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Day 1 – Tuesday 18 March 2014 

09:30-10:20 Session 1. Welcome and introduction 

x The role of measurements in quality and compliance schemes, Peter Wouters,
INIVE EEIG, Belgium p. 1

x Why is it important to address measurement quality issues in standards?
How Standards can contribute?, Jaap Hogeling, ISSO, Netherlands p. 3

10:20-11:15 Session 2. Impact of measurement uncertainties on energy performance calculations 
and IAQ 

x Including measurement uncertainty in building energy performance calculation methods,
Staf Roels, KU Leuven, Belgium p. 5

x Definition and assessment of indoor air quality classes: sources of uncertainties and
rating implications, Pawel Wargocki, DTU, Denmark p. 9

11:15-11:40 Coffee break 



11:40-13:00 Session 3. Challenges for measurements of ventilation and air infiltration in low-energy 
buildings 

x Field measurements in low-energy houses, Wouter Borsboom, TNO, Netherlands p. 21
x Experience with measurements, ventilation and infiltration in the Active House concept.

Quality issues and implications for compliance, Peter Foldbjerg, Active House, Denmark p. 23
x Ventilation and infiltration measurements in the Effinergie label. Approach to quality issues

and implications for compliance, Valérie Leprince, PLEIAQ, France p. 31
x Planning and ordering measurements in "Passive House" buildings: lessons learnt from

practical experience and approach to quality concerns,
Christophe Debrabander, Bostoen, Belgium p. 35

13:00-13:45 Lunch (snacks and beverages) 

13:45-14:45 Session 4. Measurement of air exchange rates with tracer gas 

x Overview of tracer gas measurement techniques, Max Sherman,
Lawrence Berkeley National Laboratory, USA p. 39

x Uncertainties in air exchange using continuous-injection, long-term sampling tracer
gas methods, Max Sherman, Lawrence Berkeley National Laboratory, USA p. 41

14:45-16:35 Session 5. Measurements of airflow rates in ducts and at air terminal devices 

x prEN16211 draft standard - Measurement of air flow rates on site,
Carl Welinder, Swema, Sweden p. 67

x Measurement of airflow rates in ducts by velocity measurements: an overview
Isabelle Caré,CETIAT, France p. 73

x Comparative Analysis of the Methods for Measuring  the Air Velocity and Flow in Mechanical
Ventilation Systems, Mariusz A. Skwarczynski, Lublin University of Technology, Poland p. 75

x Measurement of airflow rates at air terminal devices: an overview,
Samuel Caillou, BBRI, Belgium p. 85

x PROMEVENT: Improvement of measurement protocols used to characterize
ventilation systems performance, Adeline Bailly, CEREMA, France p. 87

16:35-16:50 Coffee break 

16:50-18:00 Session 6. Measurement solutions and integrated measurement devices 

Presentations of measurement solutions by the following companies: 
BlowerDoor GmbH, Lindab, Retrotec, Swema, ACIN N/B 

Questions and answers for the whole session 

18:30 End of first day 



Second�day�–�Wednesday�19�March�2014�

09:00-09:45 Session 7. Keynote lecture 

General approach to the evaluation of measurement uncertainties, 
Benoît Savanier, CETIAT, France p. 93

09:45-10:45 Session 8. Schemes to address the quality of measurements 

x Measuring ventilation and air infiltration in buildings – Sweden, Johnny Andersson p. 95
x Reasons behind and lessons learnt with the development of airtightness testers schemes

in 11 European countries, Valérie Leprince, PLEIAQ, France p. 103
x Challenges and solutions for air speed and airflow rate calibration, Isabelle Caré,

CETIAT, France p. 109

10:45-11:00 Coffee break 

11:00-12:45 Session 9. Building and ductwork airtightness 

x Uncertainties and quality issues in CEN ductwork standards. Focus on ductwork
pressurization tests. Lars-Ake Mattsson, convenor of CEN TC 156 WG 3, Sweden p. 111

x Durability and measurement uncertainty of airtightness in extremely airtight dwellings,
Wolf Bracke - Arnold Janssens, University of Ghent p. 115

x Airtightness test at different wind conditions in a high building, Stefanie Rolfsmeier -
Paul Simons, BlowerDoor GmbH, Germany p. 127

x On the use of infrared thermography to assess air infiltration in building envelopes,
Sven Van De Vijver - Marijke Steeman, University of Ghent, Belgium p. 135

x An uncertainty case study of airtightness measurements of residential buildings in Estonia,
Cagatay Ipbüker, University of Tartu, Estonia

x Field measurement testing of air tightness - example from a hospital project in Sweden,
Erik Olofsson Augustsson, Sweco, Sweden p. 1��

x Air change rate test results in the Croatian and Hungarian border region, László Fülöp
and György Polics, Hungary p. 1��

Questions for short oral presentations

12:45-13:15 Session 10. Open discussion and perspectives 

13:15 Lunch (snacks and beverages) 







http://venticool.eu/wp-content/uploads/2013/12/VC-summary_VF-2.pdf
http://tightvent.eu/wp-content/uploads/2013/12/Airtightness-summary_V02.pdf
http://goo.gl/0hNQck
http://goo.gl/B8MrUS
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http://goo.gl/CN1Wl2
http://iet.jrc.ec.europa.eu/energyefficiency/upcoming-events


http://www.indoorair2014.org/
http://www.aivc2014conference.org
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Foreword
The TightVent Airtightness Associations Committee now counts participants from 16
countries in Europe and North America. In parallel, TightVent Europe has been invited
to a growing number of events either to give the status on European developments
and perspectives on building and ductwork airtightness or to support new initiatives.

This trend demonstrates the major role of TightVent in disseminating information on
building and ductwork airtightness and the help it provides to policy makers and
professionals to deal with these issues, in particular in the context of the recast of the
Energy Performance of Buildings Directive.

This newsletter will give you information on selected initiatives which we hope you will
find useful. We would like to encourage you to join us for our future webinars (free of
charge, see our event calendar), workshops and conferences for more information
and fruitful exchanges.

Peter Wouters, Manager INIVE EEIG

� No5

October 2013

The objectives of this workshop are to review
and to discuss:
• Recent and existing measurement

methods for ventilation and air infiltration
in buildings;

• Methods to estimate the uncertainty of
those measurements;

• Conditions to obtain results whose quality
is compatible with the purpose of the
measurement;

• Conditions for large-scale implementation
and pitfalls to avoid.

The workshop will address primarily field
measurement of airflow rates, air exchange
rates, air velocities, and pressures.

Interested parties are invited to submit an
abstract by 15 November 2013 to
info@aivc.org. Notification of abstract
acceptance: 15 December 2013. Deadline for
paper submission: 15 February 2014.

More information on: www.aivc.org

The workshop is organised by INIVE on
behalf of the AIVC (Air Infiltration and
Ventilation Centre); TightVent (Building and
Ductwork Airtightness Platform); and
venticool (the International platform for
ventilative cooling, www.venticool.eu).
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Flemish workshop on
airtightness, Brussels,
4 September 2013
120 persons attended this workshop,
which was organised by Flemish
energy agency (VEA), the Flemish
Royal association of engineers and
BBRI. Presentations ranged from
theoretical background to technical
details via energy regulation context
and issues as well as quality issues.
TightVent Europe has been invited to
give a presentation linked to the
development of quality framework for
airtightness measurements.

Lessons learnt from
3 field studies on
airtightness durability
Maria Kapsalaki, INIVE

In 2002, the Fraunhofer Institute for
Building Physics measured the
airtightness of a series of 52 row
houses compliant with the passive
house standard in Stuttgart right after
the construction phase. The
measurements were repeated 2 years
later. The initial air leakage test of all
52 row houses resulted in an average
air change rate at 50 Pa (n50 value) of
0.37 h-1, while the re-test of 31 of the
houses measured 2 years later
showed a slight increase of the n50
value by an average value of 0.09 h-1.
5 out of the 31 buildings measured in
2002 no longer complied with the

• applicable standards and
guidelines for testing

• collection of relevant guidance and
training documents

Conditions for joining are described at
www.tightvent.eu/partners/taac.

Recordings available
BUILD UP Webinar – Building and
Ductwork Airtightness: Legislative
Drivers, New Concerns and New
Approaches

The recordings and slides for this
webinar are now available here.

TightVent Belgium –
A new local network of
airtightness testers
BBRI and TightVent Europe have
organised in Brussels on July 2 an
information day on airtightness issues
in the Belgium context. 52 persons
exchanged points of views based on
presentations that addressed in
particular: the consultation process
with stakeholders; the revision of
ISO 9972; the development of
technical guide; a review of quality
schemes in Europe and the potential
development of a quality framework  in
the Belgium context. Given the positive
feedback of the participants on the
relevance of such meetings, it is likely
to lead to the inauguration of a Belgian
network named “TightVent Belgium”.

New publications
9 d’Ambrosio Alfano, F., Dell’Isola,

M., Ficco, G., & Tassini, F. (2012).
Experimental analysis of air

tightness in Mediterranean

buildings using the fan

pressurization method. Building
and Environment, 53, 16-25.

9 Sinnott, D., & Dyer, M. (2012). Air-

tightness field data for dwellings in

Ireland. Building and Environment,
51, 269–275.

9 Van Den Bossche, N., Huyghe, W.,
Moens, J., Janssens, A., & De
paepe, M. (2012). Airtightness of

the window–wall interface in cavity

brick walls. Energy and Buildings,
45, 32-42.

9 Walker, I., Sherman, M., Joh , J., &
Chan, W. (2013). Applying Large

Datasets to Developing a Better

Understanding of Air Leakage

Measurement in Homes.
International Journal of Ventilation,
11, 323-337.

9 Wanyu R., C., Joh, J., & Sherman,
M. (2013). Analysis of Air Leakage

Measurements of US Houses.
Energy and Buildings, 66, 616-625.

TightVent Airtightness
Associations Committee
continues to grow
The TightVent Airtightness
Associations Committee (TightVent
TAAC committee) was launched on
September 26, 2012. Its primary goal
is to promote reliable testing and
reporting procedures. Since
September 2012, the committee had a
physical meeting in Hannover before
the BUILDAIR symposium and has
met five times (via internet).
At present, the committee has
participants from 16 countries in
Europe and North America: Czech
Republic, Denmark, France, Germany,
Sweden, UK, Belgium, Norway,
Poland, Estonia, Ireland, Latvia, USA,
Hungary, Croatia and Canada.
The scope includes various aspects:
• airtightness requirements in the

countries involved
• competent tester schemes in the

countries involved

http://tightvent.eu/events/past-webinars/building-and-ductwork-airtightness-legislative-drivers-new-concerns-and-new-approaches
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objectively characterise. These range
from the quality of the design and
installation to the interaction of
occupants. This may explain the
differences between the partial
conclusions of these studies. The
papers of Erhorn et al. (2009) and
Bossard and Menti (2013), focus on
extremely airtight very low-energy
buildings for which significant attention
has probably been paid at design and
execution for airtightness issues. Also,
in these cases, the occupants are
likely aware of the damage they can
make to the airtightness layer, e.g.
when drilling holes in walls. Therefore,
it is not surprising that their results
show less deviation between
measurements performed on the same
buildings than the third study with
“standard” houses.

To make progress in this area, an
important step consists in gathering
data on larger samples of buildings

�
Figure 1: Results of airtightness measurements at 31 passive houses in Stuttgart, Germany

measured right after the construction phase and 2 years later [1]

� �
Figure 2: Air permeability tests of 25 buildings in Switzerland.

Age modifications from the first measurements [2]� Figure 3: Air leakage test results at 23 dwellings in UK measured right

after the construction phase and 1 to 3 years later [3].�

presented results from airtightness
measurements of 23 mixed type
dwellings (attached –detached,
masonry and timber frame) performed
within a time interval of one to three
years. The research concluded that
65% of the dwellings became less
airtight on average by 1.5 m3 / (h.m2)
at 50 Pa while the remaining sample
got tighter with an average increase of
0.63 m3/ (h.m2) at 50 Pa.  A further
comparison between the different
types of dwellings, construction
material, heating and ventilation
systems and the changes in the air
permeability, over time, appeared to
influence the performance to a certain
extent, bearing in mind the limited
sample size of the measurements.

Securing desired airtightness levels in
the long term is crucial.  It is a very
complex field of study because
durability depends on many aspects,
some of which being very difficult to

original requirement of n50  0.6 h-1but
kept a relatively good airtightness level
(maximum n50 value of 0.9 h-1)
compared to “standard” buildings.

A more recent study from B. Bossard
and U.P. Menti presented during the
8th International BUILDAIR-
Symposium held in Hannover in June
2013 showed no correlation between
the durability of airtightness and the
age of the building. The study involved
air permeability tests on 25 buildings
(single-multifamily homes, public
buildings and schools, the majority
certified as MINERGIE-P), in
Switzerland, conducted from 1996 to
2012. For the great majority of the
buildings measured, a difference of
less than +/-20% between the first and
the second measurement was
observed.

Another recent report published in
2010 by the NHBC Foundation

DISCLAIMER: Conclusions and opinions expressed in contributions to TightVent’s Newsletter

represent the author(s)’ own views and not necessarily those of TightVent partners.
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taking into account key parameters—yet to be identified and characterised—influencing
airtightness durability like design options, product choice and assembly, building operations and
maintenance, building environment and climate.

In the meantime, from a practical point of view, experience suggests that careful design and
follow-up of installation, as well as awareness raising among occupants are effective short term
actions to promote in order to improve airtightness durability.

Works Cited

[1] H. Erhorn-Kluttig, . H. Erhorn and H. Lahmid, "Airtightness requirements for high performance
building envelopes," in ASIEPI Information Paper P157, 2009.

[2] B. Bossard and U.-P. Menti, "Luftdurchlässigkeitsmessung: Momentaufnahme oder
langfristiges Qualitätsmerkmal?," in 8th International BUILDAIR-Symposium, Hannover, 2013.

[3] T. Phillips, P. Rogers and N. Smith, "Ageing and airtightness- How dwelling air permeability
changes over time," NHBC Foundation, 2011.

AIVC conference in 2014 in PoznaĔ, Poland, 24-25 September
2014 “Ventilation and airtightness in transforming the building
stock to high performance”
The 35th AIVC conference will be held in Poland together with the 4th TightVent and 2nd venticool
conference. The conference is organised by:

• the International Network on Ventilation and Energy Performance (INIVE) on behalf of the Air
Infiltration and Ventilation Centre (AIVC), TightVent Europe (the Building and Ductwork
Airtightness Platform), venticool (the international platform for ventilative cooling); and

• the Pozna  University of Technology.

� � �
Organisers:

�
����� �

Events Calendar
NOVEMBER 14: TightVent webinar on ‘Airtightness testing: status and trends in competent
tester schemes in the UK, Denmark and Belgium’. More information on: www.tightvent.eu

NOVEMBER 22: TightVent webinar on ‘Airtightness testing: status and trends in competent
tester schemes in Germany, Czech Republic and France’. More information on:
www.tightvent.eu

MARCH 18-19, 2014: AIVC-TightVent-venticool workshop in Brussels, Belgium on ‘Quality of
Methods for Measuring Ventilation and Air Infiltration in Buildings’. More information on:
www.tightvent.eu

SEPTEMBER 24-25, 2014: AIVC conference in 2014 in Pozna , Poland on ‘Ventilation and
airtightness in transforming the building stock to high performance’. More information on:
www.tightvent.eu

DIAMOND PARTNERS

PLATINUM PARTNERS

GOLD PARTNERS

ASSOCIATE PARTNERS

PLATFORM FACILITATOR

Partners

Learn about TightVent founding partners and new partners.

http://tightvent.eu/archives/597
http://tightvent.eu/archives/566
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Summary of the ventilative cooling track

http://venticool.eu/wp-content/uploads/2013/12/VC-summary_VF-2.pdf


IEA EBC Annex 62
Working phase
approved!

BUILD UP overview
article

http://venticool.eu/annex-62-home/
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New venticool
website – venticool
and Annex 62 join
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accepted!



Workshop on ‘Quality of
Methods for Measuring
Ventilation and Air
Infiltration in Buildings’ –
18-19 March 2014

• AGORIA-Naventa is the Belgian association of manufacturers of
natural ventilation in residential and non-residential buildings. This
group was founded within Agoria, the federation of the Belgian
technological industry. As Naventa, we give special consideration to
health-related issues when developing new natural ventilation, solar
shading and night cooling systems. By supporting the venticool
platform, Naventa wants to increase her knowhow and raise awareness
that there is a huge need for CEN standards to calculate the influence
of ventilative cooling on the energy performance of buildings.

• ES-SO, the European Solar-Shading Organisation, is the umbrella body
representing the European solar shading and roller shutter industry. Its
objectives are to provide a permanent point of contact between its
members (mainly the national professional trade associations) and the
European authorities, and to demonstrate that solar shading can make
a substantial contribution to energy savings and indoor comfort. By
joining the ventilative cooling platform ES-SO underlines the
importance of different technologies and strategies to be used in a
multidisciplinary and integrated conceptual way to reach the target of
low energy buildings’ thermal comfort criteria as well as maintaining a
good indoor climate and visual comfort.

• Eurima is the European Insulation Manufacturers Association,
representing the interest of the mineral wool insulation industry. Eurima
actively support venticool to develop knowledge and application of
ventilative cooling solutions for a successful implementation of the
EPBD recast bearing in mind comfort issues. This requires appropriate
levels of insulation and well-functioning ventilation making best use of
building materials in order to guarantee energy efficiency, comfort and
good indoor air quality.

• The VELUX Group offers a wide range of solutions for daylight and
fresh air through the roof − regardless of roof pitch, size and purpose of
the building.The VELUX Group considers ventilative cooling to be a
sustainable technology. A technology which today is not at all used to its
full potential. The mission of venticool is therefore crucial. It supports the
effective and knowledge-based promotion of the use of ventilative
cooling, it fills in the gaps in the value chain of ventilative cooling that
exist in calculation methods, standards and regulations, and it promotes
the communication and awareness of ventilative cooling that could act
as a catalyst in the development of the right solutions for the market
when they are most needed.

• WindowMaster A/S is founded on a vision to create better buildings
that have plenty of fresh air and excellent and safe indoor climates. We
supply sustainable indoor climate solutions for all types of buildings and
our solutions are based on natural and hybrid ventilation. Also natural
smoke ventilation is a part of our offerings. Our expertise is built on our
knowledge of regulatory standards and project development, and our
experience from thousands of completed projects across Europe.

