of
outsourcing ventilation decisions to non-experts, and automated ventilation systems should be considered.

KEYWORDS
house, dwelling, range hood, cooking

1

INTRODUCTION

In the UK, people spend over 70% of their time inside their own homes (Lader et al., 2006).
Buildings contain airborne pollutants emitted internally by building material and furnishings
and by activities undertaken in the building, and also those emitted externally. There is a
growing awareness that some bio-accumulating semi-volatile organic compounds and
ultrafine particles may negatively affect the health of occupants (Logue et al., 2011) and so
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building air quality is a cause for concern. The most dangerous pollutant is estimated to be
particulate matter with a diameter of ≤2.5μm (PM2.5) (Logue et al., 2011). The particles are
small enough to bypass biological defences, and exposure has been linked to increased risk of
chronic respiratory and cardiovascular diseases, and cancer (Lewtas, 2007). The WHO (2005)
recommends mean maximum PM2.5 concentrations of 25μg/m3 per day and 10μg/m3 per year.
In the USA the inhalation of PM2.5s in dwellings is estimated to be responsible for
approximately 1000 disability adjusted life years lost per year per 100,000 people (Logue et
al., 2011).
Primary PM2.5 sources in dwellings are cooking and tobacco smoking, but also candle and
incense burning, open and stove fires, gas fires, hobs and ovens, and spray aerosols (Afshari
et al., 2005). Of these sources, cooking is of particular interest because it is an essential
activity undertaken in most dwellings. It is likely that the scale of the cooking activity
increases with the size of the household and so the risk of exposure to cooking related PM2.5
could be higher in high occupancy dwellings. Student housing is one example of high density,
multiple occupancy dwellings. Behaviour may differ as, unlike a household composed of a
single family unit, each resident is likely to operate independently.
Due to the nature of cooking, means of mitigation are limited, as total source removal is not
possible. A key strategy to reduce PM2.5 concentrations is through use of ventilation. Possible
ventilation methods include an extract fan, vent or window, which allows full mixing within
the space, or a cooker hood, which offers direct extraction before mixing. Cooker hoods can
either extract all air to the outside, or recirculate it after passing it through a filter. In the UK,
the statutory Approved Document F (ADF) (HM Government, 2010) prescribes intermittent
kitchen ventilation rates of 30 l/s through a cooker hood or 60 l/s elsewhere, or a continuous
rate of 13 l/s. These are required for new dwellings, but for renovations of existing dwellings
it is only necessary to maintain existing systems (HM Government, 2010). Additionally, the
basis for these standards is to effectively control humidity levels (HM Government, 2010),
and there is no discussion of recirculating cooker hoods.
It is clearly important to have suitable ventilation systems in a kitchen. However, these
systems can only reduce pollutant concentrations in kitchen if they are used appropriately.
Accordingly, this study uses a simple intervention study to investigate the ability of occupants
to use their kitchen ventilation systems to reduce PM2.5 concentrations. This will show
whether it is possible to outsourcing expert ventilation decisions to non-experts, or if other
mitigation strategies are required. Section 2 introduces the methods, and Section 3 presents
the results, which are discussed in Section 4.
2

METHOD

Table 1 outlines the characteristics of the 5 multiple occupancy, student dwellings in
Nottingham, UK, investigated here. All households were selected to be non-smoking,
however, after monitoring, House D was revealed to include a regular user of electronic
cigarettes (e-cigs). As each use was recorded, House D was not excluded. No conventional
cigarettes were smoked.
All tests were conducted during the heating seasons between October 2016 and April 2018.
The occupants of student houses can be in fuel poverty, and so it is expected that occupants
would be less inclined to use ventilation methods in order to conserve heat. This represents a
worst case behaviour scenario. Furthermore, houses A, D and E can be considered leaky
because they were constructed before 1930, which represents a best case infiltration scenario.
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Houses B and C are modern apartments constructed after 2000 and so are considered to be
much more airtight.
Table 1: House summary information
Cooker type

House

Dwelling type

No of
occupants

Open
plan
kitchen?

Kitchen
volume
(m3)

A

Semi-detached

6

Yes

77

2

No

-

Electric

5

Yes

-

Electric

B
C

Ground floor
apartment
2nd floor
apartment

Gas stove, electric
oven

D

End terrace

6

Yes

94.9

Gas stove, electric
oven

E

Detached

4

No

24.1

Gas

Extractor fan?
Cooker hood
(faulty)
Wall mounted,
automated
Cooker hood,
unknown
Cooker hood,
recirculating
Cooker hood,
external vent

The available cooking facilities varied between houses, as can be seen in Table 1. Each house
had either an electric or gas stove-top, and an oven. UK ovens typically have a grill option,
where food is cooked using only radiant heat from the upper heating element. Additionally,
student kitchens would be expected to have a toaster, kettle and microwave, although the
exact details were not recorded for each house.
2.1

Equipment

One SidePak™ AM510 Personal Aerosol Monitor (TSI Inc., Shoreview, MN, USA), fitted
with a 2.5µm impactor, was used to monitor PM2.5 concentrations. Concentrations were time
averaged and logged at 1 minute intervals, because of the limited storage capacity of the
SidePak. Optical sensors, such as the SidePak, require a calibration factor (CF) when
converting to mass concentrations (Dacunto et al., 2013). The CF was set to the default 1.0, as
no concurrent gravimetric sampling was available, therefore all mass concentrations reported
are approximations. In addition, an IAQ-Calc Indoor Air Quality Meter (Model 7545, TSI
Inc., Shoreview, MN, USA) monitored indoor temperature, CO2 and CO concentrations, and
relative humidity.
The SidePak™ and IAQ-Calc were positioned together, in the kitchen, out of direct sunlight
and away from heat sources. The aim was to measure PM2.5 concentrations in mixed air,
therefore the equipment was positioned away from sources of PM2.5 and water vapour, such as
the stove and kettle. The exact position varied between dwellings, and was restricted by the
need for both devices to be connected to a power supply. In houses A, C and D, with open
plan kitchens, the equipment was located in the kitchen area of the room.
2.2

Monitoring

In each household, one occupant was briefed on the aims of the study, instructed how to set
up and use the equipment, and instructed how to brief the other occupants. During Week 1,
only this occupant was aware that PM2.5 concentrations related to cooking were being
investigated, however, all occupants were asked to record cooking behaviour in a household
cooking log. This included a record of cooking start and end times, and notes describing the
cooking activity taking place. It was intended that occupants would not be asked to record the
use of specific ventilation systems and openings during the first week, as this might modify
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their behaviour. However, in two cases, Houses A and E, their notes included the use of
kitchen ventilation in Week 1.
At the end of Week 1, the data was downloaded, and the initial findings discussed with the
same occupant. They were given an overview of the concentrations, and provided with plots
and instructions on how to direct the other occupants before commencing Week 2
measurements. Occupants were informed of the risks associated with exposure to PM2.5,
shown the concentrations from Week 1 with reference to the WHO (2006) daily and annual
mean guidelines, and informed that increasing the ventilation rate might improve indoor air
quality. Suggested methods included use of the extractor fan, or opening external doors or
windows during or after cooking, but no specific direction was given nor was there any
indication of which strategies might be more effective. Alongside the cooking log, all
households were asked to record use of ventilation.
2.3

Post-processing of Data

The monitoring data was collated and it was analysed using bespoke MATLAB code
(MathWorks, 2016). Each monitored week was truncated to include only the first 7 complete
days, missing PM2.5 data points were removed, as were those where RH exceeded 70%, as
optical measurements such as the SidePak™ may be influenced by high humidity (Dacunto et
al., 2013). In the case of House D, neither week had a full 7 days of recorded data, so both
were truncated to 6 days 12 hours, the shorter of the two weeks. Finally, this study was only
concerned with PM2.5 from cooking sources and e-cigs are a possible source of PM2.5.
Therefore, to isolate cooking emissions, in House D, data points corresponding to the
recorded e-cig use were removed. The same process was used to split concentrations into
cooking and non-cooking, which worked by separating the data points between the recorded
start and end time of each event
To consider the changes between the two weeks of data, two statistical tests were used.
Firstly, the non-parametric Kolmogorov-Smirnov (K-S) test was used to see whether the
concentrations from each week are likely to be sampled from the same continuous
distribution. Secondly, the effect size, a measure of the size of the difference between two
samples, was calculated using Glass’s Δ, according to Equation 1 (Ferguson, 2009).
Δ=

(1)

The control data set, with mean µ1 and standard deviation SDcontrol, was considered to be the
concentrations measured during Week 1, and µ2 the mean concentration in Week 2.
3

RESULTS

Three questions were considered in analysing the results. Firstly, did cooking activity result in
increased concentrations? Second, was there any evidence of behavioural change as a result of
the intervention? And finally, did the intervention result in lower concentrations during Week
2?
3.1

The Influence of Cooking on Concentrations
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Figure 1: Week 1 concentrations for houses A-E for (i)
non-cooking and (ii) cooking periods

Figure 2: House A concentrations with cooking
periods indicated in orange

Week 1 data and recorded cooking times were used to investigate whether cooking led to
elevated kitchen PM2.5 concentrations. Figure 1 indicates higher concentrations during
cooking in all houses except House C. However, this comparison is limited by the quality of
the recorded cooking logs, and the method of parsing the data purely based on cooking times
means the decay period following emissions may not be captured as cooking data, as shown
in Figure 2. For these reasons, subsequent analyses do not distinguish between concentrations
measured during and outside of cooking periods.
3.2

Cooking and Ventilation Behaviour

The number of recorded cooking events and the total time spent cooking varied between
houses and between Weeks 1 and 2 for each house, see Table 2. Additionally, whilst
ventilation was used during Week 2, it was not used during all cooking events. Here, Table 2
shows that the number of cooking events is not equal to the number of ventilation events.
In houses A and E, where ventilation use was recorded in the first week, ventilation was used
more frequently in the second week. In Week 2, ventilation was not used during all cooking
events; its use was recorded during 53% events for Houses D and E and 75% House A events.
Where ventilation was used, it was not generally noted for how long, with the exception of
House E Week 2, where the ventilation mechanisms were left in use after cooking had ceased
on 4 occasions.
Table 2: Cooking event count and duration
House
A
B
C
D
E

Total time cooking
Cooking Events
Cooking Events with
(minutes)
ventilation
Week 1
Week 2
Week 1
Week 2
Week 1
Week 2
554
525
34
28
5
21
*
672
725
*
†
422
517
*
*
†
377
397
23
32
17
401
697
30
47
5
25
*unavailable as cooking times were aggregated into 3 meals per day
† not recorded
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Mitigation strategies usually involved a cooker hood, often in combination with open
windows or doors. House B was an exception, as its wall mounted extractor fan was activated
by a sensor and so was used as a mitigation strategy during weeks 1 and 2, but an external
window was opened during Week 2.
3.3

PM2.5 Concentrations

Figure 3: Kitchen PM2.5 Concentrations for all houses, week 1 and week 2

The concentrations measured during Week 1 and Week 2 are summarised in Figure 3 and
Table 3. Only House B shows a decrease in the mean concentration in Week 2, indicated by
the mean and median, although Glass’s Δ suggests that the effect is small. However, the K-S
test indicates a statistically significant difference in the Week 1 and 2 distributions for all
houses. The effect size suggests a very small to negligible positive effect (a very small
increase in concentration) in all houses except House B. This suggests the intervention was
only successful in reducing concentrations for one of the 5 cases, House B.
Table 3: Summary Concentrations (µg/m3) and

2 centile
25 centile
50 centile
75 centile
98 centile
Mean
Std. Dev.
K-S*

House A
W1
W2
5
3
15
15
26
30
40
54
490.4
542
70.6
72.8
400.1 248.9
Rejected

Effect Size

0.0055

≪ 0.05

House B
W1
W2
15
3
18
5
23
6
33
10
179.9
164
36.9
20.7
79.7
96.8
Rejected
≪ 0.05

-0.2028

House C
W1
W2
6
1
10
4
15
6
24
17
255.8 411.2
34.7
40.5
81.7
178.0
Rejected
≪ 0.05

0.0705

House D
W1
W2
5
3
11
7
22
18
80
123
2399
3575
226.3 307.9
847.9
1079
Rejected

House E
W1
W2
1
3
5
7
9
13
18
19
106
53.0
26.8
28.4
147.5 193.6
Rejected

≪ 0.05

0.0962

≪ 0.05

0.0112

* tests the null hypothesis that week 1 and 2 samples are from the same distribution
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4