PLATFORM FACILITATOR

• INIVE is a registered European Economic Interest Grouping (EEIG)
that brings together the best available knowledge from its member
organisations in the area of energy efficiency, indoor climate and
ventilation.

2014 AIVC conference –
September 2014 in
Pozna , Poland

PARTNERS

http://www.aivc.org/event/march-18-19-2014-aivc-workshop-quality-methods-measuring-ventilation-and-air-infiltration
http://www.aivc2014conference.org/
http://www.agoria.be/WWW.wsc/webextra/prg/izContentWeb?ENewsID=89198&vApplication=Naventa
http://www.es-so.com/
http://www.eurima.org/
http://www.velux.com/
http://windowmaster.com/
http://www.inive.org/
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AIVC WORKSHOP – QUALITY OF METHODS FOR 
MEASURING VENTILATION AND AIR 

INFILTRATION IN BUILDINGS 

WHY IS IT IMPORTANT TO ADDRESS 
MEASUREMENT QUALITY ISSUES IN STANDARDS? 

HOW STANDARDS CAN CONTRIBUTE. 

 
Jaap Hogeling 

ISSO 
Kruisplein 25 

Rotterdam, The Netherlands 
j.hogeling@isso.nl 

 
 
 
 
 

SUMMARY 
 
Product certification is a first essential step to assure the overall performance and energy performance of 
buildings. Designer and consultant pay a lot of attention to select, project and install HVAC&R products as part 
of heating, ventilating, air-conditioning and cooling systems in buildings. 
They have to base their selection on the data presented by the producer or supplier of these products. The system 
designer or installer has to be sure that these data are reliable and applicable. The building system or sub-system 
will only perform according the expectation and connected contract obligations if the product data are correct 
and complete. The next step, the system design shall meet all design parameters on indoor environment, energy 
performance and other offered performances.   
If at the end the building or building system doesn’t perform according the agreed design specifications, who is 
to blame? 
- The designer because of a poor design? 
- The installer because of poor installation work? 
- The supplier of the integrated products because of poor performance of these products? 
 
 
Inspection and measurements of the realised ventilation and air systems are an essential factor to guaranty the 
performance of the system in relation to the building properties. Airtightness of the building and air systems, 
measuring flow rates of ATD’s, measuring noise levels of ventilation devices, checking location of ATD’s, 
checking the airway path in order to be able to report the performance of the ventilation and air systems. 
 
To be able to rely on these inspection and measuring services we need to assure the quality of these processes. 
We have to describe the measurement procedures and the inspection protocols and additional the competence 
level of the qualified persons performing these assessments. 
 
The EPB standards are restrictive, inspection standards like the  standard EN15239 & EN15240 (currently under 
revision/development by CENTC156WG23) and expected to be published as: Energy performance of buildings 
–Ventilation for buildings – Module M4-11, M5- 11, M6-11, M7-11 - Guidelines for inspection of ventilation 

3



and air conditioning systems. The scope of this standard excludes the qualification of the persons or organisation 
in charge of inspections. 
The scope includes: air conditioning system(s) without mechanical ventilation; or air conditioning system(s) 
with mechanical ventilation; or natural and mechanical ventilation system(s). 
The standard applies to: fixed systems; accessible parts that contribute to the cooling and mechanical ventilation 
services; ventilation-only systems. Applicable to all types of comfort cooling and air conditioning systems;  
all types of ventilation systems like mechanical, natural, hybrid.  
 
However this EPB inspection standard and related CEN standards do not specify the measurement accuracy. 
Flow rates in situ are to be measured by pressure compensated flow measuring devices. Their accuracy will not 
exceed  േͳͲΨ . This may lead to a safety margin chosen to prevent any negative assessment results, if installers 
have to guaranty full compliance this may lead to installations with a 10% higher performance as required. 
It should be investigated if guidelines or standards are needed to give guidance or procedures for the required 
accuracy. 
 
“DG Energy has launched a written consultation on the draft amendments of ecodesign implementing measures 
and energy labelling delegated acts related to the application of tolerances in verification procedures. 
The purpose of this document is to clarify the use of Energy Efficiency measurement tolerances by the 
different stakeholders (market surveillance authorities, manufacturers, importers).” 
 
This statement indicates a need for guidance for acceptable tolerances for in situ testing as well.  
 
“The European Standardisation Organisations will be further encouraged to prepare the necessary 
measurement methods and to propose the measurement uncertainties of the measured parameters, to be taken 
into account by the Commission when setting tolerance values in future ecodesign and labelling measures. In 
this respect the Commission will continue to monitor the Organisations' activity to assure a timely preparation 
of the standards and of the relevant measurement uncertainties. 
This approach would solve the problems identified by market surveillance authorities and would help to ensure 
that no misleading information is provided to consumers, that a level playing field is maintained for industry, 
and that the implementing measures and delegated acts achieve the expected savings contributing to the Europe 
2020 targets. In principle the approach would have no negative effects and would not introduce a burden on any 
of the actors involved in the process, compared to the original intentions of the regulations concerned.” 
 
Although this statement is referring to product testing and meeting product requirements according ecodesign 
regulation, a similar statement could refer to in situ system testing. 
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INCLUDING UNCERTAINTY IN BUILDING ENERGY 
PERFORMANCE CALCULATION METHODS 

 
Staf Roels1*, Liesje Van Gelder1, and Hans Janssen1 

 
1 Building Physics Section, KU Leuven 

Kasteelpark Arenberg 40 
B-3001 Leuven, Belgium 

*Corresponding author: staf.roels@bwk.kuleuven.be 
 
 
 

ABSTRACT 
 
In building design, energy performances are commonly predicted based on deterministic stationary or dynamic 
calculations. However, many contributing parameters are inherently uncertain, resulting in potentially unreliable 
values for the performance indicators. To overcome this, a probabilistic design method is recommended to take 
uncertainties into account. Such uncertainty-based optimisation often requires many simulations, making it 
extremely time-consuming. To avoid this, meta-modelling can be of interest. A meta-model mimics the original 
numerical model with a simplified fast model.  The current paper presents a global probabilistic design 
methodology to take different kinds of uncertainty into account in building energy performance calculation 
methods.  
 

KEYWORDS 
 
probabilistic analysis, robust design, energy performances, meta-modelling, optimisation 
  
1 INTRODUCTION 
 
The energy efficiency of dwellings is becoming increasingly important in view of climate 
change and fuel depletion challenges. At present, newly built dwellings should be low-energy, 
while passive and nearly zero energy buildings will become the standard in the near future. To 
calculate the energy demand and life-cycle cost of dwellings in multi-criterion decision 
making, deterministic simulations are commonly used. User behaviour and workmanship of 
building envelopes and services are however inherently stochastic and neglecting these un-
certainties may lead to excessive deviations between design and reality. Such excessive 
deviations are undesirable, both from the point of view of the building occupant and of 
society in general: inhabitants require confidence in the return on their investments in energy 
efficiency, governments want guarantees that their subsidy programs have a correct impact.  
To minimise such deviations, the development and promotion of robust cost-efficient building 
envelopes and service solutions is an important step. Therefore, a reliable probabilistic robust 
design method is suggested in this paper. 
 
2 PROBABILISTIC DESIGN METHODOLOGY  
 
The probabilistic design methodology consists of four steps (see Figure 1): preprocessing, 
preliminary screening, updating and probabilistic design. These steps analogously select the 
input parameters and distributions (step 1), determine the most dominant input parameters and 
develop a meta-model to improve calculation efficiency (step 2), update the input 
distributions (step 3), and finally perform the actual probabilistic design (step 4). 

5



 
Figure 1: Methodology flowchart 
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Contributing input parameters of this probabilistic design can be divided into three categories. 
Design parameters, such as the preferred air tightness or thermal resistance, the type of 
ventilation system,… are fully controllable. They are the unknown parameters in the design 
process, but once a design option is selected, the parameter values are known. Inherently 
uncertain parameters, such as workmanship and user behaviour, are uncontrollable by the 
designer as their values are neither known in the design process nor after, but they can 
significantly influence the design performance. Finally, scenario parameters are inherently 
uncertain parameters dealing with potential future scenarios, such as economic or climatic 
evolutions, for which an explicit evaluation is wanted.  
 
The probabilistic design (step 4) is therefore performed through a Monte Carlo loop with a 
multi-layered sampling scheme which enables sorting parameters by their conceptual 
meaning. By ascribing these parameter categories to a different layer in a multi-layered 
sampling scheme as shown in Figure 1, all design options are subjected to the same 
uncertainties and a direct comparison for several future scenarios is enabled. As a result, this 
probabilistic design can be used as an effective decision tool. 
Prior to performing such a probabilistic design, the problem is first preprocessed (step 1) to 
select the output parameters needed for decision making and a suitable simulation model. 
Both stationary or dynamic, and simplified or complex models can be chosen. Contributing 
input parameters are determined and fixed values or (provisional) input distributions are 
ascribed for respectively deterministic and stochastic parameters.  
 
Since the proposed multi-layered sampling scheme significantly increases the needed number 
of runs, time-inefficient models are preferably replaced by a meta-model in the preliminary 
screening (step 2). Therefore, training and validation sets are run in the original model to 
construct and validate the meta-model. Due to the extent of the multi-layered scheme, smaller 
sampling sets are used. These sets are also used to calculate sensitivity indices to rank the 
input parameters from most to least influencing the output distributions. 
Based on this sensitivity ranking, the provisional distributions of most influencing parameters 
are updated (step 3), while the less influencing parameters can be omitted. Limiting the 
number of parameters eases collecting the required input distributions as this can be time-
consuming. Moreover, this improves sampling efficiency and limits the number of considered 
design options in the multi-layered scheme. This stresses the importance of the preliminary 
screening in addition to the actual probabilistic design.  
To enable numerical evaluation of these schemes, effectiveness and robustness indicators are 
proposed, inspired by robust design. Effectiveness is defined as the ability of the design 
option to optimise the performance, while robustness is defined as the ability to stabilise this 
performance for the entire range of input uncertainties. The proposed method appears to be 
very effective in comparing both effectiveness and robustness of multiple performance criteria 
for numerous design options with Pareto optimality or the weighed sum method.  
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ABSTRACT 
 
This paper describes the method, in which human observers assess indoor air quality. This method is at present 
necessary to determine actual levels of air quality indoors in non-industrial buildings to fulfil comfort 
requirements specified by the standards. The paper attempts to identify the potential drawbacks of the method, 
its limitations and the factors influencing these measurements. Examples are given illustrating, how the 
measurement uncertainty influences the estimated level of indoor air quality. Implications are discussed for the 
indoor air quality levels and the categories of emissions from building recommended by the current standards. 
Suggestions for modifications are given and an alternate approach outlined, which both ensure that the intended 
indoor air quality levels can reduce health risks and can additionally be verifiable in practice. 
 

KEYWORDS 
 
Indoor Air Quality; Sensory Assessments; Measuring Errors; Building emissions; Non-Industrial Environments  
  
1 INTRODUCTION 
 
Humans are constantly exposed in residential and non-residential (public) buildings to 
varying number and concentrations of particulate, gaseous and biological contaminants, 
which have both an outdoor and indoor origin. For example, a typical mixture of gaseous 
contaminants measured indoors can contain several thousand compounds, few hundreds 
stemming from human bioeffluents, few hundreds from building materials and equipment and 
few thousand from tobacco smoke, if smoking is allowed. These contaminants affect the 
quality of air indoors.  
 
The quality of air indoors may be expressed as the extent to which human requirements are 
met. There are, however, quite large differences between the requirements of individuals. 
Some people are rather sensitive to air quality and are difficult to satisfy, while others are less 
sensitive, and are easier to satisfy. 
 
One way to characterize indoor air quality is by performing physical and chemical 
measurements. The results of these measurements can then be compared with the guideline 
values set by the cognizant authorities.  
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In case of industrial environments, occupational safety and health guidelines are used to 
regulate the quality of quality. They define maximum concentrations, to which people 
working in these environments can be exposed for a certain duration; usually the averaging 
times are 8 hours/day in a 40 hours week for a long duration (TLV-TWA, Threshold Limit 
Value-Time Weighted Average), and 15 min no more than 4 times a day for a short duration 
(TLV-STEL, Threshold Limit Value – Short-term Exposure Limit). They also define ceiling 
limits, i.e. exposures that cannot be surpassed ever (TLV-C). These limit values are usually 
defined by the concentrations, above which serious health risks will occur, e.g., irritation 
and/or other chronic diseases. They are defined for individual contaminants, since 
occupational exposure are predominantly governed by the exposure to a single or maximum 
few contaminants at elevated concentrations, all other contaminants being at background or 
negligible level. In case when there are few dominant contaminants, the sum of ratios of their 
concentration to their threshold limit cannot be higher than one.  
 
With the exception of few compounds such as e.g., radon and formaldehyde, the approach 
used to reduce occupational hazards cannot be directly adopted to set limits in non-industrial 
environments. This is because in non-industrial environments people are exposed to hundreds 
and/or thousands of contaminants occurring in different combinations and at very low 
concentrations, frequently orders of magnitude lower than TLVs used to set occupational 
exposure limits; often these concentrations are even lower than their odour detection 
thresholds. For many of these contaminants, there is additionally very limited toxicological 
data in the present literature, which completely precludes using TLVs or any other guideline 
values. These contaminants under certain conditions can moreover interact with one another 
and can undergo chemical reactions with other contaminants changing thus their 
concentration in indoor air and creating new contaminants, which are not normally present 
taking into account typical sources of pollution. The exposures in non-industrial buildings are 
thus very dynamic, which sets an additional challenge not only for setting the exposure limits 
but also for monitoring and quantification of the potential risks for people exposed to them. 
Consequently, a complex compound-by-compound approach may not always be applicable 
and sufficient to define indoor air quality levels. It may not provide complete, adequate and 
credible information, as to what the true level of indoor air quality is. Regulating indoor air 
quality by defining guideline values for all compounds in non-industrial environments seems 
thus nearly unrealistic, considering additionally that every day many new contaminants are 
introduced into environment. The limits can still be effectively applied for those compounds 
that can be measured and quantified, and are known to be hazardous for humans; this 
approach should not be dismissed. 
 
Because detailed chemical characterization provides incomplete evidence that is necessary to 
regulate and set classes of indoor air quality based on the negative effects on humans, it has 
become frequent practice to supplement it with the method that characterizes indoor air 
quality by asking people to judge whether the quality of indoor air is good or poor (certain 
harmful pollutants such as radon and carbon monoxide are not sensed by humans at all, so 
sensory evaluations of humans cannot be used to quantify their effects). Human senses are 
stimulated during breathing: the olfactory sense, situated in a small area of the nasal cavity, 
which is sensitive to around half a million odours, the general chemical sense, situated all 
over the mucous membrane of the nose, which is sensitive to more than one hundred thousand 
irritants, and the thermal sense located in the nasal cavity, which is 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. This stimulation can be used to determine 
whether air quality is good or poor. 
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Several measuring approaches can be used when people are asked to judge indoor air quality 
(ECA, 1999). The two have been used most prevalently, i.e. assessments of odour intensity 
and acceptability of air quality. The former method was first thoroughly documented and 
applied for setting the air quality criteria indoors in the classical studies of Yaglou et al. 
(1936). In the method it has to be arbitrarily decided which level of odour intensity is to be set 
as the air quality guideline. The latter method propagated by Fanger and his colleagues (e.g., 
Fanger et al., 1988) have an advantage that individual occupants of indoor spaces are the final 
arbiters of whether the indoor air quality is acceptable or not. The level of air quality can then 
be set by selecting the percentage of people finding the air quality acceptable, as used by 
ASHRAE Standard 62.1 (2013) or the maximum percentage of dissatisfied with air quality, as 
used by the European Standard EN15251 (2007). The method also assumes that the 
assessments of acceptability of air quality does not only take into account odour intensity but 
also integrates other sensory stimulations such as air pleasantness or freshness.  
 
EN15251 (2007) defines four categories of indoor environmental quality, Category I 
representing high level of expectation, Category II providing normal level of expectation, 
Category III and acceptable moderate level of expectation and Category IV the environments, 
which does not meet the above categories; this category should be avoided or accepted only 
for a limited period of time during the year. For each of the categories, the range of conditions 
is defined securing that the requirements of the category can be satisfied. This applies to the 
thermal environment, acoustical environment and illuminance, as well as to the indoor air 
quality. For indoor air quality the four categories of indoor environment quality correspond to 
four levels defining the percentage dissatisfied persons with the air quality, namely 15%, 
20%, 30%, and more than 30% dissatisfied. Thus, they need to be determined through the 
assessments made by the human observers. For each category of indoor air quality, the 
required level of ventilation rate is provided taking into account the person component, i.e. 
ventilation rate needed to dilute human bioeffluents, and the building component needed to 
dilute and remove contaminants emanating from other sources than humans; both components 
are eventually added to determine the total ventilation rate for a given space. The person 
component depends on carbon dioxide (CO2) the well-established indicator of human 
bioeffluents being also the main product of human metabolism. In case of building component 
three classes of emissions are defined: non-low-polluting building, low-polluting building, 
and very low-polluting building; for each of the classes the ventilation rate is defined. EN 
15251 gives examples on how the emission classes can be determined where among defining 
the acceptable emissions of certain gaseous contaminants such as ammonia and 
formaldehyde, the permissible levels of volatile organic compounds (VOCs) expressed as 
TVOC (total VOCs) and carcinogenic compounds are indicated, as well as permissible 
dissatisfaction with odour resulting from the emissions. 
 
The purpose of the present paper is to identify and review the methods used to determine the 
levels of indoor air quality, to identify possible sources of errors and to discuss their impact 
on classification of indoor air quality based on comfort (perceived air quality), as proposed by 
EN15251. Effects on health, work performance and learning are outside the scope of the 
present paper. 
 
2 INDOOR AIR QUALITY EVALUATIONS BY SENSORY PANELS  
 
Different methods for sensory evaluations of indoor air quality exist with no consensus in the 
literature as to which method is best suited for practical applications (ECA, 1999). A method 
using sensory panels assessing odour intensity and/or acceptability of air quality used to 
estimate the % dissatisfies with air quality have been predominantly used for this purpose in 

11



the past and are described in the following.  