DISCUSSION

The concentrations reported here are generally higher than those measured in previous
studies. Stranger et al. (2009) found indoor PM2.5 concentrations with median 27.2 µg/m3 and
41.1 µg/m3 across two sets of dwellings in Antwerp, Belgium. Wallace et al. (2006) measured
concentrations of similar magnitudes in 36 North Caroline residences, with an overall mean of
29.8 µg/m3 and a maximum average 56.8 µg/m3 in non-smoking households. As did Chan et
al. (2017), with mean concentrations ranging from 1.6µg/m3 to 64.1 µg/m3 across 18
California apartments. These are generally lower than the mean concentrations of between
20.7 µg/m3 and 309.4 µg/m3 reported in Table 3. One common feature of these studies that
differs from this investigation, is that the sampling location was not exclusively the kitchen,
but was instead located in the kitchen or dining room. By sampling in the kitchen,
concentrations might be expected to be higher. However, in a study of 15 domestic Brisbane
kitchens during autumn and winter, Morawska et al. (2003) measured overall mean PM2.5
concentrations of 15.5 µg/m3 during activity and 11.1 µg/m3 otherwise. These concentrations
are also significantly lower than those given in Table 4, but many factors may contribute to
this difference, including household and dwelling characteristics, activity types, and the
SidePak CF. Additionally, these studies are not of UK house, and dwelling characteristics and
occupant behaviour vary considerably between countries.
For this study, the factory default CF 1.0 was used as no gravimetric sampling was available
and because the primary purpose was to compare concentrations between the two
measurement weeks. It was assumed, therefore, that the CF was similar over both
measurement weeks. Dacunto et al. (2013) and Jiang et al. (2011) found SidePak CFs ranging
between 0.41 and 0.70 for a variety of cooking sources, therefore the true mass concentrations
are likely lower than those reported. This is an important consideration, and limitation, when
comparing the findings to standards or other studies.
The mean concentration for all houses and test weeks, except for House B during Week 2,
exceeded the WHO 24-hour mean guideline of 25 µg/m3, although this is not a fair
comparison because of the differences in the averaging periods. If the 7 day average exceeds
the threshold, it is likely that most days will also exceed it. However, as the SidePak
calibration factor of 1.0 likely overestimates the measured concentrations, comparisons to
guidelines can only indicate a potential issue with elevated concentrations during the heating
season. If we apply CF=0.3 to the mean concentrations, a worst case scenario, only House D
exceeds the WHO 24-hour guideline. For CF=1.0, given the limitations of this assumption,
measured concentrations exceeded the WHO daily threshold at least 14% of the time in Week
1, and 10% in Week 2.
The potential for the intervention to reduce concentrations was limited by two key factors: (i)
the ventilation systems available and (ii) occupant decisions on how and when to use
ventilation. Only Houses A and E were fitted with externally venting cooker hoods, although
a subsequent investigations in House A revealed damaged ductwork, so extracted air was
probably partly recirculated without filtration. It was not possible to access the hood in House
C. If the filter in recirculating hoods is poorly maintained, it is unlikely to remove pollutants
effectively.
The decision to use ventilation depends on expertise. Someone with knowledge who decides
to reduce PM2.5 concentrations might prioritise cooking events that are more likely to have
higher emission rates, such as oil based or dry processes (Torkmahalleh et al., 2017) rather
than those that use boiling or steaming. However, the recorded behaviour did not reflect this.
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Instead, occupants primarily used ventilation during stove-top cooking. For example, in
House D Week 2, the cooker hood was turned on and a window opened during all stovetop
cooking events, but they were only used for just 1 of 5 events of grilling events and for 0 of 8
oven events. Here, He et al. (2004) show that frying and grilling are significant sources of
emissions. Therefore it is interesting that occupants chose to use ventilation whilst using hot
water to cook couscous and not whilst grilling sausages.
The concentrations measured in House E indicate that there may have been significant
behavioural change during Week 2. The main peak in PM2.5 concentrations during Week
1corresponds with the only recorded use of the oven and this was discussed with the
instructor-occupant. As the oven appeared to be the most significant source of PM2.5, the
occupants seem to have responded, using the cooker hood during 10 of the 11 occasions the
oven was on during Week 2. Nevertheless, the two highest peaks in concentration during
Week 2 were 6500 µg/m3 and 2656 µg/m3, and both corresponded to the use of the oven with
the cooker hood on and the external door open. It is possible that using multiple ventilation
systems and openings in combination may not lead to increased benefits, although using the
fan with one or more ventilation openings was the most popular choice for all households.
Here, it may desirable to depressurize the kitchen and to ensure that air only flows into it from
other zones.
A potential limitation of the findings is that cooking behaviour varied between the two weeks.
Cooking behaviour is semi-random, where the exact frequency, duration and emission rates
all vary. Table 2 shows how the total time spent cooking increased in Week 2 in all Houses,
except House A. An improved method to separate cooking associated concentrations from
those from other activities would be to include the subsequent decay periods, say until
concentrations return to background similar to Chan et al. (2017). This may reduce any
confounding effect of cooking behaviour. However, cooking methods and period lengths may
also influence emissions. For example, in House B, the time spent using the toaster, oven and
grill increased from 271 minutes in Week 1 to 343 minutes in Week 2. A similar effect was
observed in House C, where the time using these appliances increasing from 112 minutes to
204 minutes. These appliances all use dry or oil based cooking process, which have been
linked to higher particle emissions (Torkmahalleh et al., 2017).
Finally, of the five houses investigated, a reduction in concentrations during Week 2 was only
observed in House B. This was achieved using natural ventilation opening, as the installed
extractor fan was controlled by a sensor, and so could not be used as part of the intervention.
Additionally, the longevity of any behavioural changes was not investigated. It is possible that
occupants regress to Week 1 behaviour over time.
These results suggest that concentrations of PM2.5 in student housing in the UK are high and
that they could affect the health of their occupants. One solution might be to use range hoods
that capture emissions at their source and that automatic switch on when they detect elevated
PM2.5 concentrations. A public awareness campaign might also encourage population
behavioural change. In the medium term, the UK building regulations should be reviewed,
and a ventilation system of some kind should be mandatory. However, work is required to
identify appropriate ventilation rates to dilute PM2.5 once they have mixed in a space and
systems should be identified to achieve them. An extracting cooker/range hood is currently
the best known and quickest remediation measure but further work is required to identify
suitable airflow rates and capture efficiencies for it.
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5

CONCLUSIONS

This paper uses a simple intervention study to investigate the potential to reduce kitchen
PM2.5 concentrations using existing ventilation methods. PM2.5 concentrations were monitored
in five student households for two weeklong periods. Student households were selected as
high occupancy dwellings whose occupants may be in fuel poverty. During the first week of
measurements, normal behaviour was assumed. Prior to 2nd week of measurements, occupants
were informed of the risks associated with exposure to PM2.5 and given suggestions of
ventilation methods that might reduce the concentrations.
Results suggest that PM2.5 concentrations in student housing in the UK might be high. Across
all houses, measured concentrations exceeded the WHO daily mean threshold (25µg/m3) at
least 14% of the time for Week 1, and 10% for Week 2. However, there is considerable
uncertainty in the measured concentrations as an optical device was used without
corresponding gravimetric sampling. Future work should aim to include such measurements
to provide a better understanding of the concentrations experienced in student dwellings.
The intervention only successfully reduced concentrations in one of the five dwellings
considered, despite evidence of behavioural change. Statistical tests suggest the concentration
distributions differ before and after the intervention in all five houses. These changes were
small, and suggested concentrations increased post-intervention in four of the five houses.
However, the comparison between the two weeks is limited, due to the variation in the
frequency and duration of cooking events, and the cooking methods used. Therefore, future
work should improve the method of isolating cooking events, so that only the concentrations
attributable to cooking can be analysed.
The intervention may also have been limited by occupant decisions regarding ventilation
methods. This highlights the limitations of out-sourcing expert decisions to non-experts, and
so automated mechanical extract ventilation should be considered as standard. This should be
considered during the next review of UK Building Regulations. Finally, a public awareness
campaign might encourage population behavioural change in the kitchen, leading to reduced
exposures and a reduction in health care costs.
6
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ABSTRACT
Cooking is one of the most substantial sources of indoor air pollution in most residences.
This is mitigated most often by exhaust devices located near cooking surfaces. In this study,
we measured the efficacy of one type of kitchen ventilation device: an island overhead
kitchen exhaust. Laboratory tests using tracer gas capture were performed on a full-scale
mock-up of a kitchen with a cooktop in an island. The results show that the Capture
Efficiency (CE) varies greatly from about 10% to nearly 100%. CE generally increased with
exhaust flow rate, but results did not show clear trends when changing hood mounting height
or the power input to the cooktop burners. Burner power had an effect on measured capture
efficiency of the same magnitude as exhaust flow rate. As with earlier work on wall-mount
exhaust hoods, these results indicate that standardized testing will have to clearly specify
mounting heights, power input (and or temperatures) and the geometry of the tracer gas
emitter.
KEYWORDS
Range hoods, indoor air quality, kitchen ventilation, source reduction
1

INTRODUCTION

Cooking is one of the greatest sources of air pollution in homes: carbon monoxide, volatile
organic compounds, NOx, water vapor, and particulate matter are generated during cooking
and associated with a wide array of health effects including cardiovascular disease and
cancer. These by-products are often removed to some degree with a kitchen exhaust device
located above or near cooking surfaces.
However, until recently, no internationally accepted method of test existed for rating these
devices, leading to large inefficient devices and installed air flows far from those at rated
conditions (Singer et al. 2011). For these reasons, a report summarizing the state of the art in
kitchen ventilation (Singer and Stratton (2014)) identified the development of a test-method
for kitchen range hoods as a “specific high-priority near-term objective” .This test method
would move the quantification of kitchen range hood performance from solely a rated flow
rate to a measured metric that more fully captured the ability of the hood to improve air
quality. This was followed by the development of an ASTM test method for wall-mounted
kitchen range hoods (ASTM 2017), whose development is discussed in Kim et al. (2018).
This study aimed to build on the lessons from these works and others and better understand
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the operation of a subset of kitchen range hood devices which is increasing in popularity:
overhead island exhaust hoods.
Specifically, this work examined the effect burner location and number of active burners have
on the capture efficiency of an overhead island exhaust.
2

METHODOLOGY

A new testing chamber was built at the Lawrence Berkeley National Laboratory for the
purposes of developing a testing protocol for kitchen ventilation devices. The chamber is a
wood frame structure with gypsum board installed on interior faces and sealed except at the
dedicated makeup air vents as shown in Figure 1 below.

Figure 1. Chamber rendering and make-up locations

Inside the chamber we constructed an island that approximated an island that might be found
in a residential kitchen. Integral to the island was a cooktop mock-up: a stainless steel surface
with machined pieces which could be moved to adjust burner location. The burners fit snugly
into machined holes in a stainless steel piece that could also be moved and switched with the
rectangular pieces, as shown in Figure 2.
All experiments used a tracer gas (CO2) method developed previously by Walker et al. (2016)
and codified in ASTM E3087-17: Standard Test Method for Measuring Capture Efficiency of
Domestic Range Hoods. Tracer gas is emitted from machined aluminium emitters concentric
with a corresponding burner. More details of the burner are given in ASTM E3087-17. The
Cadco-CSR-3T electric burners were selected because their control mechanisms allowed us to
carefully control their output, their physical dimensions fit into the experimental apparatus,
and their build quality allowed for continuous operation at high output. Photographs of the
island, emitters, CO2 distribution system and island dimensions are given in Figure 2.
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Figure 2. Test Laboratory island cooktop apparatus

The location of the burners in the direction parallel to the island corresponds to that location
standardized in ASTM-E3087-17 for wall-mounted hoods. It was also virtually the only
position which would allow for two burners to be placed underneath simultaneously because
of the dimensions of the housing in which the burners were packaged. The location of the
burner in the direction perpendicular to the long axis of the island was changed throughout the
experimental campaign.
Above the island we installed an overhead island range hood (Broan EI5936SS) centered on the
range. The glass canopy has nominal dimensions 35-3/8" X 25-5/8" (89 cm x 65 cm) and the
hood can be mounted at distances from 61 cm to 91 cm from the hood face to the range
surface. Maximum nominal flow rate was 236 L/s although we were only able to extract 189
L/s even with an auxiliary fan.

1085 | P a g e

Figure 3. Front and bottom view of island range hood tested

In general, a typical test proceeded as follows:
1. Two to four hours were needed until the range and room came into nearthermal equilibrium. This somewhat long period of time needed was due to the
thermal mass of the room, emitters and cooktop.
2. After the room reached near-thermal equilibrium, CO2 injection began, and
another one half to two hours were required for the concentration field in the
space, and thus measured capture efficiency, to reach steady state- depending on the
exhaust flow rate of the hood. Walker et al. 2016 showed that a good rule of thumb
was that one should wait four complete air changes before measuring and then
measurements should be averaged over at least a five-minute period. We chose to wait
no fewer than 30 minutes after equilibrium for the concentration to stabilize, even at
higher flow rates. Once at equilibrium, the measurements were recorded every 20
seconds over at least a 15 minute period and the mean and standard deviation were
calculated.
3. After this, fan flow rate could be adjusted and another 0.5 to 1.5 hours was required
for the concentration field to again reach steady state and another point recorded.
This process resulted in the ability to measure between three and five points in a given 9-hour
period of testing.
RESULTS
Figure 4 shows a set of results, all measured at a 28-inch (71 cm) height and with a single
burner energized, that demonstrate the large variation recorded in range hood capture
efficiency when flow and burner power were varied. These two variables were by far the
most influential independent variables and the effect of these variables is described in detail in
other publications including Clark et al. (under review). In general, low flow rates resulted in
low capture efficiency, and increasing power also had a negative effect on capture efficiency,
as others have demonstrated (e.g., Yuguo Li and Delsante 1996, Walker et al. 2016). The
effect is highly pronounced at low flow rates, where changing input power by only 200W can
reduce capture efficiency by over 40%. The CE variability with input power was much
reduced above 400W, indicating that for repeatable results we should test above this 400W
lower limit. The emitter surface temperatures increased from 25 °C to about 185 °C over the
zero to 1000 W power input range.
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Figure 4. Capture efficiency as a function of burner power and range hood flow rate for a 28-inch hood height
setting and a single burner

We did further tests to assess the effect of burner location on measured capture
efficiency and whether burner performance was symmetric with respect to midplanes of the
range hood. The results in Figure 5 show the results of these tests depending on burner
location together with an uncertainty estimate (ERR) based on the standard deviation of the
CE measurements taken during the 15 minute averaging period. All tests were performed at
intermediate values of 435 W and 225 cfm (106 L/s) and at a 24-inch (61 cm) hood height. In
general, corresponding right-to-left and front-to-back tests were within 3% of each other in
regards to measured capture efficiency. Center burners had around 12% greater capture
efficiency for the hood tested.

Figure 5. Effect of burner location on capture efficiency
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In order to investigate the effects of having more than one burner operating at the
same time and the resulting plume interactions, we performed experiments in which both
“front” and “back” burners were turned on at 420 W each and tracer gas emitted through an
ASTM Emitter on each in equal amounts. The results of this particular experiment are shown
in Figure 6. For very low flow rates we found that the test results had poor repeatability
(variability from test to test > 15%) so they are not included here. Other than for very low
flow rates, the performance of the range hood under the two-burner conditions was extremely
close to the performance of the single burner case. This may simplify a testing method in that
at moderate power inputs and moderate flow rates, for this particular range hood, it seems
one-burner performance is a good indicator of two-burner performance as well.

Figure 6. Effect of additional burner on capture efficiency at 420 W

Time did not permit testing at all power inputs to see if this behavior was replicated
generally. However, one can consult long-established plume theory to assess whether and
when it should be expected that the two plumes interact with each other. Below in Figure 7 is
a to-scale depiction of the two plumes that would be expected above a cooking burner. This
assumed a 20 degree angle of spread from a virtual origin. The 20 degree spread can be found
by solving the governing equations according to Bejan (2004). One can see that the two
plumes in this case are not expected to interact until well above the height of the hood,
neglecting any low pressure region which may form between the two. This may be a path
forward for standardization of a testing procedure regarding multiple burner locations.
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Figure 7. Predicted plume shapes based on simplified method in Bejan (2004)

3

CONCLUSIONS

Through the use of a tracer gas method for measuring capture efficiency of overhead island
range hoods, we found that the effect of burner location on measured CE was about 12% with central locations having higher CE. We also found that plume interaction was minimal
for the geometries we typically expect to see for an island hood. These results will be used in
the future development of CE test methods for island hoods. In general the results showed
similar trends and variability as wall-mount hoods – one exception being the large variability
in results at low air flows that implies some careful assessment and advancement of
measurement techniques is needed if we are to reliably test low air flow CE.
4
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ABSTRACT
Cooking can be a major source of exposure to particulate matter. Range hoods can be used to reduce odours,
moisture and contaminants resulting from cooking. The capture efficiency with regard to these contaminants is
determined by the thermal plume and the aerodynamic properties of the range hood. There is a new ASTM (an
international standards organization) test method: ASTM E3087. It measures capture efficiency under specific
conditions that permits standardized comparison of range hoods under controlled laboratory conditions. The
results of the ASTM test method depend on exhaust flow rate, range hood geometry, thermal properties of the
sources, and the number of burners in use. This study investigates and quantifies different aspects not included in
the ASTM test method but have impact on the exposure of the occupant. An example of an exposure approach is
given in this paper whereby the residence time averaged PM2,5 exposure for person in a typical Dutch dwelling
has been calculated using a 2-zone model. The model was used to identify the additional key factors beyond
capture efficiency that influence occupant exposure. We propose a methodology to calculate exposure based on
these factors that could be the basis of a future European standard.