2.1 Percentage dissatisfied with air quality: measurements, precision, influencing 
factors and implications 

The percentage of persons dissatisfied with air quality cannot yet be measured directly with 
an instrument although there have been attempts to construct such instruments (e.g., Wenger 
et al., 1993; Müller at al., 2007). Human observers judging the air quality are the only feasible 
way at present. Air quality evaluations can be carried out using dichotomous yes/no scale 
(Fanger and Berg-Munch, 1983) or a continuous acceptability scale (Gunnarsen and Fanger, 
1992; Clausen, 2000). The assessments of acceptability are then used to predict the 
percentage dissatisfied with air quality. 
 
In case of dichotomous acceptability scale, the percentage dissatisfied with air quality is 
calculated as the ratio of the votes indicating the air quality to be “not acceptable” to all votes 
of made by all observers. In case of continuous acceptability scale, the percentage dissatisfied 
is usually estimated using the relation established by Gunnarsen and Fanger (1992). However, 
there are also other relations, which are different from this relation especially at the levels 
corresponding to high indoor air quality, i.e. low percentage dissatisfied (Figure 1). The 
reasons for the discrepancy between the different relationships have not been examined in 
detail, and neither it was established which of the three relationships provides the best 
estimate of the percentage of dissatisfied. The differences between the relationships may 
cause inaccurate prediction of the level of percentage dissatisfied with air quality. Assuming 
that the ratings of acceptability of air quality correspond to 20% dissatisfied (Category II in 
EN 15251 (2007)) then according to the relationship developed by Gunnarsen and Fanger 
(1992), the actual level of % dissatisfied can be up to 35% dissatisfied if the other two 
relationships are considered; this is actually outside the Category III described in EN 15251 
(2007).  

 
Figure 1: Percentage dissatisfied with air quality as a function of acceptability of air quality 

The number of observers evaluating the air quality has significant influence on the accuracy 
of measurements. This is due to considerable variation in ratings of acceptability of air quality 
among individuals because of variation in chemosensory sensitivity in combination with 
variables such as personality, preference, mood and prior experience. In case of the 
dichotomous acceptability scale, the margin of error for assessments made by 20 observers is 
20%, can be halved if 65 observers are used and to 1% for ca. 6,000 observers; 20 observers 
are recommended by ASHRAE Standard 62.1 (2013). The number of observers has to be thus 
considerably increased to improve considerably accuracy of measurements. This may not 
always be feasible and can cause logistic problems, as well as will increase the costs of 

Wargocki et al. (2010)
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performing the measurements. In case of the continuous acceptability scale, increasing 
number of observers above 30-50, which is a typical number of observers performing 
assessments, will actually have very little effect on accuracy (Figure 2). This is because of the 
quite large standard deviation of the acceptability ratings on a continuous scale, which is 
usually between 0.25 and 0.6 (12-30% full scale), and is on average 0.45 (22% full scale) 
(Gunnarsen and Bluyssen, 1994; Knudsen et al., 1998; Wargocki et al., 2010). The 
uncertainty of estimating whether the air quality meets Category II in EN 15251 (2007) 
corresponding to 20% dissatisfied will consequently be 5% to10% dissatisfied for a typical 
number of 40 observers and the average standard deviation, for which the standard error of 
acceptability rating will be 0.08 (Figure 2). This means that with the margin of error, the 
actual air quality level can range from 15% and 30% dissatisfied, which is actually the whole 
range defining different categories of air quality in the standard.  

 
Figure 2: Standard error of the acceptability rating as a function of number of observers and standard deviation 

of the rating of acceptability 

 
Figure 3: Assessment of air quality as a function of number of inhalations; error bars indicate standard errors 

Human senses exhibit reduction in sensitivity with time of exposure, when the air is polluted 
by odours (adaptation). Gunnarsen and Fanger (1992) observed considerable adaptation when 
human bioeffluents were the pollution source, probably due to bioeffluents comprising mainly 
odours, moderate adaptation when tobacco smoke was the source and almost no adaptation 
when the air was polluted by building materials. They observed that adaptation occurred 
within the first 6 minutes of exposure, while in the other work the strong adaptation to indoor 
air polluted by typical building materials occurred already in the course of the first seven 
inhalations, corresponding to an exposure of about 24 seconds (Jørgensen and Vestergaard, 
1998; Clausen, 2000) (Figure 3). In practical applications, it is expected that a judgment of 
indoor air quality be rendered immediately upon exposure and earlier than within the first 15 
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seconds in order to have unadapted vote; this is what is actually recommended by ASHRAE 
Standard 62.1 (2013). Figure 3 suggests, that there will be considerable adaptation during this 
time. It is thus impractical to assume in field evaluation that observers take only 1 inhalation 
when rendering the assessment of air quality and it should be acknowledged that some 
sensory adaptation will always be present: It may be thus difficult to distinguish in practical 
applications the unadapted assessments (of visitors to a space with very brief exposure) to the 
adapted assessments (of occupants staying in a space for an extended time).  
 
The perception of air quality is also 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 (Berglund and Cain, 1989; Fang et al., 1998a,b; Toftum et al., 
1998). Keeping the air dry and cool reduces the percentage dissatisfied with the air quality 
(Figure 4), and causes the air to be perceived as fresh and pleasant. Consequently, when the 
air quality is measured using sensory assessments of acceptability, the thermal conditions of 
the inhaled air should be well documented, and if necessary recalculated to reference 
conditions (set to 23oC and 50%RH) using models developed by Fang et al. (1998a,b). The 
strength of the thermal effect on the assessment of indoor air quality can be observed by 
examining Figure 4. For example, increasing the summer temperature from the lowest to the 
highest level recommended by EN 15251 (2007) for Category II can increase the % 
dissatisfied with air quality by as much as 15% (Figure 4).  

 
Figure 4: Percentage dissatisfied with air quality as a function of temperature and relative humidity of inhaled air 

Selection of human observers evaluating the air quality can also affect the measurements of 
acceptability of air quality, but no systematic data exist to estimate the size of this effect on 
the predicted percentage dissatisfied persons. At best, the observers from the relevant 
population for which the measurements are addressed should be selected; this may however 
be difficult to achieve in practice. A rational compromise is to select at least observers of a 
similar age for the target population, as age has been shown to have a major impact on 
sensitivity, while gender and smoking status are of a slightly less importance. To minimize 
the errors that can result from the selection of observers, standardized methods quantifying 
their sensitivity should be used during recruitment and if possible observers performing 
similarly on these tests should be used. The screening tests comprising a ranking test used to 
evaluate the ability of observers to classify different odour intensities and the matching test 
used to assess their ability to identify several stimuli of odour (ISO 8587, 1988; ISO 8586-1, 
1993) can be used for this purpose, as well as Chemical Sensitivity Scale (CSS), which 
examines experience with and exposure to odours and sensory irritants (Nordin et al., 2003; 
2004). 

14



2.2 Odour intensity 
Measurements of odour intensity have also been used as a metric for defining the air quality 
levels, but to a much lesser extent than the assessments of acceptability of air quality. 
Measuring odour intensity requires the same experimental rigour as in case of performing 
assessments of acceptability of air quality, especially regarding the length of exposure and 
adaptation, because olfactory sense, which in this case is a main trigger of a response, exhibits 
very strong reduction in sensitivity with the time of exposure. 

2.3 Acceptability, odour intensity and % dissatisfied 
Although measurements of acceptability of air quality have been assumed to integrate 
different sensory attributes, it seems that they are primarily influenced by odour intensity 
(Wargocki et al., 2010): acceptability and odour intensity ratings of the same exposures 
exhibit strong correlation (Figure 5). Thus it can be stipulated that the measurements of 
acceptability can be substituted by the measurements of odour intensity, which are more 
straightforward and to a lesser extent influenced by the preferences and the experience. 

 
Figure 5: Correlation between ratings of acceptability of air quality and assessments of odour intensity 

 
Figure 6: Percentage dissatisfied with air quality as a function of odour intensity 

Assuming that odour intensity is strongly correlated with the ratings of acceptability 
(assuming that the exposures evoke unpleasant responses), the relationship between the 
percentage dissatisfied and odour intensity has been created (Figure 6). This relationship can 
be used to interpret and analyse the results from the experiments, in which only odour 
intensity has been measured. For example, Yaglou et al. (1936) in their classical studies 
assumed that moderate level of odour intensity should determine ventilation requirements for 
controlling body odour. With the relationship shown in Figure 6, the moderate odour intensity 

15



corresponding to 2 on a scale results in as many as 50% dissatisfied with the air quality; this is 
much higher than what is recommended by the present standards (ASHRAE, 2013; EN15251, 
2007). To match the requirements of present standards, i.e. to bring the level of dissatisfaction 
down to e.g. 20%, the ventilation rate to control body odour should have been determined for 
the weak level of odour intensity (about 1 on the scale) and should correspond to about 15-20 
L/s per person rather than about 7 L/s per person as proposed by Yaglou et al. (1936). 

2.4 Carbon dioxide and percentage dissatisfied 
The measurements of carbon dioxide are frequently used to control ventilation rates that need 
to be delivered to a space. Because there exists relationship between carbon dioxide 
concentration and the percentage dissatisfied with air quality (Fanger and Berg-Munch, 1983; 
ECA, 1992) (Figure 7), the concentration of carbon dioxide can be considered as the proxy 
for the level of indoor air quality. The limitation of this approach is that it can only be used 
when spaces are occupied by people (carbon dioxide is in this context a proxy for human 
bioeffluents as this is main human metabolite) and it may not take into account other 
contaminants that can potentially influence the actual level of air quality. Furthermore the 
levels of carbon dioxide indoor exhibit quite dynamic changes and not always reach and/or 
remain at the steady state level for the extended periods. The control would have to take into 
account these variations. Finally the sensors used to measure carbon dioxide may exhibit quite 
large inaccuracies. For example a study of Fisk (2007) examined 44 sensors used in nine 
Californian buildings and showed that their accuracy was quite low, the errors ranging from 
378 to 1013 ppm. The reasons for this poor performance were not examined but certainly lack 
of frequent maintenance and calibration check as well as improper location of sensors are 
likely factors that cannot be disregarded in this context. 

 
 Figure 7: Percentage dissatisfied with air quality as a function of measured carbon dioxide level above outdoors 
 
3 ODOUR INDEX 
 
Sometimes odour index is used to examine, whether chemical compounds measured indoors 
would be causing odour nuisance. Odour index is defined as the ratio of the concentration of a 
compound to its odour threshold. Usually odour detection thresholds are used. The odour 
detection threshold is the lowest concentration of an individually occurring compound that 
can be detected by 50% of human observers (Cain, 1988; WHO, 1987). If odour index is �1 it 
is expected that the odour produced by the compound can be detected by majority of people. 
If an odour index is <1, the concentration is lower than the threshold and the odour produced 
by the compound will probably be not detected by people. Although the use of odour indices 
seems reasonable, the approach has several limitations. The most obvious is that chemical 
analysis unable to detect all compounds especially those causing sensory effects (e.g., 
Wolkoff et al., 1997). Another limitation is the reliability of odour detection thresholds, which 
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can vary sometimes several orders of magnitudes for a single compound (Devos et al., 1990). 
The reason for this can among others be different methods of estimation of odour detection 
thresholds and insufficient scientific rigour when they are determined. Finally, perhaps even 
more important limitation of using odour indices is, that it is often observed that even when 
odour indices are <1, it is when it is expected that people cannot detect odour, the quality of 
air is still assessed as not acceptable (e.g., Wargocki et al., 1999).  
 
4 EMISSION CATEGORIES 
 
Standard EN 15251 (2007) defines three classes of emissions from building and for each class 
defines ventilation requirements. As shown in Table 1, the proposed classes represent well the 
variety and distribution of the potential emission rates of pollutants in non-industrial buildings 
related to building materials and furnishing, the HVAC system including the dust collected on 
the particle ventilation filters, and office equipment including personal computers (Wargocki 
2004); the building components were defined based on ventilation rates required to handle 
emissions from building in order to reach certain level of air quality defined by the % of 
dissatisfied. The classes of emissions were estimated based on assessments made by human 
observers in different buildings (summarized by Wargocki et al., 2004). They can thus 
potentially be subject to inaccurate estimation considering the imprecisions related to 
assessments of air quality made by human observers and the factors influencing these 
assessments described in the preceding sections. Emission classes proposed by EN 15251 
(2007) are useful when the ventilation requirements are roughly estimated. However, it can be 
quite challenging to predict beforehand, whether building and furnishing materials, which are 
going to be used in a building, meet specific postulated emission class. If material emissions 
are not known the designer may want to high ventilation rates according to the non-low 
polluting class to make sure that the air quality levels in the completed building will be met. 
Verification of the assumed class can be attempted, when the building is completed and put 
into use. Even then, the task is quite complicated. Remediation to bring the indoor air quality 
to the expected level, as specified during design, in case the class was improperly assumed, 
can be costly and demanding.  

Table 1: Emission categories in EN 15251 (2007) compared to measured strength of pollution sources in 
buildings; the compnents provide ventilation requirements in Category II of indoor environment quality and air 

quality level corresponding to 20% dissatisfied 

Building type Source 
strength 

(olf/m2floor) 

Estimated 
ventilation rate 

(L/sm2floor) 

Emission 
class 

(EN15251) 

Source 
strength 

(olf/m2floor) 

Building 
component 
(L/sm2floor) 

97 office buildings and 
assemby halls (where 
tobacco smoking 
occurred) 

0.23±0.06 1.7±0.5 Non-low 
polluting 0.2 1.4 

1 department store 0.15 1.1 
6 office buildings (no 
tobacco smoking) 0.11±0.09 0.8±0.6 

Low-
polluting 0.1 0.7 10 kindergartens 0.06±0.04 0.4±0.3 

6 schools 0.06±0.06 0.4±0.6 
3 office buildings (no 
tobacco smoking) <0.05 <0.37 Very low-

polluting 0.05 0.35 
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5 CONCLUSIONS AND IMPLICATIONS FOR FUTURE WORK 
 

x Assessments of indoor air quality made by human observers can be largely influenced 
by the measuring errors and inaccuracies. These imprecisions can cause incorrect 
estimation of the indoor air quality expressed by the percentages dissatisfied with air 
quality. Consequently, using percentage dissatisfied to set the indoor air quality 
requirements can be regarded as somewhat challenging also because of the difficulties 
to ensure compliance. Improvements of current measuring methods using human 
observers are needed in order to continue application of this approach for setting 
indoor air quality levels. 

x Other approaches for setting indoor air quality levels need to be explored. The 
approach proposed by the recently developed guidelines for health-based ventilation in 
Europe can be followed (Wargocki et al., 2013). The guidelines propose the strategy 
to control indoor air quality based on health end-points, in which source control is a 
primary method and the ventilation is used when all source control options are 
exploited. The World Health Organization (WHO) air quality guidelines are used to 
set the exposure limits (WHO, 1987; 2000; 2005; 2009; 2010). Ventilation rates are 
considered health-based when WHO air quality guidelines are met and the base rate is 
defined to control primarily human bioeffluents; the base rate must always be 
provided. Following WHO air quality guidelines and/or any other amenable exposure 
limits, e.g. EU-INDEX guidelines (Kotzias et al., 2005), for which general consensus 
has been reached as regards their applicability, validity and uncompromised scientific 
merit and completeness, may create more tangible and harmonized approach for 
setting indoor air quality levels. Inclusion of requirements on indoor air quality in the 
national regulations would be necessary to back-up and underpin this process. 

x The harmonized regulation of product labelling and ventilation would be necessary to 
improve characterization of emissions and secure more accurate, manageable and 
verifiable use of emission classes. Two recently completed harmonization efforts can 
be used for this purpose, one for indoor products labelling (ECA, 2005; 2012) and one 
on health-based evaluation of indoor emissions from construction products (ECA, 
2013). The first one proposes framework, which could assist in making informed 
choices about the new or existing products used in indoor environments. It also 
defines core and transitional criteria with an attempt to facilitate the convergence of 
existing mandatory and voluntary labelling schemes. The second one provides an 
approach for establishing harmonised lowest concentration of interest (LCI) values for 
177 organic compounds detected in emission tests of construction materials and 
additionally a list of 82 compounds with interim LCI values. Integrating these 
frameworks with the ventilation rate design specification is likely to have a noticeable 
effect on improving the compliance and securing that the prospected indoor air quality 
levels are attained. 
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ABSTRACT 
 
Low Energy dwellings in the Netherlands are build or renovated in most cases with very airt tight specifications 
and advanced ventilation systems. How easy is it to realize these air tight dwellings in practice and what is the 
performance in practice, also compared with other parameters?  And most of all what is the effect on the energy 
performance? In the Netherlands there is an unique opportunity, because in the “Energy Leap” program almost 
30 projects will be monitored not only on the performance when finished but also on energy performance, the 
building process and user experiences. This paper shows some first results. 
 
Since 2010 the five year innovation/implementation program Energiesprong (Energy Leap) helps to create 
market conditions for an energy neutral built environment in the Netherlands. This program is operated by 
Platform31. The program focuses on new buildings and renovation, in residential and non-residential buildings 
and at district level. The program aims at the creation of market conditions required for a successful transition to 
an energy neutral built environment. This is done by promoting demand for energy neutral renovation, 
facilitating the development of high level renovation concepts by the market and suggesting improvements in 
legislation which bock the successful roll out of these concepts..  
 
The quality of the ventilation and air infiltration in the very low energy renovated and newly build dwellings is 
measured through the “Bouwtransparant” (Build Transparently) method. This consist of an inspector who 
performances a blower door test including smoke tests, a near-infrared picture, a check which measures are 
taken, ventilation flows, and a inspection about the general quality of the work. This paper describes the 
experiences of these inspections, common building mistakes and the derivations of the specification on air 
tightness and ventilation. The effect of these derivations is shown on the energy demand. 
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Example of a renovated dwelling in Kerkrade, Energyleap programma P31 (picture: Frank Hanswijk, 
Platform31) 
 
Because the energy use is measured of these dwellings in combination with the weather data and two indoor 
temperatures, first results are shown of the energy use both annual but also in relation to the outdoor and indoor 
temperature. Because there is a lot of variation in the energy demand in similar houses, possible explanation are 
given in these variations. 
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ABSTRACT 
 
The present paper addresses experiences with infiltration and ventilation in the Active House concept, based on 
the Active House Specification and realized Active Houses. The Active House Specification is based on a 
holistic view on buildings including Comfort, Energy and Environment. It uses functional requirements to indoor 
air quality and thermal comfort, and does not have component requirements to airtightness or specific ventilation 
solutions. Experiences from realised Active House projects show that better airtightness than nationally required 
has been achieved. Indoor air quality is generally good, independently of the type of ventilation system installed 
(mechanical, natural and hybrid have been used). Good thermal comfort can be achieved in houses with 
generous daylight conditions. To succeed, natural ventilation and dynamic solar shading (ventilative cooling) 
must be applied and controlled to avoid overheating, which is possible under European climate conditions, where 
humidity is not a main issue during summer. The identified issues for quality and compliance have been that the 
current methods in standards and legislation that are used to determine the performance of ventilative cooling 
need to be further strengthened. And that affordable, intuitive and simple control systems for residential hybrid 
ventilation and dynamic solar shading are needed.  
 