KEYWORDS
Range hood, capture efficiency, disturbance, exposure

1

INTRODUCTION

In homes, particles are the key IAQ component from a health impact perspective and cooking
can be a major source of exposure to particulate matter, see Abdullahi (2013) for a review of
this literature. Range hoods can be used to reduce odours, moisture and contaminants
resulting from cooking. The capture efficiency with regard to these contaminants is
determined by the thermal plume and the aerodynamic properties of the range hood. There is
a new ASTM (an international standards organization) test method: ASTM E3087. It
measures capture efficiency under specific conditions that permits standardized comparison of
range hoods under controlled laboratory conditions. The results of the ASTM test method
depend on exhaust flow rate, range hood geometry, thermal properties of the sources, and the
number of burners in use (Kim et al. (2018a)). This study investigates and quantifies different
aspects not included in the ASTM test method but have impact on the exposure of the
occupant. For example, the flow field for capturing cooking plumes can be disturbed by the
presence of cooks as they move around with their body and arms. This can reduce efficiency
with roughly 30% (B. Geerinckx, 1991). This study investigated this further to examine how
it influences the exposure of the cook and other people in the kitchen area.
2

APPROACH
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The exposure of the user in a dwelling due to cooking emissions depends on many variables
such as: source strength and location on the cooktop, capture efficiency of the range hood,
presence of the cook near the cooktop for instance the activities of the cook such as, smelling,
stirring, moving to and from of the cook, ventilation and infiltration diluting contaminants and
impacting capture efficiency, air transport of contaminants to other rooms, time spent in
different rooms in the dwelling and the effect of the outdoor pollution levels. This study
investigates and quantifies these variables to determine the key parameters that could lead to
the development of future exposure standards. First, we performed a literature review to
determine the effect of the presence and motion of a cook and how this changes the capture
efficiency of the range hood and the local flow field that determines the exposure of the cook.
We then developed a calculation procedure for exposure whereby the residence time averaged
PM2,5 exposure for person in a typical Dutch dwelling has been calculated using a 2-zone
model and “best practice” range hood with good capture, low fan power and very low noise
levels.. The model was used to identify the additional key factors beyond capture efficiency
that influence occupant exposure. We propose a methodology to calculate exposure based on
these factors that could be the basis of a future European standard.
3 LITERATURE REVIEW
Jacobs (2018), did a study on the exposure of cooks under different exhaust flowrates and
cooking exhaust configurations. The exposure approach based on multi zone simulations
showed that the additional exposure toward PM2.5 from cooking linearly decreases with
higher capture efficiency. The results with regard two typical exhaust flowrates and three
typical cooking exhaust configurations are graphicly displayed in Figure 1.

3
Figure 1: Annual average PM2,5 concentration increase during occupied times in a dwelling due to cooking for
different range hood flows and geometries

In the Netherlands the yearly averaged ambient PM2,5 concentration is about 14 µg/m3.
Assuming an indoor/outdoor factor of 0,5 the indoor concentration due to ambient sources for
a typical dwelling is estimated at 7 µg/m3. Without a range hood the total exposure to PM2,5
can be more than tripled to 16 + 7 = 23 µg/m3. An effective range hood in combination with a
sufficient high exhaust flow can reduce the increase below 1 µg/m3. Therefore use of an
appropriate range hood can keep concentrations below the WHO (2010) guideline value of 10
µg/m3. The results are in line with the average findings of recent monitoring studies (Chan
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2017, Jacobs 2016). However, on individual level large differences can be seen. Comparing
calculation to values from literature shows calculations are reasonable. Kim measured 20
cooking events in 6 homes for PM2.5 and 28 events in 9 homes for NO2 (Kim et al., 2018b).
The results showed roughly a doubling of PM2.5 from 2.5 to 6 µg/m3 and an increase from 6 to
22 ppb NO2 during cooking activities with no range hood operation. There was considerable
variability from event to event between zero and more than factors of ten increase in these
pollutant concentrations. Range hoods proved very effective at minimizing increases in these
contaminants. A subset of four tests showed that range hood operation resulted in very small
increases in contaminants when cooking: with less than 1 µg/m3 (on average) changes in
PM2.5. Another set of seven tests showed increases of only 2 ppb NO2 when range hoods were
operated. Although these results show that range hoods can be effective in terms of keeping
overall concentrations low, there are still questions about the exposure for the person doing
the cooking as well as how a given capture efficiency relates to contaminant exposure for
occupants. Also, if these results shows that a range hood can be very effective, can the
influence of the cook be still be significant? Furthermore is the amount of influence of the
movements of the cook on exposure also depending on the specifications of the hood as
extract flow, geometry and flow? If so could it be an aspect to take into account if we want to
compare the effect of exposure of different range hoods?
Previous studies have investigated the effect of disturbances of cooks on capture efficiency.
Geerinckx and Wouters published a paper in 1991 in which they show a important effect of
disturbances. The interference device (height: 1.0 m, width: 0.5 m) is designed to mimic the
disturbance by the cook, see figure 2. Over a distance of one meter it moves at a speed of 0.5
m/s at a frequency of 1 movement per 8 seconds, as the authors state this is quite an active
pattern. After 600 second of injecting tracer gas at a stabilized hot plate of 110 ºC, the kitchen
hood is turned off and room ventilation stopped and a mixing fan is applied.

Figure 2: Schematic view of the test chamber of Geerinckx and Wouters (1991).

In figure 3 the measured concentration in the exhaust and in the test room is presented. The
measured concentration pattern in the test room follows the concentration in the exhaust but is
roughly a factor two lower.
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Figure 3 Measured concentrations due to disturbance
They expressed the effect of disturbances not only on the pollutant removal efficiency but
also as a pollutant index . The pollutant index is defined as the relative concentration in the
occupied zone using a certain kitchen hood at a certain air flow rate by taking the situation of
100 m3/h extraction with perfect mixing as a reference. The corresponding formula is as
follows:
∗ 10
100
Whereby

1

: pollution index of the kitchen hood
C: concentration of tracer gas (PPM)
Q : tracer gas injection flow (m3/h)
t : injection time
(h)
V : volume of the room without cupboards (m3)
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Figure 4: Range hood performance expressed as efficiency, E, and as pollutant index, Pi, with and without
disturbance (Geerinckx and Wouters, 1991)

Geerinckx and Wouters showed that the disturbance reduced the pollutant removal efficiency
by around 25 - 45%, see Figure 4. Table 1 shows that the pollutant index changes are much
higher, changing by a factor 10 to 3. The effect on exposure of the interference device is not
constant for a fixed air flow and seems to depend on extract flow and geometry of the range
hood.
Table 1: Comparitiv results pollution indicess (Geerinckx, 1991)
Air flow
(m3/h)
450
300
200
100
‘optimal’300

With interference device

Without interference device

0.1
0.18, 018
0.39, 0.37
0.61,0.61
0.03

0.01
0.06, 0.05
0.03,0.03
0.32,0.29

Gao et al. (2013) combined experimental and calculation methods to determine the effect of
make up air source (the geometry, velocity and location) on the exposure level. The make up
air source had a major effect on the inhaled peak concentration. With inflow from an open
window peak concentration was 9,4 times of that under inflow from a full open door, and
79,2 times of that under inflow from a 30 degrees open door. It is important to give good
guidelines for make up air and ventilation because these can have a significant impact on
exposure. These guidelines need to consider the designed of the kitchen and a range of
different movement patterns for cooks.
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Figure 5: Iso-surfaces of particulate mass concentration (0,1-10 µm) in the kitchen space 2 min, (a) open door,
window closed, (l) door closed, window half open (r) (Gao et al. (2013)

Bowen Du (2017) did a study on particle exposure and potential health risks related to
cooking Chinese food. The current Chinese standard of ventilation in kitchens regulates the
installation location and performance of exhausting hood, but there are no specific regulations
for the exposure of the cook during cooking. Young healthy students cooked typical Chinese
food in a controlled kitchen over a two day period. Measured PM2.5 concentrations were
around 10 mg/m3 in the breathing zone. The experiments investigated a make-up air solution
similar to that used in advanced laboratory fume hoods, where air is injected into a 1 cm wide
slot around the cooktop bench supplying filtered air at different rates. Although designed to
act as an air curtain to control the spread of contaminants it increased the exposure in the
breathing zone of the cook by about a factor of five. The air injected from the slot in this
particular case made the exposure of the cook worse. The students were medically examined.
Although the impact on the different lung function bio markers was less clear the paper stated
significant reduction of lung function among young healthy students after two days' typical
Chinese domestic cooking processes.
Overall these studies show considerable variation in exposure due to the presence of cooks
and devices that interfere with the air flow patterns around the cooktop.
4
4.1

MODEL DEVELOPMENT: CALCULATIONS OF FLOWS AND EFFECTS BY A
MOVING PERSON
Assumptions

The model is based on mimicking the motions of a cook in the following way:
 When stir frying the cook moves twice to and from the cook plate
 The cook moves with a velocity of 0.5 m/s
 The cooks arm blocks an effective area of 0.075 m2
 The flowrate of the hood is 50 dm3/s with an efficiency of 80 %
 A PM2,5 source strength under the hood on the cook plate of 10 µg/s
 A general kitchen exhaust rate of 21 dm3/s in addition to the hood
4.2

Calculations

The equilibrium concentration in the kitchen assuming a single well mixed zone is calculated
with an efficiency of 80% and no disturbances by the cook;
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Cav kitchen = q source/q vent kitchen
q source = (100-80)/100 * 10 = 2 µg/s
q vent kitchen = 50 + 21= 71 dm3/s or 0.071 m3/s
Cav kitchen = 2 / 0,071 = 28.2 µg/m3
The average concentration between cook plate and range hood can be calculated as;
Cav hood = q source/q vent hood
q source = 10 µg/s
q vent hood = 50 dm3/s
Cav hood = 10/0.050 = 200 µg/m3
The influence of the disturbance by the cook on the average room concentrations (and
therefore exposure of other people in the room), is calculated using the same procedures as
Geerinckx, is calculated as follows:
The volume flow due to the motion of the cook is:
q dist flow = A dist cook * vcook = 0.075 * 0.5 = 0.0375 m3/s or 37.5 dm3/s
This pulse of flow caused by the moving cook cannot be completely exhausted by the cooker
hood because its initial velocity is 0.5 m/s while the average velocity between cooker hood
and the room is about 0,25 m/s. Some provisional measurements gave a flow from the cooker
hood area to the kitchen with a velocity of about 0.3 m/s during this movement of the cook.
Assuming that 90% of this flow caused by the cook is captured by the hood, that means 10 %
is re-entering the kitchen with a concentration of 200 g/m3.This leads to an increase of the
concentration in the kitchen, which can be calculated.
The flow re-entering the kitchen q re ent is 0.1 * 0.0375 = 0.00375 m3/s, with a concentration
C av hood of 200 µg/m3. This leads to an increase of the kitchen concentration due to
movements of the cook of;
∆Cdist = (q re ent * C av hood ) / q vent kitchen = (0.00375 *200)/ 0,071 = 10.6 µg/m3.
Compared with the Cav kitchen = 28.2 µg/m3 the calculated effect of the disturbance is about
38 %. This example calculation illustrates that the measured effect of disturbance on the hood
efficiency carried out by Geerinckx can be calculated with reasonable assumptions.
4.3

Effect of different types of range hood configurations

Figure 6: Several configuration of cooker and exhausts

Several representative configurations have been developed and are illustrated in Figure 6:
1. Without range hood no cupboards on the sides, against the wall
2. Without range hood no cupboards on the sides, island
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3.
4.
5.
6.
7.
8.

Wall mounted range hood, no cupboards on the sides
Island range hood
Wall mountain range hood with air curtain, no cupboards on the sides
Island range hood with air curtains
Wall mounted inclined range hoods
Downdraft range hood

These configurations were chosen to investigate the following factors:
 The capture efficiency may differ for the different configurations, e.g. the inclined
hood has a lower average velocity for the same extract flow as the wall mounted range
hood.
 An island range hood with the same extract flow as a wall mounted range hood will be
more easily disturbed because the disturbed flow will be captured is a less effective
way.
The next steps in this work will be to further develop the exposure model and add parameters
that account for the above factors. The intent is to develop a simplified model that could be
used in a labeling system for the relative exposure of cooks and other kitchen occupants.
5

CONCLUSIONS








6

The disturbance due to cooks is important for their exposure for cooking products.
Simple calculations can be used to estimate the reduction of the efficiency of the range
hood due to the disturbance of the room flow field by the cook.
Efficiency is an important step to compare similar types of range hoods, but if focus is
on exposure the effect of disturbances have to be taken into account. Also it could be
possible to design a hood which is less effected by disturbances.
To estimate exposures it is important to account for differences in geometry, for
example island and wall mounted range hoods.
The exposure due to cooking oil products might have an effect in terms of health,
which needs further research in the intensity, time and frequency of cooking oil fumes
and the effects of the this exposure to health effects of the cook and inhabitants.
Ventilation of the kitchen can play a significant role in the exposure of the cook.
Guidelines on make air and ventilation can help reduce exposure to the cook.
More research on this topic is needed:
 Measurements of exposure
 Measurements of disturbances
 The effect of differences range hoods types
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ABSTRACT
Exposures to elevated concentrations of airborne fine particulate matter with diameter ≤ 2.5 µm (PM2.5) have been
linked to multiple negative health effects. Investigations into PM2.5 exposures primarily focus on external
concentrations, which are easier to monitor. However, there is a growing interest in indoor exposures, as people
spend up to 70% of their time at home, concentrations in dwellings may have a greater influence on personal
exposures. As widespread indoor monitoring is difficult, modelling can offer an alternative method to investigate
concentrations in a stock of houses.
Cooking has been identified as a key source of PM2.5 in non-smoking households. Existing models are sensitive to
the emission rate used, yet typically represent cooking sources with a constant emission rate, despite emission
rates having been shown to vary with food type and cooking method amongst other factors.
Ventilation rates are another determinant of concentrations. Whilst the English Building Regulations require
purpose-provided, mechanical extract ventilation to be installed in kitchens of new dwellings, for existing
dwellings, there is only a requirement to maintain existing installations. Furthermore, there is no guarantee that
occupants use installed ventilation, therefore it may be useful to consider an infiltration-only scenario, as a worstcase.
This paper investigates steady state PM2.5 concentrations in kitchens in the English housing stock using simple
statistical modelling. A Monte-Carlo simulation is used to produce a distribution of steady-state concentrations
under worst-case conditions, considering infiltration as the only form of ventilation. A probability density function
(PDF) for PM2.5 emission rates for toast is used, a source the authors have investigated. Kitchen input data was
taken from the English Housing Survey, a statistically representative sample of the English housing stock.
For worst-case conditions, the steady-state concentration is predicted to exceed 25µg/m3 (the WHO daily mean
guideline) in all kitchens. Mechanical ventilation is predicted to reduce the steady-state concentrations for all
scenarios considered. A capture efficiency > 60% for a cooker hood extracting at 30l/s has equivalent performance
to a general extractor fan with an airflow rate of 60l/s. However, in the best case scenario considered, steady-state
concentrations are predicted to exceed the WHO daily guideline in 30% of kitchens. This is for air extracted at
30l/s through a cooker hood with 80% capture efficiency.

KEYWORDS
cooking, range hood, model, Monte Carlo, policy

1

INTRODUCTION

Airborne solid or liquid particles with a diameter of less than 2.5µm are known as fine
particulate matter (PM2.5) (Pope and Dockery, 2006). When inhaled, these particles can bypass
the body’s defences due to their small size (Pope and Dockery, 2006), and exposure to elevated
concentrations has been associated with an increased risk of chronic and acute respiratory and
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cardiovascular diseases (Lewtas, 2007). The UK Air Quality Standards Regulations (2010) set
targets for reducing external concentrations of PM2.5, and other pollutants, to comply with EU
legislation. On average, people spend 70% of time in their own houses (Lader et al., 2006).
Total exposure can be considered as a function of the time spent, and concentrations found, in
different microenvironments (Salthammer, 2011) and so indoor concentrations in dwellings
may have a greater influence on personal exposures.
Indoor sources of PM2.5 include smoking, cooking, combustion sources, such as burning
incense, and aerosol sprays (Afshari et al., 2005). The best mitigation method is to remove a
source. However, cooking is a common household activity where source control is not possible.
Pollutants can be diluted by the infiltration of ambient air and by purpose provided ventilation.
Infiltration is a poor mechanism because its airflow rates are low and because it is generally
desirable to illuminate it to save energy. Accordingly, purpose provided ventilation is the most
appropriate mechanism. England’s statutory Approved Document F (ADF) (HM Government,
2010) prescribes intermittent kitchen ventilation rates of 30l/s through a cooker hood or 60 l/s
elsewhere, or a continuous rate of 13 l/s. In new dwellings these are a requirement, whereas it
is only necessary to maintain existing ventilation systems in refurbishing dwellings. These
ventilation rates have been chosen to remove moisture, and with the expectation that they will
dilute NO2 and CO emitted by gas cooking. PM2.5 was not considered. Additionally, the lower
airflow rate required by a cooker hood is based on an assumption that a significant proportion
of emitted PM2.5 are removed before they are allowed to mix in kitchen air, but there is no
performance metric in ADF for cooker hoods. A capture efficiency may be defined as the
percentage of emitted particles extracted either directly or during operation (Lunden et al.,
2015). Measured capture efficiencies have been found to vary between 12% (Lunden et al.,
2015) and 98% (Rim et al., 2012) as a function of the airflow rate, installation height, hood
capture volume, and the fraction of the cook top covered by the hood (Singer et al., 2012 and
Lunden et al., 2015).
One measure to ensure indoor air quality (IAQ) is to use a metric, such as a pollutant threshold,
an upper limit that should not be exceeded over a defined period of time. The WHO (2005)
recommends that mean PM2.5 concentrations for ambient air are less than 10µg/m3 per year and
25µg/m3 per day. These thresholds are also recommended indoors (WHO, 2010). Others
stakeholders set different thresholds. The US National Air Quality Standards (EPA, 2015)
require 35μg/m3 per year and 12μg/m3 per day and the WELL Buildings Standard (IWBI, 2016)
sets a threshold of 15μg/m3. These values are set using toxicological and epidemiological
knowledge of a pollutant’s effect threshold, the concentration at which there is a radical change
in occupant health. Then, ventilation rates (or other mitigation measures) can be prescribed to
ensure that the effect threshold is only exceeded in a few percent of cases, say 5%. However,
the smaller the percentile, the more onerous are the ventilation requirements. To do this,
Salthammer (2011) proposes a statistical approach to generate a probability distribution
function of concentration using Monte-Carlo simulation. By assuming that the pollutant is well
mixed throughout once release, the steady-state concentration can be calculated using a simple
mass-balance model whose inputs are the emission rate, the decay rate (a combination of
ventilation and deposition for PM2.5), and the room volume. If each input is considered to be a
random variable with a known distribution, sampling from them and performing multiple
calculations gives a distribution of steady-state concentrations.
This paper seeks to provide a rudimentary assessment of the English housing stock and the
suitability of the English Building Regulations given in ADF for removing PM2.5 emitted by
cooking using Salthammer’s method. Kitchen concentrations are predicted for different
scenarios using a Monte-Carlo simulation informed by data from the English Housing Survey
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(EHS) (DCLG, 2017). The predictions are used to consider the ventilation strategies, cooker
hood capture efficiencies, and ventilation rates that might keep PM2.5 concentrations below
threshold limits in English kitchens in 95% of cases, and thus minimise occupant exposures to
them.
2

METHODS

We follow the method outlined by Salthammer (2011) and use bespoke MATLAB code to run
a Monte Carlo simulation to predict PM2.5 concentrations in a representative sample of English
kitchens emitted by a single cooking source. In a well-mixed space where the emission and
ventilation rates are constant the steady state PM2.5 concentration is an asymptote that is never
reached. The rate at which the indoor concentration approaches steady state concentration is a
function of the ventilation and emission rates. In a small space with a low ventilation rate and
high emission rate, 95% of the steady-state concentration is reach in only a few minutes, but in
larger well ventilated spaces it can take much longer. Accordingly, three distributions are
predicted:
1. Kitchen steady state PM2.5 concentrations, 𝐶𝑠𝑠 (µg/m3);
2. The time taken to reach 95% of 𝐶𝑠𝑠 , T (minutes);
3. The time taken to reach the WHO (2005) 24 hour mean threshold of 25µg/m3.
2.1

Model

We use a widely used mass balance model (see O’Leary & Jones (2017), Ott et al. (2006)) as
the basis of our calculations.
𝐶(𝑡) = 𝐶𝑠𝑠 + (𝐶(0) − 𝐶𝑠𝑠 )𝑒 −(𝜆+𝑘)𝑡
(1)
(1−𝜂)𝐺

𝐶𝑠𝑠 = 𝐶𝑏 + (𝜆+𝑘)𝑉

(2)

Here, the concentration at time 𝑡, 𝐶(𝑡) is a function of the steady state concentration, 𝐶𝑠𝑠 , initial
concentration, 𝐶(0), ventilation rate, 𝜆, and deposition rate, 𝑘. 𝐶𝑠𝑠 is itself a function of the
background concentration, 𝐶𝑏 , source emission rate, G, capture efficiency, 𝜂, ventilation and
the deposition rates defined in Equation 2. Equation 1 can be used to find the time, T, to reach
a specific concentration, 𝐶(𝑇)
T=
2.2

1
(𝜆+𝑘)

𝐶(0)−𝐶𝑠𝑠

ln (

𝐶(T)−𝐶𝑠𝑠

)

(3)

Model Inputs

In this paper we assume that the only source of PM2.5 is from cooking events, and that any PM2.5
from previous events have been successfully removed. Therefore 𝐶𝑏 and 𝐶(0) are assumed
equal to zero. All other inputs are modelled probabilistically, sampled from an appropriate
distribution, and are assumed to be independent variables.
Emission rate, G
Reported PM2.5 emission rates from cooking are highly varied, and have been shown to vary
with fuel type, food type, cooking method and oil type (Torkmahalleh et al., 2017). They are
frequently based on a small number of measurements from which it is difficult to determine
uncertainty. Therefore, a single cooking source of toasting bread is modelled, as the authors are
particularly familiar with this source. Emission rates are uniformly sampled from an empirical
cumulative density function (CDF) with µ = 0.22 mg/min and σ = 0.065 mg/min, derived from
26 repetitions of toasting bread (O’Leary & Jones, 2017) in an outdoor chamber. However, the
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emission rates have been recalculated using a calibration factor of 0.64 obtained from
subsequent gravimetric sampling (see Jones et al. 2018).
Deposition rate, k
A deposition rate of 0.39 ± 0.16 h-1 from Ozkaynak et al. (1996) is used. This is based on 1780
personal monitoring measurements in non-smoking residences, and has been used previously
in PM2.5 modelling studies (see Hamilton et al. (2015), Das et al. (2014), Milner et al. (2014)).
Deposition rates are assumed to be normally distributed, however, a deposition rate of 0 h-1 is
assumed if the sampled value was negative.
Volume, V
The English housing stock comprises 22.3 million dwellings, of which a statistically
representative sample of 16,150 dwellings is documented by the 2009 EHS (DCLG, 2017).
Whilst not the most recent data, the 2009 dataset is selected to match the data set used to derive
the infiltration rate distributions (see below). Entries with no recorded kitchen dimension data
were ignored, with the remaining data set represents 99.75% of the housing stock. This data set
was used to create an empirical CDF, from which volumes are sampled.
Ventilation rate, λ
Three ventilation conditions are considered: (i) infiltration only, a worst case scenario, (ii) local
mechanical extract ventilation at 60 l/s, to meet ADF requirements, (iii) extract ventilation
through a cooker hood at 30 l/s to meet ADF requirements.
Two distributions of infiltration rates found in English houses have been generated by Jones et
al. (2015). The majority of English houses share a party wall with another house and because
their permeability is unknown, they were either considered to be impermeable or as permeable
as other walls. We have unified these distributions by sampling equally from both, thus
assuming that half of all conjoined houses have permeable party walls and half have
impermeable party walls.
For both mechanical ventilation scenarios, the ventilation rate is a function of the mechanical
ventilation rate, 𝑄𝑀 , the infiltration rate, 𝑄𝑁 , and the building’s air tightness. Jones and Lowe
(2014) show that the total ventilation rate, 𝑄𝑇 = 𝑄𝑀 in airtight houses, but in leaky houses 𝑄𝑇 =
𝑄
𝑄𝑁 + 𝑀. The ventilation rate can then be estimated in any house if
2

𝑄𝑇 = max {𝑄𝑁 +

𝑄𝑀
2

, 𝑄𝑀 }

(4)

For both scenario (i) and (ii), it is assumed the emitted PM2.5 mixes fully within the space and
𝜂 = 0. In scenario (iii), to model the additional benefit of extracting at source via a cooker hood,
the probabilistically selected emission rates are reduced by the capture efficiency, 𝜂, which has
a value between 0 and 1 where 1 is 100% efficient. Section 1 shows that CEs vary considerably,
and that there is no information in the literature about typical CEs for English devices.
Accordingly, this value is deterministically applied and four different CEs are modelled: 20%,
40%, 60% and 80%.
2.3

Sampling Method

The sampling method follows that described by Das et al. (2014) and Jones et al. (2015). There
are 4 direct input variables to find 𝐶𝑠𝑠 , which are assumed to be independent of each other. 100
sets of these variables are sampled at a time using a Latin Hypercube, and each set is applied to
predict 𝐶𝑠𝑠 (see Section 2.1). The total sample size increases incrementally according to the
number of sets. After each set of predictions is made, the overall mean (µ) and standard
deviation (σ) for the entire sample is calculated. When the change in µ and σ from one set of
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samples to the next is ≤0.01%, the stopping criterion is met, and the total number of samples
deemed adequate.
2.4

Sensitivity Analysis

A sensitivity analysis is used to test the dependence of steady state PM2.5 concentrations on the
model inputs. Here we follow the method of Jones et al. (2015) and a full description is found
in the reference. The method tests for linear (Kendall’s tau, Pearson’s product moment, linear
regression), monotonic (Spearman’s rank correlation coefficient, rank-transformed
standardized variables), and non-monotonic (Kolmogorov-Smirnov, Kruskal-Wallis)
relationships between inputs and outputs. All inputs are ranked according to the magnitude of
the regression coefficient. A fundamental requirement is that all tested inputs are independent
of each other, which is also an assumption of the model.
3

RESULTS

Figure 1 and Table 1 show the results for 𝐶𝑠𝑠 for the three scenarios. For the infiltration-only
scenario, we predict that 𝐶𝑠𝑠 exceeds the WHO threshold in all kitchens. The concentrations are
substantially reduced when a mechanical system is introduced, although a cooker hood with
𝑄𝑀 = 30 l/s and an efficiency of 𝜂 >60% is required to give equivalent concentrations as a
general kitchen extract fan with 𝑄𝑀 = 60 l/s. 𝐶𝑠𝑠 is predicted to exceed the WHO threshold in
95% kitchens if there is a general kitchen extract fan with 𝑄𝑀 = 60 l/s, and 30% kitchens for a
cooker hood with 𝑄𝑀 = 30 l/s and 𝜂 = 88%.
Table 1: Steady State PM2.5 Concentrations in English kitchens (µg/m3) for all scenarios
Infiltration only
166.4
437.8
737.8
1266.1
2468.1
907.2
616.4
718.4

2nd percentile
25th percentile
50th percentile
75th percentile
98th percentile
Arithmetic mean
Standard deviation
Geometric mean

a)

Whisker plot

η=20%*
QM=60 l/s
22.9
34.6
47.8
72.0
57.5
87.9
67.5
105.4
100.2
155.6
57.1
87.9
17.6
27.9
54.1
83.1
* 𝜂 is capture efficiency

η=40%

η=60%

η=80%

25.8
54.1
65.9
78.8
116.3
66.0
20.8
62.4

17.4
36.3
44.0
52.7
77.7
44.1
13.9
41.7

8.7
18.1
22.0
26.4
39.2
22.1
6.9
20.9

b) Cumulative frequency
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Figure 1: Steady-State Concentrations in English kitchens