KEYWORDS 
 
Active House, natural and hybrid ventilation, renovation, standards, controls systems 
  
1 INTRODUCTION 
 
The Active House Specification (Eriksen et al., 2013) has requirements in three categories, 
and has a main ambition that the three categories should have an equally high focus. The three 
categories are: 
x Comfort (incl. indoor environment) 
x Energy  
x Environment 
 
The Specification addresses residential ventilation as functional requirements to Indoor Air 
Quality (IAQ) and thermal comfort. All main rooms for occupancy must be evaluated 
separately. Four categories of IAQ are defined, based on the CO2-concentration, which must 
be achieved for minimum 95% of the occupied time:  

1. 500 ppm above outdoor concentration 
2. 750 ppm above outdoor concentration 
3. 1000 ppm above outdoor concentration 
4. 1200 ppm above outdoor concentration 
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It is a requirement that the air change rate can be manually influenced in all main living 
rooms, regardless whether mechanical, natural or hybrid ventilation is used. To reduce the 
risk of overheating, operable windows are recommended. Ventilation inlets, including natural 
ventilation openings, must be located so that draught risk is minimised.  
 
There are no specific requirements to airtightness, or to performance of ventilation 
components, and no specific type of ventilation systems is required. The designer of the 
project can choose the most relevant system for the specific project, but to meet the ambitious 
requirements to energy performance, an energy efficient ventilation system and an airtight 
building envelope is needed (and therefore required indirectly).  
 
Natural ventilation in combination with dynamic solar shading is a key instrument to avoid 
overheating with minimal use of energy. Four categories of maximum operative temperature 
are defined, setting requirements to air-conditioned and non air-conditioned buildings, using 
the definitions of EN 15251. For non-air conditioned buildings, the adaptive approach is used:  

1. Ti,o < 0.33 x Trm + 20.8°C, for Trm of 12°C or more 
2. Ti,o < 0.33 x Trm + 21.8°C, for Trm of 12°C or more 
3. Ti,o < 0.33 x Trm + 22.8°C, for Trm of 12°C or more 
4. Ti,o < 0.33 x Trm + 23.8°C, for Trm of 12°C or more 

 
All other criteria are found in the Specification (Eriksen et al., 2013), which can be 
downloaded at no cost from the website of the Active House Alliance.  
 
2 EXPERIENCES FROM COMPLETED ACTIVE HOUSES 
 
2.1 Increasing number of Renovation Projects: Climate Renovation as new Paradigm 
 
Two types of Active Houses have been completed: New buildings and Renovation projects. 
New buildings dominated in the first years after the launch of the Specification, but in recent 
years a shift towards more renovation projects have been seen. A common characteristic for 
the renovation projects is that they do not have improved energy performance as the only 
objective – improved indoor climate is often just as important. Climate Renovation has been 
adopted by some Active House Alliance members as the term to describe this new paradigm. 
Examples of recent renovation projects are: 
 
x LichAktiv Haus: A typical 1950’s post-war, one-family house in Hamburg, Germany. The 

renovation has transformed it to a modern, spacious house 
x De Poorters van Montfoort: Ten row-houses in a social housing corporation were 

renovated to offer excellent energy performance, more space, better daylight conditions 
and improved indoor climate.  

 
2.2 Ventilation System Configurations 
 
Many of the realized Active House have been built with demand-controlled, hybrid 
ventilation systems for optimal IAQ and energy performance.  
 
An example is from the project Sunlighthouse in Austria. Natural ventilation is used during 
warm periods and mechanical ventilation with heat recovery is used during cold periods. The 
switch between mechanical and natural ventilation is controlled based on the outdoor 
temperature. The set point is 12,5oC with a 0,5oC hysteresis. Below the set point the 
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ventilation is in mechanical mode, above the set point the ventilation is in natural mode. In 
both natural and mechanical mode, the ventilation rate is demand-controlled. CO2 is used as 
indicator for IAQ, and a set point of 850 ppm CO2 is used. 
 
LichtAktiv Haus in Germany is an example of a house where natural ventilation is used as the 
only ventilation system.  
 
2.3 Measured airtightness 
 
It is not required in the Active House Specification to measure airtightness. But in order to 
meet energy efficiency targets, airtightness has been measured with blower door tests in many 
cases. Table 1 presents examples of measured airtightness in realised Active Houses. This is 
in most cases well below the requirements in the national building codes.  
 

Table 1: Measured airtightness in five Active Houses 

 Home for Life 
 
DK, 2009 

Sunlighthouse 
 
AT, 2010 

Maison Air et 
Lumiére 
F, 2011 

Carbonlight 
Home 
GB, 2011  

LichtAktiv 
Haus 
D, 2010 

n50 (h-1) 1,5  0,52 0,60 - 1,07 
l/s/m2 @ 50 Pa - - - 1,33 - 
 
The experience from the completed Active Houses and other houses built according to other 
standards for low energy buildings, is that the achieved airtightness is related to the 
competence level of the craftsmen building the house. It is also the experience that the 
competence level has increased in the relatively short period from 2009 to 2011 due to the 
increased awareness of the importance of airtightness for low energy buildings.  
 
2.4 Measured IAQ and Thermal Comfort 
 
Temperatures and CO2-concentrations have been measured on hourly level in several projects, 
e.g. in LichtAktiv Haus (LAH), Germany. LAH is designed with a demand controlled IAQ, 
with the aim to achieve category 1 (500 ppm above outdoor levels) or 2 (750 ppm above 
outdoor levels) (Feifer et al., 2013). The measured CO2-concentration in the living/dining 
room is presented in Figure 1.  
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Figure 1: Measured CO2 concentration in the kitchen/living room of LichtAktiv Haus, Germany. The data is 

categorized according to the Active House Specification 

It is seem on Figure 1 that category 1 or 2 is achieved for 60% to 70% of the time during 
winter, and approx. 100% of the time during summer. The CO2-concentration is lowest during 
the summer period as natural ventilation is also used to prevent overheating in this part of the 
year. Good summertime IAQ is thus a side-effect of applying ventilative cooling to prevent 
overheating. CO2 concentration above category 2 during winter is caused by user override of 
automated controls. These results are similar to those seen in Active Houses with 
mechanical/hybrid ventilation.  
 
It is the general experience that both natural, mechanical and hybrid ventilation systems are 
able to deliver the right ventilation rates and achieve the right IAQ. The key issue is that the 
systems must be designed, installed and maintained correctly, and most importantly, the 
controls must be transparent and intuitive for the occupants of the buildings.  
 
Foldbjerg (Foldbjerg et al., 2013) reported on the thermal comfort in LAH and two other 
Active Houses. A typical characteristic of the realized Active Houses is that they have very 
generous daylight conditions. It is seen on Figure 2 that the living-dining room in LAH 
achieve category 1 in most months, with the exception of three summer months. Annually, the 
room achieves category 1. There are very few hours with temperatures below category 1. This 
means that there is no issues with overheating or low temperatures (undercooling).   
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Figure 2: Measured indoor temperature in the kitchen/living room of LichtAktiv Haus, Germany. The data is 
categorized according to the Active House Specification. The number on the right side of the figure is the Active 

house category achieved for each month (max 5% of the time can exceed the category) 

 
It is the general experience that good thermal conditions with only insignificant periods with 
high or low temperatures can be achieved. Prevention of overheating is a key issue, as low 
energy buildings can easily overheat, as reported by Larsen (Larsen, 2012) and others. The 
important elements to consider are natural ventilation and dynamic solar shading, as 
combined in ventilative cooling (venticool, 2014).  
 
2.5 Ventilative Cooling in Standards and Legislation 
 
Peuportier (Peuportier et al, 2013) measured the air change rates achieved with natural 
ventilation as the means of ventilative cooling in the Active House called Maison Air et 
lumière near Paris, France. Air change rates in the range of 10 to 22 ACH were achieved. 
These results were confirmed by simulations in CONTAM. However, later calculations with 
the methods presented in EN 15242 show much lower results despite similar geometry and 
boundary conditions. This is to some extent explained by the fact that EN 15242 only includes 
single-sided ventilation. BS 5925:1991 presents a method that allows for a two-sided window 
configuration, still with very conservative results. In the on-going revision of EN 15242 it is 
being discussed if a more accurate and generally applicable method can be included. The 
work in IEA Annex 62 will further support this goal.  
 
To correctly account for the effect of ventilative cooling, more accurate methods are needed 
in standards, and in legislation. Regarding legislation, there is currently work on-going in 
Denmark and France to tighten the requirements to thermal comfort during summer – this 
process underlines that reasonably accurate methods are needed to predict the performance of 
the measures that can be used to prevent overheating.  
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2.6 Experience with Control Systems in Active Houses 
 
Holzer (Holzer et al, 2014) is investigating the characteristics of Active Houses and 
particularly how the control systems should be designed to allow the houses to deliver the 
expected performance, and at the same time offer the occupants the experience they expect.  
 
The preliminary conclusions are: 
 
x Active Houses are react fast towards direct sunlight. Thus, an effective and fully 

automatically controlled system of dynamic shadings is obligatory for achieving good 
summer comfort.  

x Hybrid ventilation systems stand the test, combining automated window operation, and 
mechanical ventilation systems as well as manual window operation. The learning is to 
consequently separate the operation periods of automated window and mechanical 
ventilation, depending from outside temperature.  

x Beyond technical automation it’s essential offering intuitively manually operable devices 
such as windows, doors, and awning blinds. Furthermore it’s preferable having some 
devices literally manually operated than having them only manually telecommanded.  

x Sun protection together with night ventilation is an effective combined strategy towards 
summer comfort, which turned out to be preferably automized. At least in central and 
northern Europe areas there turned out to be a somehow weak intuitive understanding of 
heat protective building operation. 

 
There are few control systems currently available that deliver control of both mechanical and 
natural ventilation (as a hybrid solution), and which controls both ventilation, window 
openings and dynamic solar shading in a combined effort to maintain both good IAQ and 
good thermal comfort. Such systems should be cost-effective and are needed for the 
residential market.  
 
3 CONCLUSIONS 
 
There are several experiences with completed Active Houses regarding ventilation, quality 
and compliance.  
 
A shift from focus on new buildings to also focus on renovation projects has been observed. 
The main driver is improved energy performance, but multiple benefits are actually expected, 
mainly related to good indoor climate. Some Active House members have used the term 
Climate Renovation to describe this new paradigm.  
 
Airtightness is important to ensure the planned energy performance, and relies to a large 
extent on the competences of the craftsmen. There are indications that the competence level is 
increasing from year to year, and good results have been observed in the most recent houses. 
There seems to be a reduced need for focus on building airtightness now compared to the 
situation 5 to 15 years ago.  
 
Good IAQ can be achieved with both natural, mechanical and hybrid ventilation systems. The 
important lesson is that they must be planned, installed and maintained right. This has been 
achieved in the investigated houses. By correct planning in the design process good IAQ can 
be reached with a minimum use of energy. Particular good IAQ during the summer period has 
been observed as a side-effect of applying ventilative cooling.  
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Whereas the above themes have been relatively unproblematic, some issues, mentioned 
below, have a greater need for increased focus regarding quality and compliance.  
 
The realized houses are characterised by generous daylight conditions, which could 
potentially lead to overheating. This has not been the case. The houses show that good 
thermal comfort can be achieved in all seasons, regardless whether natural, hybrid or 
mechanical ventilation is used. But a strong relation between efficient natural ventilation in 
the summer (ventilative cooling) as well as dynamic solar shading has been a key element in 
achieving this, supported by windows being located towards more than one orientations in 
each room and not mainly towards the south as sometimes seen in low energy houses.  
 
There is currently only weak support in standards and legislation to give a true and fair 
account of the performance of ventilative cooling and dynamic solar shading, and this needs 
to be improved.  
 
There remains a need to identify and to discuss how ventilative cooling can become a 
standard solution in legislation and standards throughout Europe especially regarding 
renovation but also regarding Nearly Zero Energy Buildings.  
 
Transparent and intuitive control systems scaled for residential buildings with regards to 
system architecture and price are needed. Such a control system should be able to control 
ventilation and dynamic solar shading to maintain both good IAQ as well as good thermal 
comfort.  
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1 INTRODUCTION 
In 2006, France was little behind other European countries regarding low energy buildings. At 
that time, no definition of low-energy buildings existed in France, while Germany and 
Switzerland had been talking about Passiv’haus and Minergie Label for about 10 years.  Thus, 
local initiatives began to emerge to go beyond energy performance regulation 2005 and 
promote low and very low-energy buildings. 
Stake holders from various origins gathered around the necessity to develop energy efficiency 
in the building sector. Thereby, the Association Effinergie was created in March 2006 with a 
strong network of 70 members including almost all the French regions and also technical and 
research centers, banks, industrials, syndicates and professional federation, architects and 
engineering consultants and training centers. 
The objective was to develop a dynamics for energy efficiency in new and refurbishment 
building sector in order to generalize positive energy buildings.   
The aim of Effinergie is to  

- Develop building references and tools 
- Unite all the actors of the sector 
- Ensure coordination between governmental authorities and regional initiatives 
- Show the technical-economic feasibility of low energy buildings 

Effinergie has then created references for low-energy buildings labels, and this, with a 
commission of experts in accordance with the French ministry for construction. 
 
 
2 THE LABELS 
Labels are consistent with the thermal regulations and thereby use the same calculation 
method, which is, in France, a very elaborate dynamic calculation tool. The energy is counted 
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in kWh of primary energy per square meter per year, it takes into account heating, domestic 
hot water, heating and ventilation auxiliaries, cooling and lighting.  
The first label was “BBC-Effinergie” it has been operational from 2007 and till the end of 
2012. In that time around 300 000 dwellings had been certified. At the end of 2012 it 
represented 60% of new dwellings. 
January 1st, 2013 the new energy performance regulation (RT2012) came into force, 
imposing the BBC-Effinergie level as the mandatory one. 
A new label “Effinergie+” has been created to fit with this new regulation. It imposes, among 
other things, to consume 20% less than the required level. In 2013, 9000 dwellings applied for 
the certification. 
 
 
3 MEASUREMENTS IN LABELS 
3.1 Requirements and reason behind 
Label BBC-Effinergie has imposed, since 2007, a minimum requirement for building 
airtightness that has to be proved by testing. Reasons behind this requirement where: 

- Hypothesis on the airtightness value was used in the energy performance calculation 
but never checked and not always respected.  

- Low-energy labels was the perfect way to work on building airtightness as it is a 
voluntary approach, certified by a third part with a small amount of project (at the 
beginning). 

- To prove by measuring and not only by calculation the building’s performance. 
 

To make sure tests were performed correctly, Effinergie set, with the technical support of 
ministry for construction, a mandatory qualification process for testers. 
Setting the qualification process was a difficult work but it eventually can be considered as a 
success because: 

- It positively improved measurement quality,  
- It gave credit to the approach, 
- Perform a building airtighness test by a qualified tester is now required by the French 

regulation for all new residential buildings. 
With this successful experience Effinergie decided to extend measurements in its new label 
“Effinergie +”.  Indeed the label Effinergie + tends to  

- Improve building airtightness by 
o Promoting measurement of whole multi-family buildings instead of sampling 

apartments (by setting the requirement at 1m3/h/m² if the measure is done on 
the whole building instead of 0.8 if it is done by sampling) 

o Requiring measurement on non-domestic buildings under 3000 m² 
o Requiring training of craftsman on single houses construction or an 

airtightness level of 0.4m3/h/m² (instead of 0,6 in the regulation) 
- Improve the ventilation efficiency and air quality by 

o Requiring airtightness testing of the ventilation network and a level of at least 
Class A 

o Requiring a visual control of the ventilation system. 
To be allowed to perform airtightness test in the context of Effinergie + label, testers have to 
be qualified. That is to say, they have to 

- Validate an approved training program 
- Justify a certain amount of test 
- Apply for qualification from a certification body 
- Fill a database 
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3.2 Difficulties 
  
When testing is required it is necessary to ensure the reliability of tests. The qualification 
process ensures that testers are able to respect a protocol. Nevertheless a protocol first has to 
be clearly defined. 
For building airtightness testing, Effinergie involved in the drafting of a new standard: GA-P 
50-784, specific to French context that spell out EN 13829. 
For ductwork airtightness various standards deal with measurements (EN 1507, EN 12237, 
EN 2599, EN 13403) especially a specific French one FD E 51-767 that is under revision to 
improve consistency with other standards and fit with Effinergie requirements. 
 
Major difficulties came with the control of ventilation system. Indeed, at first “Effinergie +” 
was supposed to require measurement of ventilation flowrate to check the efficiency of the 
ventilation system. But it has been abandoned as standards dealing with ventilation flowrate 
measurement (NF 12 599, NF-X10-112, PR NF EN 16211): 

- Are not consistent one to another 
- Do not match with Effinergie needs: it is important to have non-destructive 

intervention of the tester (no drilling). 
- Do not include measurement at air terminal devices. 

This lead to major difficulty to establish a control protocol as: 
- The reliability of flowrate measurement devices at air terminal were unknown 
- The specific case of humidity sensitive ventilation was difficult to handle. 

The requirement on measuring ventilation airflowrate was then abandoned, and only a visual 
control of the ventilation system is performed. 
However in 2014 starts a research project aiming at testing the reliability of ventilation 
flowrate measurement at air terminal devices. The final purpose of this project is to test 
protocols and measurement devices and to transcript a reliable protocol in a standard. 
 
4 CONCLUSIONS 
Label BBC-Effinergie and then Effinergie + have required airtightness measurement to prove 
the energy performance of certified buildings not only by calculation but also by measuring. 
To ensure the reliability of measurement, specific protocols were developed and competent 
tester schemes were set. 
This was possible for building and ductwork airtightness, however regarding control of 
ventilation flowrate measurement, requirements had to be abandoned because of the lack of 
applicable standards. 
Ongoing research projects shall lead to the development of reliable and widely applicable 
protocols. 
 