Figures 2 and 3 show the time required to reach 95% of steady state and the time to reach the
WHO threshold of 25µg/m3, respectively. Increasing the ventilation rate simultaneously
reduces 𝐶𝑠𝑠 and the time required to reach 95% of 𝐶𝑠𝑠 , and increases the time required to reach
25µg/m3. Equation 3 and Figure 2 show that 𝜂 has no effect on the time taken to reach a fraction
of 𝐶𝑠𝑠 because it cancels in the quotient. However, Equation 3 and Figure 3 show that increasing
𝜂 also increases time taken to reach a specific concentration because it reduces the fraction of
all emitted particles allowed to mix in a kitchen space.

a)

Whisker plot

b) Cumulative frequency

Figure 2: Time (minutes) to reach 95% of 𝐶𝑠𝑠

a)

Whisker plot

b) Cumulative frequency

Figure 3: Time (minutes) to reach 25 µg/m3

1105 | P a g e

3.1

Sensitivity Analysis

The sensitivity analysis described in Section 2.4 is used to determine the relative importance
of the input variables on the 𝐶𝑠𝑠 predictions. All inputs are obtained simultaneously by the
Latin Hypercube sampling method and so any interactions between them are accounted for.
The ranks of each model input are given in Table 2, where 1 indicates the most important
because it is the analysis with the highest observed correlation or regression coefficient.
Emission rate is ranked the most influential by all tests, with the deposition rate the least
important. This further emphasises the need to investigate PM2.5 emission rates from cooking.
All relationships between these inputs and outputs were statistically significant, where 𝑝 ≪
0.05.
Input
Emission Rate
Infiltration Rate
Deposition Rate
Kitchen Volume

4

Table 2: Sensitivity of Css to model inputs. 1 is the highest rank.
Kendall τ
Pearson
Spearman
Linear regression
rank
rank
Rank
rank
1
1
1
1
3
3
3
3
4
4
4
4
2
2
2
2

KolmogorovSmirnov rank
1
3
4
2

DISCUSSION

The predictions given in Section 3 indicate inconsistencies in our knowledge of cooking
emission rate, cooking events, and in the ADF ventilation requirements for extractor fans
(airflow rate of 60l/s) and cooker hoods (airflow rate of 30l/s) in English kitchens. ADF does
not specify a minimum cooker hood capture efficiency that will give equivalent performance
to the extractor fan due to its close proximity to the emission source. However, equivalent
performance is only predicted for capture efficiencies of 60% and above. Rim et al. (2012)
measured ultrafine particle capture efficiencies ranging from around 30% to over 90%.
However, the higher capture efficiencies were measured at flow rates over 180l/s, which are
much higher than the 30 l/s required by ADF. Lunden et al. (2015) measured a similar range of
CEs, but the lowest flow rate measured was 51 l/s. Without investigation, it is impossible to
know whether existing hoods in English dwellings meet ADF requirements, or what CEs are
achieved.
Figure 1 shows that a mechanical system reduces steady state concentrations. For the predicted
improvements to be achieved, all dwellings require a mechanical extract ventilation system in
the kitchen to be installed. According to the 2009 EHS data, only 47% of kitchens are fitted
with any form of extractor fan (DCLG, 2017). These could include venting and recirculating
cooker hoods, and local continuous or intermittent extractor fans, as the survey does not specify.
Therefore, it would be helpful if the next EHS recorded the fan type. There is no means to
ensure the remaining 53% kitchens are fitted with an appropriate system, as ADF only requires
the maintenance of existing systems. This should be considered in the next revision of ADF.
Logue et al. (2014) used simulation to investigate the effects of installing cooker hoods in
Southern Californian houses, and found that their implementation with capture efficiency 55%
reduced the percentage of homes exceeding standards for NO2, CO and HCHO. Although PM2.5
was not modelled, their conclusions suggest that a cooker hood would also reduce PM2.5
concentrations.
In the best case scenario considered, where air is extracted through a cooker hood at 30 l/s with
a capture efficiency of 80%, 𝐶𝑠𝑠 exceeds the WHO threshold in 30% of kitchens. However, a
limitation of this investigation is the use of steady state concentrations, as these are unlikely to
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be reached, due to the relatively short cooking emission durations. Adams and White (2015)
suggest a minimum cooking period of 30 minutes to cook a main meal. With no purpose
provided ventilation, a 30 minute source emission would not cause concentrations to approach
steady state in any houses, although concentrations would exceed 25 µg/m3 in almost all
kitchens; see Figure 3b. With a 60 l/s or 30 l/s extract ventilation rate, concentrations would
near steady state in 84% or 34% houses, respectively; see Figure 2b.
The length of the cooking event is an unknown and is not an input to the model, but it is clearly
an important parameter that is needed to put the predictions into perspective. For example, 78%
kitchens exceed the WHO threshold if the cooking event is 5 minutes long and there is no
purpose provided ventilation (infiltration only scenario). This reduces to 64% of kitchens when
a 60 l/s extractor fan is used. However, only 0.6% of kitchens exceed the WHO threshold if a
cooker hood is used that extracts air at 30 l/s and has 𝜂 = 80%. A 5 minute event is
approximately the time it takes to make a quick snack, such as toast or an omelette.
We used a source emission rate for toast of 0.22 ± 0.065 mg/min. This is relatively low when
compared to other cooking emission rates found in literature. Dacunto et al. (2013) found
emission rates ranging from 0.1 mg/min for frozen pizza to 15.2 mg/min for fried chicken
breast. As the steady state concentration is most sensitive to emission rates, the predicted 𝐶𝑠𝑠 is
not representative of all cooking sources. An improved model could be developed by including
emission rates from a wider range of sources. This would require an understanding of the types
of food cooked and methods used, and their corresponding emission rates.
Our model assumes that kitchen volume and infiltration rate can be considered independent
variables, which may not be true. This could be improved by modifying the infiltration rate by
dwelling type. Here, the EHS gives the dwelling type which could be paired with a distribution
of infiltration rates specific to the dwelling type, such as those generated by Jones et al. (2015).
This simulation only considered the intermittent ventilation requirements from ADF. There is
an alternative requirement of 13 l/s continuous extract ventilation; however, a more complex,
time-resolved model would be necessary to compare the intermittent and continuous ventilation
requirements.
There is work to do before suitable ventilation rates and capture efficiencies can be chosen for
English kitchens that minimize occupant exposure to PM2.5 emitted by the cooking of food.
Work is also required to estimate the increase in housing stock energy demand required to
power mechanical ventilation devices and the associate increase in carbon emissions. However,
this work highlights key issues that must be overcome in the short and medium terms, and
shows that provisional ventilation rates should be available in the near future.
5

CONCLUSIONS

This paper uses a Monte Carlo simulation to predict steady-state PM2.5 concentrations in
English kitchens. For a worst case scenario, where infiltration is the only form of ventilation,
𝐶𝑠𝑠 is predicted to exceed the WHO 24-hour guideline in all kitchens. The predicted 𝐶𝑠𝑠
decreases for all the mechanical ventilation conditions considered. Approved Document F
requires either 60l/s general kitchen extract ventilation, or 30l/s if through a cooker hood.
Predicted 𝐶𝑠𝑠 distributions suggest a cooker hood capture efficiency of at least 60% is required
to match the conditions from extracting at 60l/s elsewhere. Additionally, 𝐶𝑠𝑠 exceeds the WHO
threshold in 95% houses when mixed air is extracted at 60l/s. When a cooker hood with flow
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rate 30l/s and 80% capture efficiency is modelled, we predict 𝐶𝑠𝑠 will exceed the WHO
threshold in 30% kitchens.
Increasing the ventilation rate simultaneously reduces the steady-state concentrations and time
to reach 95% of steady-state, and increases the time to reach the WHO daily mean guideline.
Increasing the capture efficiency does not affect the time taken to reach a fraction of the steadystate concentration, however, it does increase the time taken to reach a specific concentration
because it reduces the fraction of emitted particles allowed to mix in the kitchen air.
Toasting bread was the only modelled cooking source, due to limitations in available emissions
rate data. However, emission rates from this source are lower than many of those reported from
other cooking sources. This will be broadened to include other cooking methods and foods in
the near future, especially as the sensitivity analysis shows that the steady state concentration
is most sensitive to the emission rates.
Overall, the results suggest the kitchen ventilation requirements need revising to include cooker
hood capture efficiencies. However, the energy penalty of changes has not yet been assessed,
and so should be considered in future work.
6
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Overview of what the EU is doing in relation to BIM
Philippe Moseley1
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SUMMARY
The European Commission’s Executive Agency for Small and Medium-sized Enterprises (EASME) manages
parts of the Horizon 2020 framework programme for research, innovation and market uptake (2014-2020),
including for energy efficiency in the buildings sector. The Agency supports projects under this programme and
ensures that their results are fed to policymaking teams within the European Commission.
The presentation will provide an overview of EU support for the development of BIM in the context of energy
efficient buildings. The EU’s Horizon 2020 programme supports research, innovation and market uptake of energy
efficiency solutions in the buildings sector. In recent years this EU grant funding has been directed at two aspects
of BIM for energy efficient buildings: one the one hand the development and demonstration of new technologies
and processes, and on the other the enhancement of energy efficiency skills among the building workforce. Current
projects working in these two areas will be presented.

KEYWORDS
BIM; energy efficiency; skills; Horizon 2020

Figure 1: BIM projects supported by EASME under Horizon 2020
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ABSTRACT
Use of Demand Controlled ventilation (DCV) can potentially save more than 50% of energy
use for ventilation purposes compared to constant air volume (CAV) ventilation. Correct and
updated calculation of preset minimum (Vmin) and maximum (Vmax) airflow rates are important
to maximize energy saving and to ensure good indoor quality. Furthermore, earlier studies have
shown that controlling units' ability to actually handle V min is lacking and causes instability in
the DCV systems
State of the art study of leading Norwegian consulting firms documented that use of advanced
Spreadsheet-sheets is the common approach for calculation ventilation rates, where the main
focus is on Vmax. This even if use of BIM (Building Information Modeling) is common in this
kind of firms.
Based on this knowledge, we have developed a BIM-integrated Design tool for calculation of
ventilation rates. This tool defines a method for using specific data for each space within the
model as basis for the calculations. By running different scripts, recommended ventilation
rates are easily calculated. The tool can save hours of work and ensure correct values in line
with changes done during the design phase. The tool has a built-in check of the VAV-dampers
ability to control air flow rates from Vmix to Vmax. This will increase the focus on Vmin, and
implemented recommendations are new research-based values. The tool also includes first
recommendations on ventilation rates based on CO2 calculations. These calculations will be
further developed.

KEYWORDS
BIM, tool, ventilation rates, demand controlled ventilation
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1

INTRODUCTION

Demand Controlled ventilation (DCV) has emerged as a dominant ventilation strategy for nonresidential building in Norway. DCV has been shown to potentially save more than 50% of
energy use for ventilation purposes compared to constant air volume (CAV) ventilation, in the
numerous buildings having rooms that are unoccupied for significant part of the operation hours
(Mysen, Berntsen, Nafstad, & Schild, 2005) where ventilation rates for unoccupied rooms can
be significantly reduced (Halvardsson, 2012).
To achieve the potential energy saving without compromising indoor air quality, correct
specification of minimum (Vmin) and maximum (Vmax) airflow rates are important. Furthermore,
components in the DCV system that are actually able to regulate between minimum and
maximum airflow rates without causing instability must be installed.
Norway is a vanguard nation in terms of BIM, taking international leadership in building
SMART, and introducing BIM to the Norwegian building sector as early as 2006-2008. Large
property owners like Statsbygg have demanded use of BIM modelling since 2010 and the
largest consultant firms base their work on use of BIM coordinators (Bråthen, Flyen, Moland,
Moum, & Skinnarland, 2016). Nevertheless, calculation of ventilation rates seems to be rather
manual and outside the BIM world.
BEST VENT is a Norwegian research project for developing BEST demand-controlled
VENTilation strategies to maximize air quality in occupied spaces and minimize energy use
in empty spaces. The object of the tool development is design of optimal maximum and
minimum ventilation rates as well as DCV dampers, integrated with the BIM tool
2
2.1

STATE OF THE ART
Existing tools in use – focus group discussions

The focus group interview method is well-suited for exploring attitudes and arguments
(Morgan, 1997). Selected persons from front running companies were gathered; three
consultant firms, one building owner and one contracting firm (real estate developer); to
discuss existing practice on calculation tools for ventilation rates, barriers against
digitalization and needs for tool development. The participants then addressed the same
questions in inhouse expert workshops. For the second round of focus group interviews,
discussions were based on collected tools and practice.
The results showed that the existing practice is mostly based on advanced spreadsheets.
The sheets reflected minimum requirements for design conditions given in the Norwegian
building codes based on internationally agreed recommendations. Some versions include
ventilation rates for cooling demands. Calculations were based on floor area, use of materials,
design person load and polluting processes in each room. Input data were manually collected
from architect drawings and space programming information at an early stage of the project.
Only one of the companies had started testing calculation of ventilation rates based on the
Revit model by introducing Dynamo scripts.
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The manually practice was reported as time consuming with high risks of later changes in the
space program not being reflected in the ventilation rates.
The tools were designed for calculation of maximum rates, there were no focus on minimum
rates and suitable dimensions of DCV dampers enabling good regulations. However, the tools
normally included calculation of ventilation rates for cooling.
2.2

Identified barriers

Identified barriers for not using BIM integrated tools are:
- No official tool/method is established on the marked
- The advanced use of BIM tools is often done by dedicated users or young and newly
educated candidates. Senior staff are often used to 3D modelling but often they have
only limited familiarity with all features of newer design tools.
- Programming skills are lacking or limited, and even use of existing scripts can seem
difficult.
- Fear of doing something wrong. If the users don't fully understand the procedure, they
might refuse to use it.
2.3

Identified gaps and desired changes

Identified desired changes are summed up in the table below. Through the discussions, we
experienced that saving time is a benefit of great value for the designers. Digitalisation saves
time from time consuming and maybe boring and repeating operations. More time is then left
for the skilled evaluation and decision process, often referred to as more fun. Being able to
present in-line values seems to be added value and feeling of professional pride. Calculation
of ventilation rates based on the model, enables easy updating to correct values after redesign
at a later stage.
The practice of calculating minimum ventilation rates, is by this study of tools identified as
lacking or missing. Increase focus on minimum ventilation rates is needed as well as control
of chosen dampers. will regulate according to demand. for a well-functioning and stabile
ventilation system.
Table 1: Identified gaps and desired changes

Today's situation
Use of separate calculation tools
Based on drawing details early design
phase
Time consuming ‐ hours
Transfer on information manually

Desired change
Calculations within the BIM model
Based on in-line model spaces

Quick – within seconds
No manual transfer of data. Based on data
within the BIM model (spaces)
High risk of errors in transfer Low error risk
Information divided in several tools All information in one tool – from 3D to 4D
Calculating maximum values Calculating max and min values
Minimum values lacking or missing
No control of suitable choice of damper Control of suitable damper dimension
dimension
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Poor regulation and design caused by
wrong damper dimension
3

METHODS

3.1

Modelling of output criteria

Based on the state of the art results, following requirement specification was developed for
the output:
- The tool should present output in a format recognisable and logic compared to existing
tools.
- Both Vmax and Vmin values are calculated.
- Standard calculations and BEST VENT alternative calculations are presented
- User interface should enable user to select values based on calculated values
- Selected values are returned to the BIM model.
- The tool will not include ventilation rates for cooling.
- Control of damper suitability. Control list suitable for building owners. This list return
max and min values for each room, as well as a documented control of suitable
damper size. This to ensure proper regulation of chosen dampers according to demand
for a well-functioning and stabile ventilation system.
3.2

Modelling of input criteria
-

3.3

The calculations are based on updated input values for each space from the BIM
model
The maximum rates are based on standard calculations for occupied rooms,
summarizing ventilation rates needed for material emissions, number of people
present and activity, and if applicable – process related ventilation.
The minimum rates are based on standard calculations for empty rooms, which refer to
emission rates for materials.
For further development, the aim is to look further into calculations based on CO2
production, and variety in gender and age.
Damper control is based on chosen damper dimension and air rate. Then duct velocity
is calculated to ensure valid values within the dampers operating range.
The development of the tool is connected to the research project BEST VENT. As
results from the research experiments are ready, the calculations will be updated
accordingly. Calculating of ventilation rates connected to material emissions and
ventilation rates based on CO2 emissions are in focus.