 
5 REFERENCES 
Relevant websites: 
www.effinergie.org 
www.rt-batiment.fr 
http://www.observatoirebbc.org/ 
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1 INTRODUCTION 
Bostoen is a building company that specialises in certified passive houses according to the 
innovative passive concept, nearly zero-energy and energy-efficient homes, as well as 
apartments. This within its own project builds  as well as build to order, based on the client’s 
own construction ground. In addition Bostoen also retails construction grounds in itself. 

 
With years of expertise and market knowledge, Bostoen founded in 2013 a division of 
renovations for existing home owners. Under the brand name Bostoen, the company positions 
itself clearly as an all-round provider of housing solutions and dynamic market innovator. 
Bostoen evolved from a turn-key-project family business into a complete provider in the 
housing market with an integrated sustainable vision. It is a reference in the field of passive 
construction. In 2013 Bostoen also celebrated her 40th birthday with a total of 10.000 homes 
to this day. 
 
2 WHAT ARE THE COMPLIANCE CONTROLS CARRIED OUT FOR PASSIVE 

HOUSE CERTIFICATION IN BELGIUM 
2.1 Airtightness better than  0.6 h-1 at 50 Pa 
The air leaks off the house should not cause more than 0.6 air changes per hour at 50 Pa in the 
house (n50 � 0,6 h-1). The test for this value should be performed in accordance with the NBN 
EN  13829 / measurement method A and this with overpressure and underpressure to get an 
average n50-value of both measurements. 
 
This value is a direct certification criteria. 
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Figure 1: Excerpt from 

http://www.epbd.be/media/pdf/etancheite_air/Airtightness_measurement_EPB_specifications_v3_130528.pdf 

 
To come to this n50-value, we need to determine the net volume of the house. The net volume 
is calculated from the inner measurement  between the finished surfaces of the building, inner 
walls and upper floors are included in this volume. This calculation is according to 'WTCB-
Dossiers - Nr. 1/2007 - Katern nr. 6' hernomen in annex 4. 
 
2.2 Ventilation 
Our ventilation report will check two parameters, the ventilation airflow rates of every 
room/ventilation ducts and the energy consumption of the ventilation system at every airflow 
rate (1/2/3).  
The ventilation unit has 3 fan speeds, each according to a specific use. The lowest speed and 
least airflow volume (1) is set for normal day use, the medium speed (2) is set to EPB 
standard and is recommended while cooking and/or taking a shower. The third fan speed is 
for extensive house use or high occupancy, for example when throwing a party. 
 
The airflow rate is the maximum output of the system in which the legal demand for 
ventilation is required. In the case of supply of fresh air as well as the removal of polluted 
indoor air. 
 
Depending on the region in which the ventilation system is installed there are rules to comply 
to (EPB, NBN D 50-001, ARAB, NBN EN13779, RGPT). 
 
3 WHAT ARE THE ADVANTAGES/DISADVANTAGES TO WORK WITH AN 

INDEPENDENT COMPANY FOR THE AIRTIGHTNESS AND VENTILATION 
MEASUREMENTS ? 

Pro’s 
+  Third party confirmation – independent quality control for us and the costumer 
+  Official compliance test /Blowerdoor is mandatory / ventilation will become 

mandatory in the future 
+  Final check before completion and creates awareness for costumer 
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Con’s 
- Time management (Bostoen – independent company – costumer) 
- Communication (what – why - where – when) 
- Cost (this service is included in the tag price, but is seen as a blind increase.) 
 
4 IS THERE A NEED FOR CERTIFICATION OF SUCH MEASUREMENT 

COMPANY IN THE CONTEXT OF COMPLIANCE (EPBD, PASSIVE HOUSE, 
ETC.) WHAT IS THE VIEWPOINT FROM THE CONSTRUCTION COMPANY ? 

The blower door/airtightness certificate is in compliance with regulations, the company that 
produces these documents is not certified as a company. The ventilation certificate is done by 
the same company, the installation is up to code according to recommendations but there are 
no regulations to comply to.  
 
In EPBD it is not mandatory to do either ventilation or a building pressurization test. There is 
a default value that can be used. Doing these tests overrules the default value, this ‘wins’ E 
points which results in a better scoring house and more government compensation. 
Certification is thereby a choice but has a certain advantage, especially from a consumer point 
of view. 
 
In Passive house certification only a building airtightness test is mandatory; testing the 
ventilation system is nevertheless strongly recommended. 
  
The ventilation certificate is another check we as a company choose to have. The Passive 
House Platform (PHP) looks at these reports but has no regulations about the matter. We have 
them done to make sure everything is up to code. 
 
The airtightness test certificate is mandatory to prove the 0.6 h-1 airtightness. If this report is 
not according to certain rules, PHP requires a new test. We could be denied the passive house 
certificate as a result, which is promised to every passive house customer. 
 
Doing both tests is in most case a choice by our company to keep our work up to code, this 
also gives us an advantage in credibility and marketing. 
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Uncertainties in Air Exchange 
using Continuous-Injection, Long-
Term Sampling Tracer-Gas 
Methods 
Max H. Sherman, Iain S. Walker, Melissa M. Lunden 

 
 
ABSTRACT 

The PerFluorocarbon Tracer (PFT) method is a low-cost approach commonly used for 
measuring air exchange in buildings using tracer gases.  It is a specific application of the 
more general  Continuous-Injection, Long-Term Sampling (CILTS)  method. The technique  is 
widely used but there has been little work on understanding the uncertainties (both 
precision and bias) associated with its use, particularly given that it is typically deployed by 
untrained or lightly trained people to minimize experimental costs.  In this article we will 
conduct a first-principles error analysis to estimate the uncertainties and then compare 
that analysis to CILTS measurements that were over-sampled, through the use of multiple 
tracers and emitter and sampler distribution patterns, in three houses.  We find that the 
CILTS method can have an overall uncertainty of 10-15% in ideal circumstances, but that 
even in highly controlled field experiments done by trained experimenters expected 
uncertainties are about 20%.  In addition, there are many field conditions (such as open 
windows) where CILTS is not likely to provide any quantitative data.  Even avoiding the 
worst situations of assumption violations CILTS should be considered as having a 
something like a “factor of two” uncertainty for the broad field trials that it is typically used 
in.  We provide guidance on how to deploy CILTS and design the experiment to minimize 
uncertainties.   

 
 

Introduction 
Building ventilation is the primary process used to insure acceptable indoor air quality by 
removing pollutants from indoor sources as well as conditioning the air for occupant 
comfort.  In many buildings, ventilation occurs by the uncontrolled leakage of air through 
the building envelope termed infiltration.  National efforts to improve building energy 
efficiency have focused on reducing infiltration by making homes more airtight.  In the 
absence of mechanical ventilation, reduced infiltration can lead to elevated concentration 
of pollutants indoors.  The use of mechanical ventilation, however, can result in increased 
energy use which can offset the reduced energy losses through improved airtightness.  
Thus, accurate measurement of the ventilation rate, or air exchange rate, is key to assess 
the energy and air quality impacts of infiltration (including exfiltration).  Having a reliable 
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estimate of building ventilation can also be necessary to characterize other indoor 
phenomena, such as the emission rate of contaminants indoors. 
 
Ventilation is often expressed as an air exchange rate, where the air flow rate is normalized 
by the building volume. Air exchange rate varies as a function of HVAC operation, 
meteorological conditions, and changes in the configuration of the building envelope (e.g. 
windows open or closed).  For buildings dominated by uncontrolled airflow through the 
building envelope, tracer gas techniques are the primary method used to measure air 
exchange rates.  ASTM Standard E741 describes several methods for making tracer gas 
measurements.   The two most common tracer gas methods are the decay rate and constant 
injection rate methods [Basset et al, 1981; Condon et al, 1981; Dietz et al, 1982; Grot, 1980; 
Harrje and Grot, 1977]. A third method uses a constant concentration approach in which 
the quantity of tracer emitted is varies to maintain a fixed target concentration.  This allows 
the tracking of ventilation rate over short time scales but requires on-site tracer analysis in 
real time as well as computer controls for the tracer injection equipment – both of which 
require extra cost and complexity – hence it’s limited application. 
 
The decay rate method entails the injection of a tracer gas, mixing it to uniform 
concentration throughout the building and measuring the decay in real time over a few 
hours [Basset et al, 1981].  The method provides a robust measurement of the air exchange 
rate, but requires trained technicians to be onsite and only allows for the air exchange rate 
to be determined over short time-scales .  This method assumes that the ventilation rate 
does not change during the experiment, so care must be taken to avoid variable weather 
conditions and changing building envelopes such as opening windows. Such techniques are 
well suited to research-grade investigations or very small sample sizes, but are often 
impractical for larger, more cost-constrained studies.  
 
The constant injection method involves placing a number of emission sources, whose 
emission rate is well known and controlled – often using sophisticated mass flow 
controllers - of one or more tracer gases in a house together with samplers to measure the 
concentration of the gas over a period of time that can range from hours to days [Condon et 
al, 1980].   The time-averaged air exchange rate is determined from the volume of gas 
tracer emitted into the house and the concentration of that tracer measured by the 
sampler.  Simpler methods utilize a passive technique to obtain relatively constant 
emission of tracer, such as the evaporation of a liquid through a controlling membrane 
initially developed by Brookhaven National Laboratory.  This method is often called the 
“PFT” method because it used PerFluorocarbon Tracer gases.  The defining characteristic of 
this technique is not the tracer gasses themselves but the fact that they use Constant 
Injection and Long-Term Sampling in the field.  We shall refer to this technique with a more 
generic title of CILTS. 
 
The CILTS method is widely used due to the small size and low cost of the(tracer gas)  
emission sources and samplers, the flexibility in measurement duration, and because it can 
be deployed using personnel with limited training.  This is particularly important for 
applications such as field projects that require the measurement of the air exchange rate in 
large numbers of homes [e.g. Clayton et al., 1993; Ozkaynak et al., 1996; Weisel et al., 2005; 
Offermann, 2009].  There is general guidance regarding the number of (emission) sources 
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that should be placed based on the total area of the space [ASTM E741 2000]; sources and 
samplers are largely placed in a specific locations within a home based on the convenience 
for occupants and engineering judgment.   
 
Due to its widespread use, it is important to have a reasonably good idea of the 
uncertainties associated with the CILTS method, but limited analyses exist.  The factors that 
affect measurement uncertainty include uncertainties in the tracer emission rate, the 
measured tracer concentration, the time rate of change in the tracer concentration, and the 
spatial variability of tracer concentration within the house.  Previous studies investigated 
some of these uncertainties [Dietz and Cole, 1982; Leaderer et al, 1985], but do not 
explicitly discuss the implications for the resulting air exchange rate. D’Ottavio et al, 1988, 
showed how to analyze the data but contains no error analysis.  The objective of this work 
is to estimate the sources and magnitude of errors for a typical single-zone application of 
CILTS.  These uncertainties will be examined through analysis of field data using a 
theoretical uncertainty analysis method developed by Sherman (1988).  Based on the 
analysis, recommendations for reducing the errors of using the CILTS method will be listed. 
 
Uncertainties estimates for the CILTS method 
All tracer gas methods use the continuity equation to calculate the air exchange rate from 
the measured tracer concentrations and other experimental parameters.  The continuity 
equation for a single zone  is as follows: 

  (1) 

where V is the zone volume (m3), Q is the ventilation rate of the zone (m3/h), C is the tracer 
concentration (g/m3) (assuming no outdoor concentration), is the time rate of change of 
tracer concentration (g/m3/h) and S is the tracer emission rate (g/h).   The ventilation rate 
generally varies as a function of time, which is directly reflected in the term for the time 
rate of change of tracer concentration.  However, the CILTS method results in a single 
measurement of tracer gas concentration averaged over the time period of the experiment.  
Therefore, the use of the continuity equation to calculate the air exchange rate measured 
using the CILTS method requires that sampling time period be sufficiently long enough that 
the transient changes in concentration can be neglected.  When this is the case, an average 
air exchange rate, A (1/h) can be determined from the measured tracer emission rate and 
the measured concentration as follows 
  (2) 
When the emitters are first placed in the building there is an additional transient period 
during which the tracer reaches equilibrium in the home.  It is also important that the 
tracer sampling period either avoids this initial transient period or that the sampling 
period is long enough so that this transient period is inconsequential to use Eq. 2 to 
calculate the air exchange rate. 
 
There are a number of errors to consider when calculating the air exchange rate using Eq. 2 
with the CILTS method.  The first types are instrumentation errors associated with the 
measurement of the tracer gas emission rate and concentration.   The second types or 
errors are those arising from the simplified model of the continuity equation used to 
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interpret the data or how actual flows violate the modelling assumptions.   The subsequent 
discussion will discuss these different sources of error in detail. 

Instrumentation Error 
Instrumentation error encompasses all of the errors in the directly (or indirectly) 
measured quantities of average emission and concentration.  The contribution to the 
uncertainty to the calculated air exchange rate follows from Eq. 2 and can be expressed as:  
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There can also be an error term for the uncertainty in the volume of the space, but for this 
effort, we shall assume that this is small. At steady-state the volume error only affects the 
volumetric air flow to air change rate calculation and is, therefore, not fundamental to the 
measurement technique, but volume errors can be significant issues whenever converting 
from mass/volume flows to air changes.  
 
Estimating the uncertainty of the average tracer emission rate, S, is a straightforward 
exercise.  The total mass emitted is often measured gravimetrically by weighing the emitter 
before and after the tracer gas sampling period, and the result can be highly accurate.  
Without gravimetric measurements, the emission rate can be found by laboratory 
calibration, which will generally be less accurate.  The emission rate may not be constant, 
but if the changes in the emission rate are not correlated with variations in the air change 
rate, small variations in emission rate will not affect the results provided the sampling time 
is long enough.  We will, therefore, consider the tracer emission rate to be constant, but 
that assumption should be evaluated when atypical protocols are being considered.  
Equivalently we could consider the non-stationery emission rate to be part of the error in 
the emission rate measurement. 
 
The error in the measured tracer gas concentration is due to errors in both sample 
collection and analysis.   The analytical technique used to measure the amount of tracer gas 
in the sample can have precision errors due to variability in instrument response and bias 
errors due to imperfect calibration.  The errors in sample collection are primarily due to 
uncertainly in the value of sampling rate and a sampling rate that may not be constant.   
Both of these errors are of particular importance with concentrating samplers (e.g. sorbent 
tubes) due to effects of changing temperature and potential sample saturation.   Non-
concentrating sampling techniques such as bag sampling do not experience the same issues 
with respect to temperature and saturation effects.  There is a modelling error (discussed 
later) associated with assuming the concentration is spatially homogeneous at the spatial 
average, but there is also a measurement error associated with determining the average 
concentration, which is the more common problem of sampling variations.  The uncertainty 
associated with measurement errors can be reduced by using multiple samplers in the 
usual manner, but the modelling error cannot, because it is a bias error. 
 
Most experiments using the CILTS technique do not analyse the concentration data in the 
field, and transporting the sample to the laboratory for analysis is an opportunity for 
sample degradation. A thorough discussion of best practices is beyond this report, but 
some example issues might be beneficial: For instance, some of the sample may be lost in 
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transit or storage due to leakage.   This is particularly important for concentrating samplers 
where the concentration measurement is a function of the total collected mass.  For non-
concentrating samplers, such as units that directly sample room air into a bag, the loss of 
part of the sample is less important because analysis results directly in a concentration.  
For concentrated samples any loss will create a negative bias.   For all kinds of samples, 
contamination of the sample in transportation can result in error in either direction. 
Contamination can come from samplers and emitters being proximate or from other 
chemicals which might mimic or interact with a tracer. 
 
Combining these factors results in the following expression on uncertainty due to 
instrumentation error, 
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where the uncertainty in the measured tracer gas concentration, C, is expanded to include 
those errors arising from collection, transport, and analysis as discussed above.  With the 
right equipment and good experimental technique, it is possible to reduce these 
instrumentation errors to acceptably low levels. 

Model Errors 
 
To analyse the data in the CILTS approach the following assumptions are made: 
1. it is assumed that the system is in steady-state such that the concentration has had 
sufficient time to reach equilibrium that transient effects are unimportant 
2. the parameters are stationary. (i.e., that the air exchange is truly a constant over the 
measurement period, and  
3. the space is a single-zone and the tracer concentration is homogenous throughout the 
space).  (Any inhomogeneity is due to an interaction between emitter placement and the 
actual air flow patterns.  It is not necessary to know how it occurred.) 
Each of these assumptions has an intrinsic error that is dependent o)n the system being 
measured rather than the instruments measuring that system.  We will examine each of 
these errors individually (i.e. assuming no instrumentation or other model errors 
contribute) and then combine them assuming they are independent. 

Steady-State Assumption Errors 

The time dependent continuity equation, Eq. 1, includes the time rate of change of the 
tracer concentration, thus a complete solution will have include a term that accounts for 
the initial concentration.  The CILTS method assumes that transient changes in 
concentration can be neglected, and so represents a source of error that depends on the  
difference between the initial and final concentrations.    
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The bias from this error could be corrected if we knew the initial and final concentration.  
Since CILTS only measures the average concentration over the sampling period, we cannot 
correct the result without some prior knowledge of the system.  For instance, if we know 
that the initial concentration was zero, Eq. 5 can be used recursively to correct the CILTS 
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result.  However, as previously discussed, successful implementation of the CILTS method 
requires sufficiently long sampling times that these transient changes in concentration, 
which should make this error quite small. (We can’t actually calculate that time a priori as 
it requires knowing the answer first, but likely a good experimenter will have an estimate 
that can be used to bound it.)  We shall assume this is the approach taken and that any 
calculable biases have been taking into account.  

Constant Air Exchange Assumption Errors 

The air exchange rate will most likely vary over the sampling period, so the tracer gas 
concentration will be varying over time.  The CILTS method measures the average 
concentration, but the air exchange rate is inversely related to the concentration.  Thus, the 
CILTS analysis will underestimate air exchange rather than providing in a true average air 
exchange rate. If the variation is small, the bias can be corrected for (See Sherman (1989a) 
for details), however, the bias can be intractably large if the variation in air exchange is 
large - as might be the case for an experiment where windows are opened and closed 
during the testing or the weather changes significantly.   This magnitude is important when 
the measured average air exchange rate is used for energy calculations.  However, the 
effective air change rate from CILTS is the correct air change to use for investigating the 
dilution of indoor contaminants.   
 