BIM integration

The tool should be based on Revit, which is the most used modelling tool in Norway. To
perform the calculations, the integrated support tool Dynamo should be used to develop
different scripts needed. Calculated values should be returned to the Space and visible at the
BIM drawings.
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3.4

Calculation methodology – Scripts

When the best practice spreadsheet tools is integrated in BIM, standard spreadsheet
calculations are no longer available. Calculations are performed by use of Scripts in the
Dynamo tool available for Revit. The developed tool is based on use of Schedules
("Spreadsheet in Revit") and Scripts:
- Collecting space values, like floor area, number of people etc
- Insert standard values for ventilation rates per floor area and persons
- Calculation of ventilation rates
- Returning values to the BIM model.
- Calculation of damper dimension and control
- Establish control scheme for damper suitability
Additionally, prepared for advanced BEST VENT calculations:
- Categories parameters, for calculations of ventilation rates based on CO2
3.5

Real-case testing

Pre-testing was performed in the development period. Collaborating partners, from the initial
used frontrunning companies, were presented to the tool by scripts and demonstrating videos.
Smaller on-going building projects are then chosen for testing by real users. Noted reactions
after first ½ year testing is reported.
4

RESULTS

4.1

Best practice Spreadsheet tool

The figure 4.1 below shows the spreadsheet developed based on today's best practice and
identified needs. There are two set of calculations, the standard calculation, based on
international recommendations and Building Codes (grey), and the alternative BEST VENT
calculation (blue). The latter include lower ventilation rates for material emissions, based on
research results. It is also including a preliminary calculation of ventilation rates based on
CO2 productions from occupants. The designer can compare and choose the minimum and
maximum value for both supply air and exhaust air, included transferred air (yellow).
Figure 4.1. Spreadsheet sheet developed based on best practice and developed BEST VENT 0,9 alternative
calculation.
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Included in Revit, the result is presented in figure 4.2 as the different Scripts have been run
through Dynamo. Chosen maximum values will be returned to the BIM model and visible at
drawings.
Fiugure 4.2 a) Calculations using Scripts and b) returning values to drawings

Developed scheme for control of proper damper function is presented in figure 4.3. blue
columns represent supply air and red columns exhaust air. Recommended dimension is
calculated based on duct air speed, and control of damper based on damper properties for
measurements and regulation.
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Figure 4.3. Example of scheme for control of proper damper function.

4.2

Online availability, user manual and support

The tool is available online (Thunshelle, 2018), both for dedicated collaborating partners and
other interested users. Support like user manual, process description, demonstrating video,
and Frequent Asked Questions are developed. The different Scripts are available both for
Revit 2017 and Revit 2018 versions.
Figure 4.4. Online available tool and support

The tool is presented to building owners and tested by selected designers. The tool is also
getting attention from the open audience. Preliminary tests fulfil the identified needs and
expectations.
5
5.1

DISCUSSION
Increased focus on minimum ventilation rates

The practice of calculating minimum ventilation rates, is by this study of tools identified as
lacking or missing. Use of not suitable components, poor design and regulating is earlier
identified as problems in DCV-systems (Mysen, Schild et al 2014). One important purpose of
the tool is then increased focus on minimum ventilation rates and ensure use of suitable
dampers.
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The choice of Vmin has an obvious impact on energy use. So far, there are no scientifically
based guidelines for Vmin. For unoccupied rooms, this minimum demand in Norway varies
typically between 0,7m/s to more than 2,0 m/s. New studies have shown that with low-emitting
materials, Vmin above 1 (l/s)/m2 have no impact on PAQ (Mysen & Holøs, 2018), and that this
level can be used as design criteria. Furthermore, main focus on Vmax as design criteria results
in ventilation systems suffering from instability due to poor regulation ability on Vmin (Mysen
and Holøs 2018). An increased focus on Vmin in the design phase will improve choice of
dimensions, quality in regulation purpose and energy savings.
5.2

Calculation of ventilation rates based on CO2?

Ventilation rates based on numbers of people present can be discussed. Common practice is
Demand Controlled Ventilation based on CO2 emissions, temperature or a combination of
these. This raise the question whether CO2 is a reliable indicator for ventilation rates, and if the
current rate of 7l/s per person is correct. New studies indicate that the CO2 production varies
between gender and age (ref paper CO2 calculations), and that differencing rates should be
considered especially for school buildings (Holand & Yang, 2018). The tool is well suited to
include these calculations. The tool makes this difference between standard rates and
recommended rate based on CO2 production visible by examples for increased consciousness
on the matter. At the moment the tool only includes simple examples on this matter. More
advanced calculations based on updated field experiment results are planned for next release.
5.3

Integrated tool

The calculations are based on updated values for each space from the BIM model. This will
avoid typical problems like calculations based on too old versions of the architect drawings.
The tool allows a more dynamic calculations than todays practice with calculations at an early
stage, only recalculating major changes. An integrated tool will eliminate errors, give correct
ventilation rates, better regulation and better indoor climate. Designers regard the tool as very
useful and understandable, even if it demands use of scripts. Digitalisation of the calculation
process have a huge impact on use of time resources and quality. Updated, correct results can
be performed within seconds.
5.4

Documented function control.

A critical component in a DCV system is correct dimensioned DCV damper. For correct and
stabile damper positioning, proper measurement of air duct velocity is needed. Too large
dimension result in not detectable air velocities, fully open damper positions and instabilities
in the ventilation system. On the other hand, a too small dimension results in unnecessary
energy loss. An increased focus of correct choice of dimension of each DCV damper is
necessary, both regarding Vmin and Vmax. The tool therefore also includes a DCV damper
control. This can be used both as a control tool for the designer, and as documented function
control to the building owner. With the colour system, the problems spots can be identified at
a glance, even in comprehensive systems. The tool allows the user to adjust critical air duct
velocity to chosen product.
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The increased focus on Vmin and documented function control is welcomed especially by
building owners. This function control document can be a part of a quality assurance system.

6

RECOMMENDATIONS

The tool represents a large step towards digitalisation of design of ventilation rates aligned with
BIM design process. It ensures improved quality in regulation and energy use for the ventilation
systems, as well as eliminating time consuming processes. The BEST VENT alternative of the
tool is under development, awaiting new results from field experiments. This alternative will
be further developed within the next year.
7
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ABSTRACT
In the design of a commercial kitchen ventilation system, it is very important to maintain the capture
efficiency of exhaust hoods and ensure smooth removal of heat, moisture, and odor. The capture efficiency is
affected by the kitchen ventilation system and the cooking appliance usage condition. To identify an appropriate
ventilation system design method for commercial kitchens in Japan, surveys were conducted as follows.
The first survey was conducted on kitchen hoods, cooking appliances, and air supply openings in 35 midsized commercial electrical kitchens in Japan. In this survey, design drawings were collected, and field inspections
were conducted. It is important to know the usage conditions and load factors of cooking appliances, which
influence the capture efficiency. Therefore, the second survey was conducted to determine how cooking appliances
were used. The load factors were studied based on the electricity consumption data of various cooking appliances
used in ten mid-sized commercial kitchens in Japan.
The design load factors are utilized to determine the conditions of the standard test method for the capture
efficiency of exhaust hood and are the basic data for calculate cooling loads in kitchens. The proposed design
method using the load factor can be referred to as smart kitchen ventilation.
This study also demonstrates the application of Building Information Modeling (hereafter BIM) technology
in commercial kitchens. Information on the cooking appliance and exhaust hood included in the BIM can be used
to calculate the ventilation rate. This method can improve the design efficiency and reduce human error. The
ventilation designer can compare the ventilation rate of several design methods, such as the conventional and
proposed methods. In this study, an example procedure for ventilation rate calculation with BIM is demonstrated.
Further, the scope for futures studies are discussed.

KEYWORDS
Electrical Commercial Kitchen, Actual Survey, Electricity Consumption, Design Load Factor, BIM

1

INTRODUCTION

In commercial kitchens, a large amount of heat, water vapor, and oil mist are generated
because of the cooking operation. The energy consumed in ventilation/air conditioning to
remove them is very large [Kondo, Y. et al. 2001]. It is very important to improve the capture
efficiency of the exhaust hoods to maintain a healthy work environment for the kitchen staff.
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In Japan, the ventilation standard [MLIT, 2015] of commercial kitchens has been based on
the average velocity of the exhaust hood. While the standard is very simple, it may cause the
overestimation of the ventilation rate. However, the circumstances of commercial kitchens have
changed, such as diversification of cooking equipment and ventilation/air-conditioning
systems. For these reasons, it is desirable to establish a standard test method for hood capture
efficiency that reflects the actual condition of commercial kitchens. Ventilation/air conditioning
systems should be designed based on these data.
In this research, a ground situation survey was conducted to obtain basic data for
appropriate conditions to be used in the standard test method of hood capture efficiency
[JTCCM, 2015]. The hood capture efficiencies determined using the standard test method can
be used to realize healthy and comfortable work conditions with moderate ventilation rate. It is
a smart ventilation method that considers the actual condition of the cooking operation and the
HVAC system. In addition, the ventilation rate calculation tool using BIM can improve the
design efficiency and reduce human error.
2

SURVEY METHOD

2.1

Ventilation system

Survey items regarding kitchen specifications are shown in Table 1. A mid-sized kitchen
of the company cafeteria was surveyed, in which 200 to 800 meals are served during one
mealtime. When sufficient design data could not be obtained, pictures of the air supply opening
and the air conditioner were collected to understand the situation inside the kitchen. Figure 1
shows the location of 35 commercial electric kitchens in Japan.
Table 1: Survey item of ventilation system
(Survey period 2012.11–2013.2)
Floor space
Ceiling height
Size
Type
Overhang
Heating equipment
Type
Installation position
Number/Air volume
Type
Outside air
Installation position

Cooking area
Ceiling height
Width, depth, height
Island, wall-mounted
Width, depth

Number/Air volume

Number of air inlets, air volume

Ceiling

Hood

Kitchen
size

Exhaust

Item

Sub Item

Air
supply

2.2

Contents

2

15
1
4

Cooking appliance type and arrangement

VHS, BL, etc.
Plan/elevation position
Number of outlets, air volume
PK, VHS, ceiling PAC, etc.
Air conditioning
Plan/elevation position

2
6

1

4

Figure 1: Survey location

Load factor of cooking appliances

The load factor of various cooking appliances was surveyed in ten mid-sized commercial
electric kitchens. Table 2 shows the outline of the surveyed kitchens. The measurement in
winter was conducted for two weeks, while the power consumption data of the watthour meter
installed in the appliances for ten days was examined. The electric power was measured at
intervals of one second, and the average value for one minute was recorded.
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Table 2: Outlines of ten kitchens for the load factor study (Survey period 2012.11–2013.2)
Kitchen

A

B

C

D

E

F

G

H

I

J

Aichi

Aichi

Aichi

Aichi

Osaka

Okinawa

73

72

135

96

88

94

2.4
200
190
8:00–
14:00
2012
11/10
11/26
10

2.4
200
100
8:00–
15:00
2013
1/9
1/24
11

2.4
200
180
8:00–
14:30
2012
11/28
12/10
10

2.3
400
310
6:30–
14:30
2012
12/13
12/27
10

2.5
200
130
6:00–
15:00
2012
11/5
11/16
10

2.6
150
150
6:30–
15:30
2012
12/13
12/27
10

5.0 kW(1)
12.3 kW(1)
16.2 kW(1)
26.0 kW(2)

8.0 kW(1)
5.3 kW(1)
21.0 kW(1)
13.0 kW(3)
5.5 kW(1)
12.0 kW(1)
18.5 kW(1)
3.6 kW(1)
11.9 kW(1)

12.0 kW(3)
23.2 kW(4)
15.3 kW(1)
15.0 kW(1)
10.0 kW(2)
12.0 kW(1)
18.5 kW(1)

11.3 kW(1)
14.6 kW(2)
30.0 kW(2)
23.6 kW(3)
4.0 kW(1)
20.0 kW(2)
5.9 kW(1)

11.3 kW(3)
12.8 kW(2)
30.0 kW(2)
20.0 kW(6)
10.0 kW(2)

Prefecture Hokkaido Kanagawa Toyama Shizuoka
Floor space
129
163
113
72
[㎡]
2.4
2.3
3.6
2.6
Ceiling height [m]
Design
600
800
250
200
Number of meals
Operation
500
200
100
100
Operating time

Cooking appliances (Total rated power [ Number])

Year
Measurement Start
End
Number of operations
Noodle boiler
F l y e r
Rice cooker
IH cooktop
Low range
Tilting pan
Steam convection
Warmer table
Dish washer
Chinese range
Soup kettle
Griddle

7:30–
16:00
2012
12/11
12/25
10

6:30–
17:00
2012
12/5
12/18
10

42.0 kW(3)
15.0 kW(1)
32.4 kW(2)
16.0 kW(1)
10.2 kW(1)
13.0 kW(1)
9.5 kW(1)
4.5 kW(1)
10.5 kW(1)
6.0 kW(1)
15.0 kW(1)

6:00–
14:30
2012
11/19
12/7
14

6:30–
14:30
2010
12/6
12/28
15

18.0 kW(2) 23.1 kW(2) 6.1 kW(1)
12.0 kW(2) 7.0 kW(1) 6.0 kW(1)
15.3 kW(1)
30.0 kW(6) 26.6 kW(1) 8.0 kW(2)
10.0 kW(1)
18.0 kW(2) 9.0 kW(1)
29.0 kW(2) 10.3 kW(1) 10.1 kW(1)
4.5 kW(1)
14.4 kW(1) 8.0 kW(1)

9.0 kW(1)
18.5 kW(1)
9.0 kW(1)
3.1 kW(1)

9.3 kW(1)
6.0 kW(1)
10.0 kW(1)
5.0 kW(1)

9.3 kW(1)

5.6 kW(1) 22.8 kW(1) 6.7 kW(1)
10.0 kW(1)

12.0 kW(2)
11.7 kW(1)

10.0 kW(1)

※The measurements were conducted during lunch time on weekdays.