 
 

Homogeneity Assumption Errors 

The CILTS analysis assumes that the space can be treated as a single zone and that the 
concentration is the same everywhere in this zone.   Incomplete mixing, however, can 
result in substantial variability in tracer concentration within the zone, resulting in a 
measured concentration that may not be representative of the space as a whole.   In 
addition, the average concentration measured in the zone may not be the representative 
concentration needed in the CILTS analysis because the continuity equation requires that 
the representative concentration must be the flow-weighted average concentration of the 
air flowing from the space to outside. 
 
To investigate the errors due to inhomogeneity, we have broken down the putative single 
zone into a set of N interacting multizone spaces.  Details of the analysis are reported in the 
appendix.  The results show that, even if the spatial average concentration could be 
measured with minimum uncertainty, there would be an error in the calculated average air 
exchange rate induced from the spatial inhomogeneity as follows: 
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 (6) 

Combining these errors results in the following expression for the uncertainty in a CILTS 
measurement:  
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 (7) 

The last terms, from Eq. 6, are proportional to the number of actual zones.  Note that the 
single-zone “emission” error has been replaced by the multizone one. 
 
Error Analysis of CILTS data  
An intensive investigation of the CILTS method was recently performed in three test homes 
(Lunden et al, 2012)).  The tests used multiple simultaneous PFTs sampling at high spatial 
density in multiple configurations to evaluate the precision of the technique and to provide 
guidance on the best way to deploy emitters and samplers.  This data set, hereafter 
referred to as the “Lunden data”, is used to examine the errors that result from the CILTS 
method in the error analysis presented above.  Each test house used four different PFTs 
with different sample densities and two different sampling methods, resulting in four 
separate experimental measurements of the same air exchange rate.  The differences 
between the experiments serve to identify which factors are most important with regards 
to experimental uncertainty.  In addition, the high spatial density of sampling locations in 
the experiments will help to quantify the spatial variability in tracer concentration.    
 
The experiments were designed to investigate a range of ventilation conditions.  These 
experimental ventilation conditions included no forced air system operation, normal 
operation of an air conditioner, constant operation of the forced air system fan, and other 
variations.  The specific experimental ventilation conditions used for each of the three 
homes are listed in Table 1. 
 
Estimates of precision and bias errors that are the same for each experiment are as follows:  
 
x Emission source: The PFTs sources were the same type of emitter device for all 

experiments.  They consisted of liquid in a glass vial with a septum through which the 
gas diffused.  The vials were placed in dry block heaters to keep the emitters at a 
constant temperature.  This eliminates a source of error due to changing emission rates 
with temperature.  Given how simple and easy it is to use these block heaters are, they 
are highly recommended for use in CILTS experiments. The emission rate for each vial 
was measured gravimetrically on site using a high precision scale.  The accuracy of 
these scales is assumed to be on the order of 1%.   

 
x Collection and Transport: We shall assume that any precision errors due to sample 

collection will be reflected in any inhomogeneity of the measured concentrations, and 
will thus only consider bias errors.  For the purposes of this analysis, we shall assume 
an empirically-based bias error of 3% and no transportation error.  

 
x Analysis: The tracer gas analyser had a precision error of 5%. This uncertainty is 

reduced as multiple samplers are used to estimate the mean concentration.  During the 
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analysis of the tracer gas samples, a significant bias was discovered and corrected, with 
no residual bias reported; Lunden (2012) has more details on this issue.  

 
Error estimates for more conventional CILTS experiments may differ from those in Lunden 
data. Errors associated with emission sources can sometimes include transport and 
handling that will affect the precision of the measured emission rate, i.e. sources are 
shipped to and from experimental locations by mail can cause losses in the tracer that will 
result in an emission rate that may be biased high.  The effect of temperature will be 
important for emission rates that are not determined gravimetrically.  Lunden et al. (2012) 
found that emission rates for the LBNL vials varied by approximately 4% for every 1 °F 
change in temperature.  The temperature dependence of other emitter types may differ, 
and should be characterized, but this value can provide an estimate of the importance of 
this error if important.  Collection and transport errors that affect the tracer gas samples 
may occur in high-volume, mail-in, or occupant-performed experiments can be much more 
common, and should be carefully considered.  Analysis errors are present in any 
experiment, and must always be methodically estimated. 
 
Using the values listed above for the Lunden study, the errors are as follows:  
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One of the samplers used in the experiment collected time resolved gas samples, resulting 
in 15 measurements of the tracer gas concentration every 24 hours.  The time resolved 
results provide a way to estimate the magnitude of the time varying concentration.   We 
estimate the magnitude of this variation ('C) as the difference in the concentrations 
calculated at the 95% confidence limits.  Using a 't of 24 hours and the measured average 
air exchange rate and concentration, the magnitude of the time resolved term in Equation 8 
ranged 3% to 16% depending on the experiment.  The largest values tended to occur when 
there was no central air handling fan operating.  The use of the economizer in House 2 
resulted in the largest tracer gas concentration variability with time due to the large 
changes in air change rate induced by this system.  The average value of the time varying 
term for all conditions with (continuous) central forced air fan operation was 4%. 
 
Thus the error for the Lunden study becomes approximately the following: 

 

2 2 2

20.0034 0.0001 rmsCQ A N
Q A C

GG G § ·§ · § ·  � �¨ ¸¨ ¸ ¨ ¸
© ¹© ¹ © ¹

 (9) 

If we disregard the time varying term and assume that the space is truly a homogeneous 
single zone, the air exchange rate resulting from the CILTS method as deployed by Lunden 
et al (2012) would have an uncertainty of 6%.   Assuming a value of 4% for the time 
varying term increases the uncertainty to 7%.   This uncertainty estimate represents the 
minimum uncertainty in the measured air exchange rate.  It is highly unlikely that the 
tracer gas concentration in a home would ever be homogeneous.   The extent to which 
spatial homogeneity contributes to the uncertainty can be assessed for the Lunden data 
due to the relatively high spatial density of samplers deployed in their experiments. 
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Spatial Homogeneity Errors in the Lunden Data 

House 1 

House 1 in the experiments conducted by Lunden et al (2012) is a 93 m2 (1000 ft2) single 
story house with a simple, compact floor plan.  Four different PFTs were deployed, each 
with a different spatial distribution of emitters, and in some cases, samplers. The tracer 
gases were over-sampled (i.e., using more locations) compared to a typical CILTS 
measurement to allow a better estimate of the spatial variation.  The number of emitters 
for each PFT is specified in Table 2.  Table 2 also lists the average air exchange rate for the 
house calculated using each PFT as well as the spatial coefficient of variance.  In their 
report, Lunden et al. (2012) divided the space into nine zones.  Some of the zones are small 
enough to ignore or sufficiently well coupled to be considered a single zone.  As a result, we 
shall assume four zones in our error calculations, recognizing that this may be an under 
estimate.  The air handler in house 1 turns over the air seven times per hour. 
 
In the test in which the central air handler was not run the average air exchange rate from 
the four tracers was 0.5 ACH with a standard deviation from the different tracer 
approaches of 13%. The four tracer gasses all showed a spatial variation of 16%-22% with 
an average of 20%.  Using Equation 10 to estimate the error we expect an uncertainty of 
40%.  This value is much larger than the 6 to 7% uncertainty due to all other sources of 
error and bias, showing that the heterogeneity in the measured tracer concentration 
dominates the overall uncertainty of the measured air exchange rate.  The air change rate 
measured with this data has an unknown bias, but the standard deviation of 13% between 
the four tracer gases is well within the 40% estimate of the overall uncertainty. Thus if only 
that standard deviation were considered as a measurement of the error, the total 
uncertainty would be under-estimated. 
 
The average air exchange rate for the experiment with constant central forced air fan 
operation was 0.87ACH with a standard deviation of 29%.  This value is higher than with 
the air handler off, and may be due to the contribution of duct leakage.  There is also a 
larger standard deviation between the four tracers.  The average spatial variation, 12%, 
was smaller for this condition, but had a larger range of values.  The larger range of spatial 
variation is largely due to the results from tracer 3, which had only two emitters in the 
house.  Discounting this value, the total uncertainty we would expect in this test is 18% but 
because of the outlier we see almost 25%.   
 
Lunden attributes the outlier to the fact that the concentrations analyzed were low and 
close to the detection threshold for the analyzer.  This type of error can happen because of 
the difficulties of knowing the air exchange rate and therefore the required emission rate 
as well as the appropriate number and location of emitters and samplers before starting 
the experiments.  This problem is particular to these passive measurements that lack the 
instant feedback from real time measurements. 
 

House 2 

House 2 was a 325 m2 (3480 ft2) ranch style home with a long narrow floor plan.  This 
house had two central forced air systems and with them both operating the air was 
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circulated 4.3 times per hour.  The number of emitters for each PFT is specified in Table 3. 
The house was divided into nine zones.  Unlike the more compact configuration of house 1, 
these zones do not combine as easily and nine may be an under-estimate.  In the error 
calculations, we shall use nine as the physical number of zones.  The average air exchange 
rate for the house calculated using each PFT as well as the spatial coefficient of variance is 
listed in Table 3.  
 
During economizer operation, one of the central systems supplied air from outside at the 
airflow rate used by the central system in normal recirculation mode – in this case about 3 
ACH.  This is a much higher flow than natural infiltration or most mechanical ventilation.  
For the three experimental conditions, it appears that the results from tracer 3, which has 
only one emitter, has a higher spatial variability than that observed for the other three 
tracers. (One emitter for a house this size would not be good practice, but we wished to 
explore its effect.) This is similar to the results for house 1, where there was a significantly 
higher spatial variability for one of the experimental conditions for the tracer with only two 
emitters.   
 
In Normal Operation, the average measured ACH from the 4 tracer gasses is 0.27 ACH with 
a standard deviation of 10%.  The coefficient of variation was the same (15%) for three 
tracers , and almost double this at 28% for tracer 3, that only has one emitter.  Using the 
average coefficient of variation  (CV) of 18% and nine zones results in an ACH total 
uncertainty of 55%. Continuous fan operation reduced the CVs for tracers 1-3 but not for 
tracer 4, and had twice the effect for tracer 3 that had the biggest CV.  This indicates that 
the fan operation can help a lot to reduce mixing errors, but not in all cases.  The 
concentration variation for the home with continuous fan operation is between 12% and 
22%, with an average of 15%, leading to an overall estimated uncertainty of 45%, while the 
measured air change is 0.42 ACH with a standard deviation of 9%.  In economizer mode, 
the economizer operates at times when outdoor air will cool the home.  This leads to times 
of very high air change rate when the economizer is operating and much lower air change 
rate at other times.  The resulting concentration variation is between 10% and 25% with 
an average of 20%, leading to an estimated uncertainty of 60%.  The measured air change 
rate is 0.29 ACH with a standard deviation of 7%.  This apparent reduction in variability in 
ACH in economizer mode when we know the time varying ventilation is large is an 
indicator that other factors, such as weather changes  and opening of windows, can have as 
big an influence on variability and errors as well known and characterized ventilation 
changes.  In addition, the reduction in air change rate observed here, when we know the 
economizer significantly increases ventilation rates, is another indicator of the 
uncertainties in the PFT method – particularly the underprediction of average air change 
rates when air change rates are not constant.    
 
We note again that the standard deviations of our measured values are significantly smaller 
than our estimated uncertainty.  If all one cared about were repeatability this would 
indicate that our error estimate was too large, but our error estimate includes errors 
caused by model violations—in particular the fact that the average concentration may not 
be the same as the exfiltration weighted concentration - and all the tracers have these 
errors.  An example of this from the House 2 experiments was that a couple of rooms on the 
windward side had slightly open windows.  This resulted in a net flow of air across the 
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house leaving the windward rooms at lower concentrations.  These rooms likely had less 
exfiltration and the samples from these rooms should have been weighted less.  Thus we 
might expect a positive bias in the results, i.e., the experiment overestimated the air change 
rate.  
 
The increased mixing due to central forced air heating and cooling system air handler 
operation reduces the variability in concentrations from zone to zone.  It also shows 
increased air exchange - probably due to leaky ducts.  The improvement in homogeneity is 
most noticeable for the experiments that had the fewest number of emitters. 
 

House 3 

House 3 experiments were designed to evaluate the effects of different distributions of 
emitters. House 3 was a 237 m2 (2540 ft2), 3 story, open-plan house.  Unlike houses 1 and 2, 
the tracer gas emitters were placed differently in house 3. Each floor had a unique tracer 
associated with it in order to better identify distribution patterns.  A fourth tracer was 
evenly distributed.  The number of emitters for each PFT and the floor location are 
specified in Table 4.  Operation of the air handler fan introduced 3.4 ACH of internal mixing.  
House 3 was divided into 12 zones within the space spread over 3 floors. Because of the 
large stack effect in this home, there are generally much larger differences in tracer gas 
concentration from floor to floor than between most rooms within a single floor.  Since the 
spatial variability is driven by vertical stratification in the house and each floor is open-
plan, we shall use the three floors as the number of zones.   
 
If we look at the case where the tracer was emitted everywhere the air exchange was 0.26 
with an estimated error of 40% when the air handler was not running and 0.3 with an 
estimated error of 29% when the air handler was running.  (Based on CVs of 23% and 17% 
respectively.)  Since the natural ventilation air change rate was stack dominated for this 
house we would expect that the single tracer emitted only on the lower floor would give 
results similar to the tracer emitted everywhere.  The air exchange for this single tracer 
was 0.26±47% with the air handler off and 0.32±9% with the air handler on, which 
confirms that this is indeed the case.  By contrast if we use the data from the tracer injected 
only on the upper floor the result is quite different:  1.3±211% with the air handler off and 
0.98±124% with the air handler on.  The very large positive bias is the result of there being 
very little third floor tracer on the lower two floors due to the internal stack driven airflow 
from the lower to upper floors. These results indicate that if sampler locations are poorly 
chosen the errors are so large that the results are not useable. Again, we have the problem 
for passive methods that we do not know a priori (or even during the experiment) that 
these errors are occurring.  The best we can do to minimize this problem it to emit and 
sample tracers on all floors of buildings and in more than one location per floor. 
 
 
Additional experiments were performed in house 3 with interior doors closed and a 
kitchen exhaust on the second floor operating.  With no air handler fan, this mode of 
operation showed the biggest special variation for each tracer with a range of CV from 68% 
to 196% and a mean of 114%.  The estimated error increased to 118% for the tracer 
emitted everywhere and for the third floor tracer the error increased to over 300%.  With 
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the air handler fan operating these errors decreased only marginally to 107% and 253% 
respectively.  This result shows that even with the air handler operating it could not 
overcome the compartmentalization due to closed doors combined with highly non-
uniform exfiltration.  
 
Mixing and Emitter Density  
We can use the complete dataset to get some idea of whether mixing and/or density of 
emitters can have a significant impact on the CILTS errors. We know these errors are 
dominated by spatial concentration inhomogeneities and so anything that reduces those 
will reduce the error.  
 
Figure 1 plots the spatial CV as a function of source emitter density.  Different symbols 
indicate whether the air handler was on or off or ran intermittently.  The size of the 
emitters and air handlers varied from experiment to experiment so quantitative estimates 
of the impacts are problematic but we can see some general trends.  The clearest signal is 
that running an air handler reduces inhomogeneity and thus improves the accuracy of the 
measurement significantly.  Using a central air handler may not always be possible, 
however, due to absence of a central unit or because operating the unit would change the 
desired experiment. 
 
If one cannot mix with an air handler (or similar device) then there is a trend toward 
reduced inhomogeneity with increased emitter density.  As discussed earlier it may be 
desirable to have higher emission rates in some zones than another, but for a given 
emission rate more physically separate emitters is generally preferred. 
 
 
Applications to other experiments 
In the Lunden data there were many redundant measurements, allowing for the 
uncertainty to be determined with a higher degree of confidence. More typical execution of 
the CILTS method will result in sparser data.  For instance, there may be only a few 
emitters and perhaps only a single sampler.  These experiments will require estimates of 
quantities like the spatial inhomogeneity, making it difficult to calculate a credible estimate 
for the uncertainty of the resulting air exchange rate.  The uncertainty will depend strongly 
on the number of zones and assumed heterogeneity.  For instance, using the same 
instrumentation and experimental error estimates as in Lunden et al. (2012), Equation 10, 
a 4 zone structure with a 20% homogeneity in tracer concentration results in a 40% 
uncertainty in the calculated air exchange rate.  A home with 7 zones with an assumed 30% 
inhomogeneity will result in an 80% uncertainty. 
 
The issue of whether a factor of 2 is good enough or 10% is not good enough depends on 
how the number is to be used.  When the air exchange is used as an input to a calculation of, 
for example, energy or contaminant emission rate any error in the air exchange will 
propagate through and limit the certainty of the final answer.  If the value is to be used as 
part of a large statistical sample, a lot more error can be tolerated than if it is being used to 
answer a question specific to that particular building.  This would be particularly true if 
were an issue of compliance with some code, standard, or program. 
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Recommendations for CILTS Applications 
CILTS can be an accurate and precise method for determining air exchange when the 
system being measured matches the model assumptions—in particular that the air 
exchange and source emission are constant and that the system is in fact a single, isolated, 
well-mixed zone.   Such a situation may occur in the laboratory or field studies with low air 
exchange rates and high internal mixing (e.g., due to operating a central forced air heating 
or cooling system air handler). 
However, CILTS is most used in homes where we know the assumptions are violated to at 
least some non-trivial degree.  The uncertainties associated with these violations can be 
minimized by careful experimental design and deployment.  The recommendations below 
will reduce the uncertainty of the CILTS result: 
x Emission Rate: The emitters typically used by CILTS are passive emitters whose rate 

changes slowly over time, but more importantly is a function of temperature.  The 
emitters should be placed in a temperature controlled environment to keep their 
emission rate constant during the experiment.  The emitters should be calibrated for 
each experiment or they should be gravimetrically weighed before and after each 
experiment such that the total amount of emission is determined. 

x Emitter Deployment: Emitters should be deployed in proportion to the local infiltration 
to improve homogeneity.  Of course the infiltration is not actually known; so this 
becomes a judgment by the experimenter. In many instances the best strategy is to 
deploy them evenly around the perimeter on all floors of the building.  In instances 
where we know the air flow patterns, such as in the winter in a stack-dominated 
building, we know that the infiltration will predominantly happen in the lower parts of 
the building; so our emitter deployment should be predominantly in the lower parts. 

x Sampler Deployment: As with the emitters, if we have no a priori knowledge, the 
samplers should be deployed evenly throughout the building. However if we can predict 
some of the air flow patterns in advance the emitters should be placed near areas of 
exfiltration. For example, if there is a prevailing wind direction, the samplers should 
preferentially be placed away from the windward side. 

x Sampler Number:  We recommend using a sampler for every 250-300 sq.ft. (25-30 sq. 
m) of floor area. An advantage of using multiple samples in addition to improving 
special averaging is that we can use the results to improve uncertainty estimates based 
on the standard deviation of the sampler results 

x Mechanical Mixing: When additional mixing (e.g. by use of air handler) can be applied it 
will improve homogeneity and reduce uncertainty.  Care must be taken, however, to 
assure that the mixing does not change the system being measured.  If the duct system 
connected to the air handler is leaky, for example, use of the air hander to provide 
additional mixing may increase the air exchange. 

x Experiment Duration:  To avoid issues from initial equilibrium transient effects a good 
practice is to deploy emitters for 24 hours before sampling begins. If this cannot be 
done, the integration time for CILTS must be at least 24 hours and preferably longer. 
The integration time, however, should not be so long that the fundamental flow paths 
have changed—for example going from a stack dominated to wind dominated pattern.  
In such a case there will be a bias to the results and the estimate of the uncertainty from 
the spatial concentration variance will be under estimated.  
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Conclusions 
We have analysed the results from oversampled field experiments with multiple gases and 
sampler/emitter locations and combined them with an error analysis to show that the 
CILTS method can have an uncertainty of 6-15% under ideal conditions.  Ideal conditions 
include quality calibration of experimental equipment, correct placement of samplers and 
emitters relative to air flow patterns in the building, and a constant ventilation rate.  All 
these things are generally impossible to achieve in a typical field experiment and real 
laboratory analyses; thus we should not expect to get close to ideal results. 
 
Deviations from ideal conditions include several issues related to effective sampling. 
Overall the most important factor about the system is the degree of mixing (i.e. how closely 
it is a single, well-mixed zone).  It is not sufficient to measure the average concentration 
correctly as spatial inhomogeneities themselves introduce additional uncertainties.  The 
experimental data suggests that even with optimum emitter and sampler placement, CILTS 
uncertainties of 20-25% should be expected when no special provisions are made for 
mixing.  The amount of (intermittent or continuous) mixing needed depends on the air 
exchange and also the air flow patterns, but most household central heating and cooling 
systems operating to provide roughly 5 ACH of internal mixing should be adequate for 
most experiments.  Of course adding mixing can create its own biases, by changing the 
system being measured. 
 
When the infiltrating and exfiltrating flows are not evenly distributed around the parts of 
the building errors increase.  The induced errors can, in principle, be mitigated by careful 
placement of the samplers (near exfiltrating areas) and the emitters (near infiltrating 
areas).  This requires that those patterns persist through the experiment and that the 
experimenter knows what the pattern is. 
 
Variations in the air exchange during the experiment will result in a negative bias on the 
inferred average air change rate independent of the issues of mixing and the need to 
change the optimal deployment.  CILTS measures the effective air exchange not the average 
air exchange.  The effective air exchange is the value relevant for dilution and most IAQ 
purposes, but not for energy purposes. 
 
In general CILTS is not a very good method for estimating air exchange when there are 
large intermittent air exchanges going on (e.g., through open windows).  In most 
circumstances it will be practically impossible to deploy samplers and emitters to 
accommodate this situation and it is unlikely that sufficient mechanical mixing can be 
supplied to minimize its impact.  CILTS is best deployed over a period of time where the 
weather conditions are stable such that the air exchange is reasonably constant. 
 
The typical use of CILTS is in high-volume or low cost situations where it is deployed by 
technicians (or even occupants) who are not highly trained in its application.  Very often no 
prior estimate of the air exchange (rate or pattern) has been made.  Under these more 
typical (and less certain) conditions, one might consider CILTS to provide results in the 
range of a “factor of 2” of the right answer. 
 

56



References 
 
ASTM, E741-00 (2000)  Standard test method for determining air change in a single zone 
by means of a tracer gas dilution, American Society for Testing Materials, West Conshocken, 
PA. 
 
Bassett, M.R., Shaw. C-Y, and Evans. R.G. (1981)  An appraisal of the sulfur hexafluoride 
decay techniques for measuring air infiltration rates in buildings, ASHRAE Trans. 87, 361-
373. 
 
Clayton, C. A., Perritt, R. L., Pellizzari, E. D., Thomas, K. W., Whitmore, R. W., Wallace, L. A., 
Ozkaynak, H., and Spengler, J. D.  (1993) Particle Total Exposure Assessment Methodology 
(PTEAM) study: distributions of aerosol and elemental concentrations in personal, indoor, 
and outdoor air samples in a southern California community.  J. Exposure Analysis Environ. 
Epidemiol., 3, 227-250. 
 
Condon, P.E., Grimsrud, D.T., Sherman, M.H., and Kamerud, R.C. (1981)  An automated 
controlled-flow air infiltration measurement system, in Building air Change Rate and 
Infiltrations Measurements, C.M Hunt, J.C. King, and H.R. Treschel, eds., pp. 60-72.  ASTM 
STP 710, American Society for Testing Materials, Philadelphia, PA. 
 
Dietz, R.N. and Cote, E.A. (1982)  Air infiltration measurements in a home using a 
convenient perfluorocarbon tracer technique.  Environment International, 8, 419-433. 
 
D’Ottavio, T.W., Senum, G.I., and Dietz, R.N. (1988).  Error analysis techniques for 
perfluorocarbon tracer derived multizone ventilation rates.  Building and Environment, 
23(3), 187-194. 
 
Fisk, W.J., Faulkner, D., and Hodgson, A.T. (1993) "The Pollutant Control Index: A New 
Method of Characterizing Ventilation in Commercial Buildings." Proceedings of Indoor 

Air'93: The 6th International Conference on Indoor Air Quality and Climate, vol. 5, pp. 9-14, 

July 4 - 8, 1993, Helsinki, Finland.  Published by Indoor Air'93, Helsinki.  LBL-33685. 
 
Grot, R.A.  (1980)  A low-cost method for measuring air infiltration rate in a large sampler 
of dwellings, in Building Air Change Rate and Infiltration Measurements, C.M. Hunt, J.C. 
King and H.R. Treschel, eds., pp. 50-59, ASTP STP 719, American Society for Testing and 
Materials, Philadelphia, PA.   
 
Harrje, D. and Grot, R. (1977).  Automated air filtration measurement and implications for 
energy conservation, in Proceedings of the International Conference on Energy Use 

Management, Vol. 1, R.A. Fazzalare and C.B. Smith, eds., pp. 457-464, Pergamon Press, New 
York. 
 
Klepeis, N.E., Nelson, W.C. et al, (2001) J. Exposure Anal. Environ. Epidemil. 11, 231-252. 
 

57



Leaderer, B.P., Schaap, L., and Dietz, R.N.  (1985)  Evaluation of the perfluorocarbon tracer 
technique for determining infiltration rates in residences.   Environ. Sci. Tech., 19, 1225-
1232. 
 
Lunden, M., Faulkner, D., Heredia, E., Cohn, S., Dickerhoff, D.J., Noris, F., Logue, J., Toshifumi, 
H. Singer, B. and Sherman, M. 2012. Experiments to Evaluate and Implement Passive Tracer 

Gas Methods to Measure ventilation Rates in Homes.  

 

Offermann, F. J.  (2009) Ventilation and Indoor Air Quality in New Homes. California Air 
Resources Board and California Energy Commission, PIER Energy-Related Environmental 
Research Program. Collaborative Report. CEC-500-2009-085. 
 
Ozkaynak, H., Xue, J., Spengler, J., Wallace, L., Pellizzari, E., and Jenkins, P. (1996) Personal 
Exposure to Airborne Particles and Metals: Results from the Particle Team Study in 
Riverside, California.  Journal of Exposure Analysis and Environmental Epidemiology, 6 (1), 
pp. 57-77. 
 
Sherman, M.H., "Analysis of Errors Associated with Passive Ventilation Measurement 
Techniques," Building and Environment 24 (No. 2): 131-139, 1989a. LBL-23088. 
 
Sherman, M.H. , “Uncertainty in Air Flow Calculations Using Tracer Gas Measurements”, 
Building and Environment, 24(4), pp. 347-354, 1989b. LBL-25415 
 
Sherman, M.H., "On Estimation of Multizone Ventilation Rates from Tracer Gas 
Measurements," Building and Environment 24 355-362, 1989c. LBL-25772.  
 
Sherman, M.H., "Tracer Gas Techniques for Measuring Ventilation in a Single Zone," 
Building and Environment 25 (No. 4): 365-374, 1990. LBL-29328.  
 
Weisel, C.P., Zhang, J., Turpin, B.J., Morandi, M.T., Colome, S., Stock, S.H., Specktor, D.M and 
others.  (2005) Relationships of Indoor, Outdoor, and Personal Air (RIOPA): Part 1. 
Collection Methods and Descriptive Analyses.  HEI Research Report 130, NUATRC Research 
Report 7, Health Effects Institute, Boston, MA. 
 
 
 
 
 

58

http://epb.lbl.gov/publications/pdf/lbl-25772.pdf
http://epb.lbl.gov/publications/pdf/lbl-25772.pdf
http://epb.lbl.gov/publications/pdf/lbl-29328.pdf
http://epb.lbl.gov/publications/pdf/lbl-29328.pdf


 
 
Figure 1: The variability of tracer concentration (CV, %) as a function of emitter density for 
the three houses.  The markers indicate different ventilation conditions: constant fan use 
(circles), no fan use (squares), and intermittent fan use (triangles). 
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Table 1: Experimental Ventilation conditions performed at the three houses. 
 Experiment Ventilation Condition 
House 1 1 No forced air system operation 
 2 Constant forced air system fan 
House 2 1 Normal operation of air conditioner 
 2 Air conditioner use with constant fan operation 
 3 Normal operation of air conditioner with economizer 
House 3 1 No forced air system operation 
 2 No forced air system operation but with constant kitchen 

exhaust fan.  Internal doors closed. 
 3 Constant forced air system fan and kitchen exhaust fan 

use.  Internal doors closed. 
 4 Constant forced air system fan 
 
 
 
 
Table 2: Results from House 1, including the number of emitters for each tracer and the air 
exchange rate, spatial coefficient of variation in the PFT concentration, and the error in the 
ACH calculation due to this spatial concentration. 
  No Fan Continuous Fan 

# of 
emitters 

ACH  
(hr-1) 

Spatial 
CV (%) 

Error 
(%) 

ACH  
(hr-1) 

Spatial 
CV (%) 

Error 
(%) 

Tracer 1 4 0.48 20 41 0.81 12 25 
Tracer 2 8 0.47 21 42 0.76 5 12 
Tracer 3 2 0.60 16 33 1.23 22 44 
Tracer 4 8 0.43 22 44 0.62 9 19 
Average  0.5 ± 13% 20 ± 2 40 0.87 ± 29% 12 ± 6 25 
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Table 3: Results from House 2, including the number of emitters for each tracer and the air 
exchange rate, spatial coefficient of variation in the PFT concentration, and the error in the 
ACH calculation due to this spatial concentration. 
  Normal Operation Continuous Fan With Economizer 
 # 

emit 
ACH 
(hr-1) 

CV 
(%) 

Error 
(%) 

ACH 
(hr-1) 

CV 
(%) 

Error 
(%) 

ACH 
(hr-1) 

CV 
(%) 

Error 
(%) 

Tracer 1 8 0.29 15 46 0.46 12 37 0.301 21 63 
Tracer 2 4 0.27 15 46 0.39 12 37 0.282 10 31 
Tracer 3 1 0.31 28 84 0.45 22 66 0.305 24 72 
Tracer 4 8 0.24 15 46 0.37 15 45 0.253 25 75 
Ave  0.27± 

10% 
18± 5 55 0.42± 

9% 
15± 
4 

46 0.29± 
7% 

20± 
6 
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APPENDIX:   

Multizone Bias in Single Tracer 
In the main body of this paper (e.g. eqs. 1-3) we develop the equations for determining the 
air exchange from steady-state tracer gas measurements assuming a single, well-mixed 
zone. We know from field measurements (e.g. Lunden 2012) that a real building is virtually 
never a single, well-mixed zone.    Using those equations would then cause a systematic 
error (i.e. bias or modeling error) that may not be apparent from a simple error analysis.  
This appendix derives the bias due to this assumption. 
 
Although we know the whole building is not really a single, well-mixed zone, we can 
assume that it can be broken down into a set of N well-mixed zones that communicate with 
each (and outside).  Sherman(1989c and 1989b)  develops the general case and we use that 
nomenclature unless otherwise specified. 
 
With N independent tracer gases, it is possible to simultaneously determine the N2 
independent flows and their uncertainties, but the CILTS case is more limited.  We are 
considering only a single tracer gas and we only wish to find to total air exchange with the 
outside.  Without a priori knowledge of zonal flows this can only be done in steady state 
using a constant-concentration technique (i.e. where the concentration in each zone is 
made to be the same by adjusting the emission rate of tracer gas in each zone accordingly).  
In such a case we can find the desired air exchange as follows: 
 

 /o o oQ S C  (A.1) 

where Co is the concentration everywhere and the other “o” subscripts represent single-
zone totals. In equation A.2 Si   is the injection rate in zone i necessary to produce that 
concentration and So is the total injection rate: 

  o i
i

S S ¦  (A.2) 

  
Equation A.1 is just a restatement of the single zone equation (Eq. 1), but the assumptions 
that it is derived under will allow us to better estimate biases. (Note that the subscript “o” 
is used here to designate whole-building values, but is dropped in the main body of the 
paper.)  The constant concentration assumption would in fact allow us to determine the 
infiltration of outside air into each zone 
 

 /i i oI S C  (A.3) 
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where Ii is the infiltration rate in each zone necessary to produce that concentration the 
sum of these infiltration flows is the total value we seek.  The sum of the infiltration (or 
exfiltration) rate in all zones is the total: 

  o i i
i i

Q I E  ¦ ¦  (A.4) 

where Ei is the exfiltration of air to outside from zone i 
 
In the actual CILTS experiment though, this is not particularly useful because we are not 
controlling the injection rate in every zone to rigorously maintain a constant concentration.  
These expressions are, however, useful because the provide guidance on how best to 
deploy the emitters to get close to constant concentration.  That is, one should deploy the 
CILTS emitters proportional to any a-priori knowledge one has about the infiltration rate 
into that zone. 
 
Because we are not rigorously controlling the concentration at a single level, we need to 
know how to measure “the” concentration (i.e. is the representative concentration, Co, the 
physical averaged concentration) used in our analysis. The multizone continuity equation 
provides the answer (again from Sherman 1989c) that the right concentration to use in the 
simple equation is the exfiltration-weighted average concentration:  

 ( / )o i o i
i

C E Q C ¦  (A.5) 

Conceptually, again, this is a useful expression because it indicates we should deploy 
samplers proportion to the local exfiltration, but since we don’t know that values 
quantitatively, we cannot use this expression directly.  If we posit as a practical matter that 
the exfiltration is proportional to the volume of the space represented by the concentration 
we can use a common operational definition of “the” concentration by using volume 
weighting:  

 ( / )o i o i
i

C V V C|¦  (A.6) 

Regardless of how reasonable a choice is made there will be bias in our definition of Co, 
since we don’t know the exfiltration a priori.  This bias comes from the nature of the 
experiment itself and not the measurement errors from sources such as instrumentation 
discussed in the main body.  It is, therefore, present in every zonal measurement and the 
best we can do is include it in our uncertainty estimate. 
 
To see what effect these multizone considerations will have on the determination of air 
exchange we care about, we can use Equation 21 from Sherman (1989c) to estimate the 
uncertainty for a multizone, constant-concentration measurement:  

  � �
2

2 2 2 2 2 2
multizone i i i i i

io

NQ S V C E C
C

G G G G
§ ·

 � �¨ ¸
© ¹

¦ �  (A.7) 

The first of the three terms in parenthesis reflects uncertainties in the measured source 
emission in each zone.  In a true, constant-concentration experiment these might be quite 
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complicated, but for CILTS we assume this is a fixed value and we can express the error 
term in terms of the error of the total emission rate:  

  � �
2

2 o
i

i

SS
N

GG  ¦  (A.8) 

This is a reasonable assumption, but is surely never correct.  The error could be either 
higher or lower, but we can use this expression to make a reasonable estimate. 
 
In a true constant-concentration experiment, the last two of the three terms should be 
insignificant because the concentration in every zone should be being held constant.  In a 
CILTS experiment the middle term should still be insignificant because the period of the 
experiment is long enough to minimize it.  We shall ignore it moving forward, but care 
should be taken not to make a CILTS experiment so short (e.g. less than a day in most 
typical houses) that that term becomes significant. 
 
We must investigate the last term because the concentration in any one zone is neither 
constant nor necessarily centered on Co. We do not know the exfiltration distribution, but if 
we assume it is not correlated to the concentration variations we can bound the size of the 
last term by looking at the cases where the exfiltration is concentrated: 

  � �2 2 2 2
,max0 i i o i

i
E C Q CG G� �¦  (A.9) 

A reasonable intermediate to choose is when the exfiltration is evenly distributed (by 
volume) in all zones using the same weighting as we did for the concentration: 

  � �
� �2 2

2 2
2 2 2

2 2

i i
i o rms

i i o
i o

V C
Q CE C Q

V N N

G
GG |  

¦
¦  (A.10) 

 
Where rmsCG  is the volume-weighted, root-mean square deviation of the measured 
concentrations around Co.   
 
Putting this all together we can get an estimate for the uncertainty of our result due to the 
fact that the experimental configuration is truly multizone.  

  
2 2 2

2 2 2
multizone o rms

o o o

Q S CN N
Q S C

G G G
 �  (A.11) 

This uncertainty increases roughly with the square root of the number of zones in the 
building.  This is the number of actual well-mixed zones in the building; it may or may not 
be related to the number of samplers or emitters used and thus needs to be estimated 
independently. 
 
The root-mean-squared concentration deviation also refers to the actual number of zones, 
but in this case multiple samplers deployed around the building may give a reasonable 
estimate of its value.  Operationally, these definitions are the ones we use in the body of the 
paper. 
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ABSTRACT 
 
The preliminary Standard prEN16211 deals with methods, including method uncertainties for 
measuring air flow rates on site. It has its background in the Nordic countries, where these 
guidelines have been used for decades. PrEN16211 include an alternative method for flow 
measurement in a duct compared to EN 12599. An average flow can be obtained from just a 
few measurement points when a straight duct is used and some simple flow conditions are 
met.  
 