3

SURVEY RESULTS OF THE VENTILATION SYSTEM

3.1

Kitchen Size

Pretreatment

10

6

Special conditions
ｄo not count

4
2
0
2.2ｍ未
満

2.3

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3.0

3.0m以

2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1≧
上

Ceiling height [m]

Figure 2: Ceiling height of the kitchens
3.2

Cooking

Washing

Other

200
average 104.2m2

150
100
50

0

01
03
05
07
09
11
13
15
17
19
21
23
25
27
29
31
33
35

average 2.45m

8

Floor area[m2]

Number of kitchens

The ceiling heights of the 35 kitchens are shown in Figure 2. These varied from 2.4 m to
2.5 m. The average height, without considering the uncommon height of over 3.1 m was 2.45
m. Figure 3 shows areas of preparation, cooking, pantry, washing, and others in the kitchen.
The cooking area covers 56% of the entire kitchen. The preparation area and the washing area
covers approximately 20% each. The floor area of the entire kitchen ranges from 50 m2 to 200
m2, with an average value of 104.2 m2.

Kitchen number

Figure 3: Kitchen work area

Overhang of Exhaust Hood

The overhang size of exhaust hoods was calculated as shown in Figure 4 (a). The average
size of the overhang, excluding irregular, cases is shown in Figure 4 (b). The mean size of the
overhang for each cooking appliance ranges from 120 to 180 mm. However, in the survey
carried out by ASHRAE [ASHRAE, 2011] for U.S. kitchens, the overhang size was 230 to 460
mm, which is much larger than the results in Japan.
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Cooking
appliance

W/2

Wall
Cooking
appliance

W/2

Cooking
appliance

D/2

D

D

[27%]

[53%]

[19%]

W

Cooking appliances

Average depth ：163mm
Average width ：142mm

Exhaust hood

Other
Flyer
Steam convection
Tilting pan
IH cooktop
Rice cooker
Noodle boiler

Depth
Width
0

50

100
Overhang [㎜]

150

200

[%] is the type ratio

(a) Definitions of overhang size
(b) Results of overhang size for appliances
Figure 4: Survey of Overhang of Exhaust Hoods
3.3

Exhaust Air Volume

Information on the exhaust air volume for the exhaust hood was obtained for 21 kitchens.
Figure 5 shows the average velocity of exhaust hoods for each cooking appliance. The mean
value of the average velocity of exhaust hood was 0.25 m/s. In many cases, the average velocity
was within a range of 0.2 m/s to 0.3 m/s. Figure 6 shows the air change rate of 31 kitchens. The
air change per hour was within the range of 30 to 40 ACH for 26% of the kitchens. The average
air volume of the ceiling exhaust was 16.3% of the total exhaust air volume.
[m/sec]
0.1m/s未満
0.4 - 0.5

60%

0.1～0.19m/s

40%

0.3 - 0.4

0.2～0.29m/s

20%

0.2 - 0.3

0%

0.1 - 0.2

0.3～0.39m/s

0.4～0.49m/s

0.0 - 0.1

0.5m/s以上

10

Number of kitchens

80%

100%

Other
Washing

8
6
4
2

0
20 2030 30 40 40 50 50 60 60 70 70 8080 90 90100
[Air change/ hour]

Figure 5: Average Velocity of Exhaust Hood
3.4

Figure 6: Air Change Rate of Kitchens

Type of Supply Opening and Supplied Air Temperature

Figure 7 shows the type of supply openings. The universal type opening (hereafter VHS)
was applied to 52% of the kitchens, while punker louver type (hereafter PK) was applied to
45% of kitchens. Packaged air conditioning mounted on the ceiling and PK are likely to cause
air disturbance for the exhaust hood. They were installed in 22 kitchens, which is 63% of the
whole. In 20 kitchens, which is approximately 60% of the whole, outside air was supplied
without temperature control. This worsens the thermal condition.
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Types of air supply

Temperature controlled fresh air
Outdoor air without temperature control
Circulation of kitchen air
Unknown

9%

Other
Supply and exhaust hood
Nozzle
Breeze line（BL）
Punker louver（PK）
VHS
Ceiling hanging PAC

18%
12%
15%

45%

"%" shown in the figure
corresponds to 33 target kitchen
61% ratios

21%
0

5

10

15

20

Number of kitchens installed

Figure 7: Type of Supply Openings
4

SURVEY RESULTS OF LOAD FACTOR

4.1

Averaging Time for Load Factor

Load factor [％]

The load factors with three averaging times, i.e., 1-min, 5-min, and 10-min are shown in
Figure 8. The 1-min averaged load factor fluctuates greatly, making it difficult to determine the
trend. Characteristics of the load factor can be determined when averaging is performed in 5 or
10 minutes. However, as indicated by the dashed circle in Figure 8, when averaging in 5-min,
the tendency slightly changes to show two peaks, while only one peak is observed when
averaging in 10-min. The load factor should be averaged over a relatively short period of time.
Therefore, 5-min is adopted as the averaging time for load factor in this paper.
1分間平均値
100
5分間平均値
10分間平均値
75
Steam
50
Convection-1
Tilting pan
25
0
8:00 9:00 10:00 11:00 12:00 7:00 8:00 9:00 10:00 11:00 12:00
7:00 8:00 9:00 10:00 11:00 12:00 7:00Flyer-1
系列2

系列2

系列4

系列4

系列5

系列5

(a) 1- min average
(b) 5-min average
(c) 10-min average
Figure 8: Load factors with three averaging times (Kitchen-B, 12/5)
4.2

Deletion of Unnecessary Data

The design load factor should cover the period when the required ventilation volume and
air conditioning load are the maximum. The flyer and the warmer table consume most of the
electricity at the beginning of the operation to heat oil and water to the target temperature.
Although the load factor is high, the influence on thermal environment in the kitchen is low.
Therefore, the time zone of the black portion shown in Figure 9 was deleted.
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(a) Flyer (Kitchen-B)
(b) Steam convection oven (Kitchen-B) (c) Warmer table (Kitchen-A)
Figure 9: Load factor of cooking appliances (vertical axis: load factor, horizontal axis: time)
4.3

Peak Period of Operating Appliances

Number of cooking
appliances

Figure 10 shows the result of the peak period during which the load factor of each cooking
appliance in 10 kitchens reaches its peak value. There are variations in the peak period of fryers,
electrical induction cookers, steam convection oven, and low ranges because the food items
differ depending on the daily menu. However, the peak period was between 8 and 11 am, when
the cooks prepared to serve lunch. The peak period of the rice cooker was between 9 and 11
am, that of the warmer table was between 11 am and 12 noon, while the dishwasher’s was at
12 noon.
8
6

4
2

0
7

8

9

10

11

12

13

14

Times of Day

Noodle boiler
Flyer
Rice cookeｒ
IH cooktop
Low range
Tilting pan
Steam convection
Warmer table
Dish washer

Figure 10: Time variation of number of operating appliances
4.4

Calculation Procedure of Design Load Factor

The proposed design load factor calculation procedure is shown below.
(1) The one-hour average load factor for each cooking appliance was calculated and the peak
period of one hour was determined. However, the time zone at the beginning of the operation
is excluded for flyers and warmer tables.
(2) The five-minute average load factor was calculated during the peak period.
(3) The percentile value for all the 5-min average load factor data was calculated. The design
load factor can be selected from the 90th percentile value, the 95th percentile value, or the 100th
percentile value.
The above procedure describes the design load factor of the cooking appliance alone.
However, the design load factor for exhaust hood and the entire kitchen can be similarly
calculated. In addition, the design load factor was assumed to be used for the calculation of heat
load. Therefore, the hourly design load factor is appropriate for presenting in this paper.
4.5

Design Load Factor

In this section, an example of the calculated results of design load factor is shown by
using the data obtained from 10 kitchens.
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4.5.1 Design Load Factor for Appliances

100

Cumulative frequency[%]

Cumulative frequency[%]

The cumulative frequency of the five-minute average load factor of the cooking
appliances is shown in Figure 11, while the cumulative value of the five-minute average load
factor for each appliance and the design load factor for each cumulative value are shown in
Table 3.
The cumulative frequency of the load factor of the flyer shown in Figure 11 (a) varies for
each device. As shown in Table 3, the 90th percentile value of each device was 41% to 91%,
while the design load factor of the 90th percentile value was calculated to be 66%.
In the case of the electrical induction cooker shown in Figure 11 (b), the cumulative
frequency of the load factor varies greatly depending on the equipment. This is because the
electrical induction cooker can cook various food items. The design load factor at the 90th
percentile value was calculated
to be 72%.
電磁調理器
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(a) Flyer
(b) IH cooktop
Figure 11: Cumulative frequency of load factor (5-min average)
Table 3: Load factor for cooking appliances
Kitchen

B

C

D

E

F

G

H

I

J

Design load
factor

100
※2
Noodle boiler 105 106 100 100 76 76 99 99 － － 99 99 100 101 104 105 83 84 99 99 104 105 108
F l y e r ☆ ☆ 45 69 － － 41 68 ☆ ☆ － － 81 90 72 73 47 57 － － 66 75 103
32 47 108 109 49 50 101 103 93 74 32 32
93 94 111
Rice cooker 94 94
IH cooktop － － 35 41 ☆ ☆ 100 102 ☆ ☆ 85 95 ☆ ☆ ☆ ☆ 58 72 ☆ ☆ 72 94 112

※1

Cumulative
value [%]

A

90 95 90 95 90 95 90 95 90 95 90 95 90 95 90 95 90 95 90 95 90

47 51
Low range 65 70
89
96
104
104
101
101
Tilting pan

95

92 93 99 99 48 48 51 100 60 79 98 100 105

73 73 ☆ ☆ ☆ ☆ 69 70
Steam eonvection 85 91 65 73 80 80 － － 38 53 52 75 96 103 92 95 97 97
99 101 110 110 － －
Warmer table 111 111
53 57 － － 93 94 91 92 102 103 64 65 72 76
Dish washer － －

101 101 104
80

92 106

110 111 111
98 100 104

※1：When multiple devices are installed, one example is shown.
※2：While the value should be 100%, it is over 100% because the real power exceeds the rated power.
☆： Not in operation during measurement period.
－：The load factor exceeds 113% because of measurement failure.

4.5.2 Design Load Factor for Hood
Table 4 shows the results of the hood in kitchen D, which include a fryer and two
electrical induction cookers. Since the peak period of the two electrical induction cookers are
the same from 9 to 10 am, the peak period of the hood was 9 to 10 am. However, since the peak
periods of the flyers differ, the load factor of the hood is smaller than the load factor of the
electrical induction cooker. The load factor at the 90th percentile value is 58%.
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Table 4: Load factor for exhaust hood (Kitchen D)

Flyer (6 kW)

10–11

Cumulative percentile
90%
95%
100%
41
68
100

Electrical induction cooker (5 kW)

9–10

100

102

103

Electrical induction cooker (3 kW)

9–10

103

103

104

9–10

58

64

67

Peak
period
Cooking
equipment

Exhaust hood

4.5.3 Design Load Factor for Kitchen
Table 5 shows the load factor at the peak period, the 100th percentile values in each
kitchen, and the design load factor. The peak period varied depending on the kitchen. However,
the peak period for many kitchens was from 9 to 10 am. The load factor at 90th percentile values
was within the range of 24% to 44%, while the design load factor was 38%. The 95th percentile
value was 43% and the 100th percentile value was 60%.
Table 5: Load factor for kitchens
Kitchen
Peak period
90%
Percentile 95%
value
99%
100%

5
5.1

A

B

C

D

E

9–10 9–10 12–13 10–11 10–11
41
44
46
50

24
27
32
33

26
30
41
42

42
45
50
57

38
41
48
50

F

G

H

8–9

9–10

9–10

34
38
47
50

44
47
58
60

44
47
49
51

I

J

9–10 10–11
25
27
34
35

36
41
54
56

Design load
factor
－
38
43
50
60

CALCULATION TOOL FOR VENTILATION RATE USING BIM
Ventilation calculation tool

A flow chart of the ventilation calculation tool proposed in this paper is shown in Figure
12. The BIM software was developed by Autodesk Revit, while Dynamo was used to create an
automatic calculation tool. Figure 13 shows a part of the Dynamo visual program screen.
By importing information on kitchen appliances, the exhaust hood is automatically
placed above the necessary cooking appliances. The designer changes the hood type and size
to complete the 3-dimensional model, equipment list, and ventilation volume list.

Figure 12: Flow chart of the ventilation calculation tool
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③

④

④
Figure 13: Dynamo's visual program screenshot (③ and ④ are shown in Figure 12)
5.2

Method of calculation

Table 6 presents three methods for calculating ventilation in Japan.
Ⅰ. Ministry of Land, Infrastructure, Transport and Tourism Standards [MLIT, 2015] are
commonly used in Japan. Calculations are based on 1) theoretical waste gas volume and
electric capacity, 2) the hood face wind velocity, and 3) the air change rate of the kitchen. The
maximum value among the three methods should be selected. As a result, it is often
determined using 3) the hood face wind velocity.
Ⅱ. Standard of Japan Testing Center for Construction Materials [JTCCM, 2017] shows a
calculation method to maintain appropriate air environment in the kitchen. This method
focuses on air pollutants from the cooked product and combustion exhaust gas. The calculated
ventilation rate maintains the hood capture efficiency at over 90%.
Ⅲ. Standard of Japan Electro-Heat Center [JEHC, 2017] is dedicated to the commercial electric
kitchen. Calculation is based on the rated power and the required ventilation rate coefficient,
which is listed for the typical hood shape and cooking appliance.
In methods II and III, the temperature of the air supplied should be controlled to maintain
good indoor thermal conditions. These methods also strongly encourage the reduction of air
disturbance caused by the air supplied to the thermal plume over the cooking equipment.
Table 6: Standards for ventilation rate in Japan
Standard

Keyword for calculation method

Ⅰ MLIT

Commonly used

1) Gas usage/ Rated power
2) Surface wind velocity of hood
3) Air change rate

Ⅱ JSTM

JSTM V 6271:2017

Design load Factor, appropriate air quality, capture efficiency

Ⅲ JEHC

JEHC103-2017

Electric kitchen, required ventilation rate coefficient, rated power

5.3

Maximum ventilation
from 1) to 3)

Calculation example

Figure 14 shows a kitchen where the ventilation amount was estimated. The floor area is
76 m² and the ceiling height is 2.5 m. Figure 15 shows a diagram of the operational steps of the
ventilation amount calculation tool. Numbers in the figure are the numbers in the flowchart
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(Figure 12) and a screenshot of that process is shown. By changing the exhaust hood
information, the ventilation volume is calculated in real time. Thus, one can proceed with the
design while checking. The ventilation volumes of the three calculation methods are displayed
in Table 7. The ventilation rate calculated by method I may be overestimated.

.
Figure 14：Kitchen used for the calculation example

②

③
④

④

Figure 15: Diagram of the operational steps (③ and ④ are shown in Figure 12)
Table 7: List of ventilation rates
Kitchen appliance
Ventilation volume [m3/h]
Exhaust hood
Notes
Ⅰ. MLIT Ⅱ. JSTM Ⅲ. JEHC
Place Width Depth
No. 1
No. 2
A 1.65 m 1.05 m
IH cooktop/8.0 kW
Flyer/6.0 kW
1,871
1,871
1,220
B 1.10 m 1.10 m Steam convection/10.1 kW Noodle boiler/6.1 kw
1,307
871
707
C 0.80 m 0.85 m Noodle boiler/6.1 kW
734
734
305
D 1.00 m 0.80 m Dish washer/6.1 kW
864
240
320
E 1.95 m 1.00 m
Low range/5.0 kW
Rice cooker/1.2 kW
2,106
1,696
962
F 2.40 m 1.10 m
Rotary pot/13.5 kW
Steam Convection/15.3 kW 2,851
1,556
1,036
exhaustTasks
541
351
Ceiling surface
5.4Ceiling
Future
5,954
3,865
Total 6,882
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Unfortunately, methods II and III have been developed recently and do not provide
sufficient information for all cooking appliances. If sufficient information becomes available in
the future, these methods will become popular in Japan.
Particularly, if a database of hood capture efficiency for various cooking appliances under
various conditions based on the standard test method [JTCCM, 2015] is constructed, the
appropriate designing of kitchen ventilation can be achieved. The improvement of BIM library
and the addition of adequate information on cooking appliances in BIM are also recommended.
6

CONCLUSIONS

The ventilation systems of commercial kitchens in Japan were surveyed through
questionnaires and by obtaining drawings. Additionally, based on the measured power
consumption of kitchen equipment, the calculation method of the design load factor such as the
unit of the cooking appliance or the entire kitchen was examined and a calculation example was
shown.
The ventilation calculation tool introduced in this paper is expected to improve the design
efficiency and remove human error. This method can not only be applied to kitchens, but to
research facilities where many draft chambers are used. In the future, it is possible to further
develop the calculation tool of the ventilation rate to cover the entire building.
7
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An update on the French indoor air quality observatory
recent results: focus on ventilation and perspectives
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SUMMARY
The French indoor air quality observatory (OQAI) was set up by the French authorities in 2001 with the objective
to collect data on indoor pollutants in various indoor environments to be used for public policies. Funded
exclusively by public funding, the OQAI is coordinated by the scientific and technical center for building (CSTB)
and involved an extensive network of partners across France in charge of the field campaigns and the laboratory
analyses. To date, nationwide surveys were carried out in dwellings (2003-2005), schools (2013-2017), and office
buildings (2013-2017). The next survey to be started early 2019 will focus on age care facilities. Moreover, the
OQAI has been coordinating since 2012 a permanent data collection on indoor air quality and ventilation in energyefficient buildings. This topical session summarizes the last OQAI results, with a dedicated focus on ventilation.

KEYWORDS
IAQ, energy-efficient, housing, school, air stuffiness, office building

1

INDOOR AIR QUALITY IN ENERGY-EFFICIENT DWELLINGS

By improving the airtightness of the building envelope, increasing concerns appear about the
balance between reducing energy consumption and indoor air quality (IAQ). In this context, the
IAQ Observatory coordinates since 2012 the “energy-efficient building program” consisting of
a permanent data collection based on standardized survey protocols (Derbez et al., 2018). The
measurements include CO2 concentration, temperature and relative humidity, 19 volatile
organic compounds (VOCs), nitrogen dioxide, particulate matter (PM2.5), and radon. Moreover,
questionnaires are filled in to characterize the building, equipment, household and occupants’
habits. Indoor and outdoor measurements are performed at each dwelling during one week in
both the heating and non-heating season.
To date, data were collected in 72 newly built or retrofitted dwellings and were compared with
data from other energy-efficient European dwellings and the French housing stock. Statistically
higher concentrations of alpha-pinene, limonene and hexaldehyde were observed. The sources
and factors explaining these higher concentrations were looked for through a statistical analysis
and were wood or wooden-based products, storage of cleaning products inside the dwelling, as
well as air exchange during night or duration of bedroom window opening during day-time.
Moreover, while the visible dampness, water infiltration and visible mould were less frequent
in the energy-efficient dwellings (2% versus 15% in the national housing stock), the hidden
fungal contamination was found to be more important: 47% versus 37%. Some associations
with the building characteristics such as water damages were found.
2

NATIONWIDE SCHOOL SURVEY (2013-2017)
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From 2013 to 2017, the French IAQ Observatory performed a nationwide survey in 301
randomly selected schools. This survey had three specific objectives: i) description of the
buildings, equipment and systems (i.e., heating, ventilation, lighting) and use (window opening,
occupancy rate, activities, cleaning frequency, etc.); ii) assessment of comfort parameters (CO2,
temperature, relative humidity, noise, light); iii) measurement of indoor air concentrations
(volatile and semi-volatile organic compounds (VOCs and SVOCs), aldehydes, NO2, PM2.5)
and settled dust concentrations (metals and SVOCs), as well as lead concentrations in paint and
electromagnetic field levels.
The first results highlight four issues regarding particles, semi-volatile organic compounds
(SVOCs), lead in paint and indoor air stuffiness. Particulate pollution with PM2.5 was
omnipresent, with concentrations higher than the guideline value recommended by the World
Health Organization (WHO) in 2005 in almost all of the classrooms (93%). Numerous SVOCs
were measured in the air, including some phthalates, PAHs (polycyclic aromatic hydrocarbons)
and lindane, which were ubiquitous. The presence of lead in damaged paint at concentrations
higher than the regulatory threshold was observed in 10% of the schools. Lastly, 41% of the
schools had at least one classroom that was very stuffy, i.e., indoor air stuffiness index, ICONE,
equal to 4 or 5.
3

NATIONWIDE OFFICE BUILDING SURVEY (2013-2017)

From 2013 to 2017, the French IAQ Observatory carried out a nationwide survey to assess IAQ
and comfort in office buildings across mainland France. One hundred and twenty-nine office
buildings (66% randomly selected and 34% volunteers) were investigated for one day,
corresponding to 645 rooms where IAQ measurements (VOCs, aldehydes, ultrafine particles,
CO2) were performed.
Overall the indoor concentrations were low. The highest median concentration was observed
for 2-ethylhexanol (4.3 µg/m3) and the highest 95th percentile for limonene (91 µg/m3). The
CO2 concentration never exceeded 1000 ppm in 40% and 51% of the offices, in winter and
summer respectively. Through a statistical analysis, three different IAQ profiles were identified
among the offices: 78% with indoor concentrations below the median values of the whole
sample, 14% with concentrations around the median values, and 8% with indoor concentrations
far over the medians, particularly for toluene, xylenes, limonene, 2-butoxyethanol and 2ethylhexanol. The factors explaining these high concentrations in some offices are currently
being looked for.
4
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French research and development activities related to
conference topics by ADEME
Nicolas Doré
ADEME, France

ADEME is a public organisation to implement public policy in the areas of the environment,
energy and sustainable development. ADEME is supervised by the department of ecological
transition, the department of higher education and the department of research and innovation.
Through management of thesis or export of French innovations for instance, ADEME organises
and contributes to the financing of research and innovation to help ecological transition and
fight climatic change.


There is a real trend to improve thermal insulation and air-tightness of buildings, which
is inducing a real need for ventilation systems functioning correctly. The challenge is to
accommodate both energy savings, Indoor Air Quality and hygienic requirements in the
strategies for new and retrofitted buildings. Energy transition shall not be achieved at
the expense of occupants’ health. ADEME is particularly active on this point.

The agency helps to finance projects in buildings and construction area through:



-

-

-

Funding of more than 50 PhD’s every year for more than 25 years (including 3 to 4
thesis per year on IAQ and ventilation)
The call for projects “Sustainable building by 2020” or “Cortea” to help research and
development of industrial products for new and retrofitted buildings as well as
framework projects which are presented during this conference.
VIA QUALITE project (2013-2016) aims at developing quality management of
ventilation systems complementing the existing quality management of building airtightness of our energy regulation. The aim is to improve the installation of ventilation
systems and achieved IAQ in residential buildings with a limited cost, without a
systematic measurement of installations and involving all concerned actors of building
PROMEVENT (2014-2016) aims at improving measurements for the inspection of
residential ventilation systems, proposes inpection process for mechanical ventilation
systems including airflow measurement at ATD and duct air tightness measurement.
ICHAQAI
The objective of the ICHAQAI scientific project was twofold: firstly, to identify and
characterize the different elements that can have a detrimental impact on the indoor air
quality during construction; secondly, to propose solutions that will enable
professionals to reduce the negative impacts of construction on the indoor air quality
of the future constructed building ‘in-use’.
PERFORMANCE: monitoring of humidity controlled ventilation systems on more
than 10 years
ADEME provides expertise and links with other call for projects as for instance FUI
(Unique fundings inter-departments), ANR (French National Agency for Research)…
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ADEME is operating the schedule for future investment (PIA) created in 2010 by
the French government to stimulate innovation and investment in France on green
growth (from 2010 to 2017: 2.5 billion € of funding including 582 millions for
SMEs
Implementation of PRAXIBAT a training tool for practitioners to improve their
skills and fitting needed for sustainable buildings and energy efficiency. For
ventilation, 50 technical fully equipped centers and more than 200 trainers. For
building air-tightness, 62 equipped centers and more than 350 trainers.
A strong activity of publication of public dedicated guides and technical guides for
professionals on ventilation and IAQ (ventilative cooling, school ventilation
ECOL’AIR, energy refurbishment, acoustic comfort, IAQ…).
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Modern History of Indoor Air Quality (1973-Present)
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SUMMARY
This presentation will summarize the last forty-five years of indoor air quality (IAQ) studies, investigations and
research from the first energy crisis in the USA in the 1970’s to the latest issues with regards to climate change
and its effect on IAQ. The initial occupant complaints about the quality of the air in buildings coincided with
changes in infiltration and ventilation in buildings. In particular, the first ASHRAE 62 Standard was issued in
1973, and then substantially changed in the 1981 version. Subsequent versions of the ASHRAE 62 Standard have
varied the ventilation flow rate that is acceptable for acceptable indoor air quality. The latest version (62.1-2016)
will also be discussed in detail.
Many of the initial building-related illnesses such as Legionella, lung cancer from asbestos and lead poisoning
were highlighted by industrial hygienists and health care professionals in the 1970’s and earlier. Changes in
governmental regulations sought to reduce the potential for exposure to these building contaminants. In some
cases, outright bans of asbestos and lead paint were implemented to reduce possible exposures to these materials.
Also, the initial conferences on indoor air quality in the late 1970’s (Indoor Climate - Copenhagen in 1978; AIVC
in 1979) led to an increase in IAQ research, particularly focussed on office buildings.
In the 1980’s due to increased tightness of building envelopes and lower ventilation flow rates, there was the
beginner of the indoor air quality inspection and investigation field. In 1983, the American Industrial Hygiene
Association (AIHA) formed the Indoor Environmental Quality (IEQ) Committee. This Committee in turn began a
series of International Symposia on Indoor Air Quality in 1987. Also, the first Healthy Buildings Conference was
held in 1988 in Stockholm.
In the 1990’s, ISIAQ was founded in 1992 following the 1990 Indoor Air conference in Toronto, Canada. 109
international scientists, researchers and practitioners were the initial members of ISIAQ. The Indoor Air Journal,
a publication of ISIAQ, was started to publish research papers from the leading scientists in the IAQ field.
Microbial contamination in buildings, particularly residential, was becoming an issue of major concern.
Governmental health agencies also began to regulate the use of tobacco-based products in public areas, such as
restaurants, concert halls and schools. In 1993, the United States Green Building Council (USGBC) was created,
and the development of the LEED certification began. The emphasis in LEED on energy savings and indoor air
quality in the LEED documents was a new phenomenon, and it resulted in the development of companies that
specialized in the construction of green buildings. In 1995, the Indoor Air Quality Association (IAQA) was begun
in the US for IAQ practitioners, remediation companies and building owners.
In the 2000’s in the US, intense public interest in microbial contamination, particularly in schools and private
homes, led to the growth of the IAQ field, specifically for mould remediators and mould inspectors. This
development tended to overshadow the other IAQ issues that were present in buildings, such as an increase in
Legionella, and continued use of asbestos and lead paint in dwellings throughout the world. The Green Building
movement became mainstream with newer versions of LEED and other building evaluation methods such as
WELL, ASHRAE BEQ, BOMA BESt and the Living Building Challenge as alternatives. Many of these evaluation
methods were focussed on energy efficiency and not indoor air quality. This emphasis resulted in buildings with
ineffective and insufficient ventilation, and an increase in IAQ complaints from occupants.
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In the 2010’s, high performance buildings, air tightness of buildings, net zero and low energy buildings, building
sustainability, the relationship between IAQ and productivity, and effective ventilation have been a focus of IAQ
research papers. There was also increased interest in indoor environmental quality, including unwanted and
excessive noise, radiant heating near windows in buildings and inadequate lighting in office building.
The presentation will wrap up with a peak at the future of IAQ in the 2020’s.
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Indoor air quality; history; ventilation standards
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