KEYWORDS 
 
Air flow measurement method, k-factor, ventilation 
 
1 INTRODUCTION 
 
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 has been built and there has developed a tradition of controlled air 
exchange. A Nordic guide of how to measure was developed by today retired professor 
Anders Svensson. This work is widely used in revised editions of  guidelines ”Methods of 
measuring air flow in ventilation installations”, in swedish ”Metoder för mätning av 
luftflöden i ventilationsinstallationer” His work has is now transferred into a proposed 
European standard. PrEN16211.  

 
 
2 MEASURING METHODS IN PREN 16211 AND EN12599:2012 
 
PrEN 16211 “Measuring of air flows on site – methods”,  including 41 pages, covers air flow 
rates measuring methods and their uncertainties. 
EN 12599 “Test procedures and measurement methods to hand over air conditioning and 
ventilation systems.” including 85 pages covers what to check, the extent of check 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 follows the different measuring methods in the two standards. 
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2.1 Method: Air flow in duct cross section 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 
prEN 16211 requires  4 to 8 measurement points 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 occure and that the cross-section is in a straight duct at least 5...6Dh downstream from a 

disturbance, such as a bend. The unceratainty of this measurement is : 10% (instrument=5%, 
method 8%) with 95% confidens level. The method stipulates that the flow is multiplied with 
0,89 for diameters lower and equal to 160mm. The calculated air flow is density compensated. 
 
EN 12999 divides the the cross-section equal area annular rings. An uncertainty calculations 
is made depending of number of measurement points and distance from disturbance. For 
circular ducts a multiple of four points is choosen. 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 9mm probe in a 
duct with diameter 100 mm the reduction factor is 94%. 
 
The difference between prEN 16211 and EN12599 could lead to difference result 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 prEN 16211 has been 
recommended by “Slutrapport, Nordtest Prosj. 1463-99 from Norges Byggforskningsinstitut 
Rev 2001.05.23.”   
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2.2 Other Methods in booth EN 12599 and prEN16211 
 
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. 
 
 
 
 
  
 
 
 
 
 
 

Figure 2 
 
The bag method uses a bag with a calibrated volume. The flow is the Volume of the bag 
diveded 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. 
Figure 3 

Flow funnel methods. Large uncertainties can occur due to pressure drop and leakage. 
There are compensations methods for the pressure drop. Two point measurement with 
calculation of the unrestricted flow and the zero-pressure drop measurement with an built-in 
fan in the flow funnel. By measuring the pressure drop over the funnel there is a formula in 
prEN 16211 to use for compensation.  
 
 
 
 
 
 
 
 
 

Figure 4 
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The tracer gas method inserts tracer gas in the air flow and calculates the flow. Important is 
that a good mixing take place.  

Figure 5 
 
The effective area method is only in EN 12599. The air velocity is measured at the air 
terminal, which works like a nozzle. The air velocity is multiplied with an effective area given 
by the manufacturor of the air terminal. 
 

2.3 Uncertainty of measurement 
Booth standards stipulates the measurement uncertainty to be stated with a probability 
coverage of approximately 95%. prEN 16211 calls this the expanded measurement 
uncertainty, being twice the standard measurement uncertainty. prEN 16211 divides the 
standrad measurement uncertainty into standard instrument uncertainty, standard method 
uncertainty and standard reading uncertainty.  
 

2.4 Density compensation 
PrEN 16211 stipulates that real or standard air flow rate should can be choosen. A formula 
how to convert between them is presented.   EN 12599 stipulates that for fan measurements 
air flow should be presented with an air density of 1,2 kg/m3. 

 

3 CONCLUSIONS 
 
Air flow measurement on site are widely used according to prEN 16211 and EN 12599.  
prEN 16211 methods and uncertainty calculations are used in the Nordic countries including 
the duct flow measurement. prEN16211 is only dealing with measurements of air flow rates 
on site, which makes it easy to follow and use and also to edit if future needs arise. By 
approving prEN 16211 as an European standard, the daily work of measurement technicians 
will be standardised. 
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ABSTRACT 
 
To measure a flow in a closed duct, one of the available methods is to explore the velocity field. The 
duct is divided in elementary sections in which the velocity is measured. Using these elementary 
results, a mean velocity is calculated. Knowing the exact section of the duct, the mean flow rate can 
then be deduced. With this method, the quality of the flow measurement is there very dependent on the 
number of individual velocity measurements and on the scheme of distribution of these measurements 
in the duct section. 
Recommendation about velocity schemes are proposed in international standards (ISO 3966, ISO 
7145, EN 12599, …) for circular and/or rectangular ducts. These recommendations assume that 
turbulent flow profile is established. This requires a flow profiler and/or long straight lengths upstream 
and downstream the measurement section. On site, these recommendations are difficult to apply 
strictly because conditions of straight lengths are often not available. Moreover, the velocity 
measurement schemes proposed in standards are time consuming and users prefer sometimes to 
simplify them. In this case, the estimation of the measurement error is not known. 
The different investigation methods are presented in this overview. Additionally, based on the study 
performed by Caré et al, Bonthoux et al, the measurement error due to simplified velocity schemes 
and/or reduces straight lengths is presented. 
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air flow rate, duct, air speed, measurement error 
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ABSTRACT 
 
The purpose of ventilation system is to provide and remove the airflow from room in 
accordance with its design. Unfortunately, in practice, this basic task is very often not 
fulfilled, which is frequently caused by negative handling by the users of the building. The 
most common reason for improper operation of the mechanical ventilation system is its 
insufficient output in particular sections of the system. There may be a number of reasons for 
that: wrong calculation at the stage of designing, disregarding or bad choice of working 
parameters of devices used in the system or significant changes at the stage of execution 
works. 

In case when the network is already malfunctioning or only being activated, the need to 
carry out measurements of output appears at a certain point. A significant parameter that 
should be assessed is the velocity and the amount of the air flow. Generally, such parameters 
are measured directly in ducts or near the air supply terminals (ATDs) or air exhaust grills. 
The aim of this paper is to compare  available methods for measuring the size of the airflow 
supply in regard to the accuracy of the measurement and the analysis of the measurement 
results.  

For the purpose of conducting the necessary measurement in the Laboratory of Air 
Conditioning and Ventilation of the Faculty of Environmental Engineering at the Lublin 
University of Technology a specially designed measurement stand was created. It is equipped 
with air handling unit, the network of ducts distributing the air to the ATDs as well as the 
measurement elements assembled directly on the ventilation ducts. 

The measurements were conducted by the four air supply grills. Traditional 
instrumentations such as, thermo-anemometers, pitot-tubes were compare with blades, IRIS 
damper, and ?? air flow cones. On the basis of the results, the most appropriate measurement 
methods for different types of air inlet vents or different size of airflow supply were defined. 
 

KEYWORDS 
 
HVAC system, measurement methods for ventilation,  
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1 INTRODUCTION 
 

A ventilation system is essential for the thermal comfort and good health of occupants in a 
living space. Without proper airflow the system and operation are compromised resulting in 
unsatisfactory equipment operation, customer dissatisfaction and utility waste. The airflow 
must first be set according to the equipment design not to the air delivered at the registers. 
While the design of the duct system is imperative for proper air distribution to the conditioned 
space, air measurements are only to be measured at the appliance for the equipment 
commissioning procedure.  

According to Standard EN 12599 (2012), the air flow rate can be evaluated by different 
methods. It is usually calculated according to the air velocity and the corresponding cross 
section. The air velocity can be measured with the use of by means of an appropriate 
anemometer, Pitot Static Tube (Prandtl tube) or a pressure drop across a throttling devices. 
The measurement can be carried out: 

- in the duct cross-section or,  
- with calibrated throttle devices or,  
- in the cross-section of a chamber, fan-casing or device or,  
- at the air terminal devices.  
If an appropriate measuring section is available, then the measurements shall be 

performed within the duct. If not, then cross-sections within the central unit or appliance can 
be used in order to determine the mean air velocity. This measurement may be used when a 
uniform flow and a clearly corresponding cross-section are given. Direct measurements at air 
terminal devices are only possible in the case of quite simple constructions (e.g. a nozzle with 
a known cross section). An additional measuring device is usually necessary.  

The Standard EN 12599 (2012) does not define tolerances for design values itself. The 
results is accepted when the designed value is within the range of the uncertainty of the 
measurement. The permissible uncertainties of the measured values are given in Table 1.  

Table 1: Permissible uncertainty of the measurement (EN 12599:2012) 

Parameter Uncertainty 
Air flow rate, each individual room ± 15 % 
Air flow rate, each system ± 10% 
Supply air temperature ± 2 oC 
Relative humidity [RH] ± 15 % RH 
Air velocity in occupied zone ± 0.05 m/s 
Air temperature in occupied zone ± 1.5 oC 
A-weighted sound pressure level in the room ± 3 dB(A) 
 
This paper presents a comparison of available methods for measuring the size of the airflow 
supply in regard to the accuracy of the measurement and the analysis of the measurement 
results. 
 
2 METHODS 
 
2.1 Experimental setup 
 
The experiments were performed in the Laboratory of Air Conditioning and Ventilation of the 
Faculty of Environmental Engineering at the Lublin University of Technology. Figure 1 
shows the layout of specially designed measurement stand which is equipped with air 
handling unit, the network od ducts, air terminal devices as well as the air flow meters. Table 
2 presents the bills of materials used in the experiment setup.  
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Figure 1. Scheme of experimental setup 

 
Table 2.  Bill of materials 

No Label Description No Label Description 

1 N1 Air handling unit – only supply 
DEIMOS 0/N-5A/1-1/P made by 
DOSPEL 

22 N22 Elbow 90o DN200 

2 N2 Transition rectangular/round 
630x315/DN315 

23 N23 Spiro duct DN200, L=1890 mm 

3 N3 Spiro duct Ø315, L=500 mm 24 N24 Elbow 90o DN200 
4 N4 Tee DN315/DN315/DN315 25 N25 Air terminal device Konika-A-

250 with plenum box PER-200-
250 

5 N5 End cap DN315 26 N26 Reduction DN200/DN160 
6 N6 Spiro duct DN315, L=190 mm 27 N27 Spiro duct DN160, L=480 mm 
7 N7 Elbow 90o DN315 28 N28 Elbow 90o DN160 
8 N8 IRIS damper DN315 29 N29 Tee DN160/DN125/DN160 
9 N9 Spiro duct DN315, L=200 mm 30 N30 Spiro duct DN160, L=700 mm 
10 N10 Tee DN315/DN200/DN315 31 N31 IRIS duct DN160 
11 N11 Elbow 90o DN200 32 N32 Spiro duct DN160, L=300 mm 
12 N12 Spiro duct DN200, L=850 mm 33 N33 Elbow 90o DN160 
13 N13 Air flow meter FMU 200-160 34 N34 Supply air valve KN-160 
14 N14 Spiro duct DN200, L=1080 mm 35 N35 Elbow 90o DN125 
15 N15 Elbow 90o DN200 36 N36 Elbow 90o DN125 
16 N16 Perforated diffuser TSO-200 37 N37 Spiro duct DN125, L=660 mm 
17 N17 Reduction DN315/DN200 38 N38 IRIS damper DN125 
18 N18 Spiro duct DN200, L=1080 mm 39 N39 Spiro DN125, L=630 mm 
19 N19 IRIS damper DN200 40 N40 Elbow 90o Ø125 
20 N20 Spiro DN200, L=580 mm 41 N41 Exhaust air valve KN-125 
21 N21 Tee DN200/DN200/DN200    
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2.2 Measurements methods 
 
Several measurement methods were investigated. These can be broadly divided into three 
groups of direct air measurement, direct air measurement with an attachment on the air intake 
and indirect air measurement.  
 
Direct air measurement methods 
 
Method 1 
 
Pitot static tube (Prandtl Tube) or anemometer traverse in the supply duct. The number and 
location of the test points are specified in Standard EN 12599:2012 Annex D. The distance  
between the measuring section and an upstream disturbance of the duct at the measurement 
plane were established on the basis of  6 points as a number of measuring points for the 15% 
uncertainties , including an error of 5% of the measuring devices (see Figure 2). The distance 
was equal  0.625 m  for diameter DN 125 (N41 – see Figure 1), 0.8 m for diameter DN 160 
(N34 – see Figure 1) and 1.0 m for diameter DN 200 (N25 and N15 – see Figure 1). The 
measurement points are presented in Table 3.  
 

Table 3. The distance from walls for different diameter  

Diameter Number of points i 

1 2 3 4 5 6 
Distance from the duct wall yi (mm) 

DN 125 5.5 18.3 37.0 88.0 106.7 119.5 
DN 160 7.0 23.4 47.3 112.7 136.6 153.0 
DN 200 8.7 29.3 59.2 140.8 170.7 191.3 
 
 

 
Figure 2. Position of measurement points for the circular duct cross-section  

 
The speed for air temperature 20 °C was calculated according to the following equation:  
 
 V = A · 1.291 · ¥(pd),  m/s (1) 
where: 

78



pd – value of the dynamic pressure, Pa, 
A – cross section area, m2. 
 
Method 2 
 
Measurement using the effective area Ak was based on Standard EN 12238 (2001). The flow 
rate was calculated according to face velocity and louvre free area or a factor. Area factor or 
equivalent area Ak vane anemometer with a large head is recommended to integrate a large 
area including both louvre structure and open areas. The air flow rate qv for a given ATD can 
be calculated on the basis of  equation 2. 

qv = vk · Ak    (2) 
where: 
Ak – effective area of air terminal devices (see table 4), (m2); 
vk – average air velocity (m/s).  
 
The air velocity is measured in n values vki (i from 1 to n) in accordance with the 
methodology given by the manufacture. Mean value of air velocity in set number of points 
can be calculated on the basis of equation 3.  

Vk = (گ vki ) / n  (3) 
The uncertainty for the parameter Ak should be less than ± 5 % and for the parameter vki  
should be less than ± 10%.  

Table 4. Effective area of air terminal devices  

Air terminal devices N41 N34 N25 N15 
Effective area of 
ATD Ak (m2) 0.00628 0.008038 0.055223 0.066248 

 
Method 3 
 
Measurement at the air terminal devices is presented in Figure 3. As measuring element used 
plenum box PER-250-200 equipped with special measurement points. The difference in 
pressure was measured by a pressure calibrator KAL 84. Supply air flow amount calculated 
according to the formula (1). The coefficient k for the plenum for supply is 27.7. This method 
was only used in N25 air terminal device. 

         
Figure 3. Plenum box PER-250-200 with air flow measurement pipes  

(www.systemair.com, 10.02.2014) 
 
 
Method 4 
 
Pressure measurement was performed with the pressure calibrator KAL 84. The measurement 
was performed on a special measuring element FMU 200-160 (N13). Supply air volume was 
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calculated according to the formula (1). The value of the correction factor k for FMU 200-160 
orifice is equal to 29.4. 

 
Figure 4.. Flow meter FMU (www.lindab.com, 15.02.2014) 

 
Direct air measurement methods using an attachment on the intake 
 
Method 5 
 
Airflow hood fitted to the intake louvre. This technique could be applied to the air intakes of 
the small AHUs and the hood must be calibrated for supply or exhaust air flow measurement. 
This method is based on the measurement of the ventilation air velocity using a vane 
anemometer with probe diameter Ø100 or thermoanemometer. Measurement of the air flow 
takes place directly on the ventilation grilles. The probe is placed in the cones with different 
dimensions of measurement i.e.: model K25 (Figure 5a) is for measuring air flow from grilles 
surface up to 200x200 mm, model K80 (Figure 5b) up to 350x350 mm and model K120 
(Figure 5c) up to 450x450 mm. First two cones are made of fiberglass and designed for the 
ventilation airflow ranged from 10 to 400 m3 h-1; and the last one is from 50 to 1200 m3 h-1. 
 

a) b) c)  
Figure 5. Airflow cone type a) K25  b) K80 c) K120 

 
V = k · w (3) 

where: 
k -  coefficient factor, (-); 
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w -  air velocity, (m/s).  
 
According to KIMO company (www.kimo.fr, 05.02.2014), the value of the correction factor k 
for cones K25 and K80 has to be taken depending on the range of the air velocity. For the air 
velocity below 1.45 m s-1, k is equal to 28.33; for air velocity in the range from 1.45 to 3.8 m 
s-1, k is equal to 21.26; and when the air velocity is above 3.8 m s-1, k factor is equal to 20.35. 
For cone model K120 the k factor is constant for different air velocity and is equal to 135. 
 
Indirect air measurement methods 
 
Method 6 
 
Assessment damper characteristic and traverse of the total supply duct by pitot static tube 
(Prandtl tube). The air rate is determined on the basis of the intake damper position and the 
damper characteristic which are provided by the damper manufacture. Differential pressure 
measurement was made using the pressure calibrator KAL 84 for measuring element in the 
form of throttle lens IRIS-125 (see Figure 6a) and IRIS-160 (see Figure 6b). The pressure 
difference for each throttle setting was the basis to read the size of the air flow. 

a) b)   
Figure 6. Air velocity and flow vs measured differential pressure on iris damper with flow meter                        

a) duct diameter 125 b) duct diameter 160 

Table 5 consists of the list of the accuracy of instruments used in the measurement. Table 4 
shows the list of air terminal devices and applied measurement technique for each model.  

Table 4.  Summary of measurement methods for specific ATDs 

ATDs N41 N34 N25 N15 
Method 1 x x x x 
Method 2 x x x x 
Method 3 - - x - 
Method 4 - - - x 
Method 5 x x x x 
Method 6 x x - - 
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Table 5. Accuracy of instruments used in airflow measurement technique 

Type Min vel. 
 
 

m/s or 
(m3/h) 

Max vel. 
 
 

m/s or 
(m3/h) 

Min 
Temp

 
 

(oC) 

Max 
Temp

 
 

(oC) 

Select test largest 
Accuracy 

 
(% of 

reading) 

Accuracy
 

(± m/s) 

Accuracy 
 

(% of full 
scale) 

Accuracy
 

(± digit) 

Vane 100 mm 0.20 
3.1 

3 
35 

- 
- 

- 
- 

2 
2 

0.06 
0.2 

- 
- 

- 
- 

Hot wire 0 
3.1 

3 
30 

- 
- 

- 
- 

3 
3 

0.03 
0.1 

- 
- 

- 
- 

Airflow hood - - - - - - 5 - 
Prandtl tube 2 20 - - - - 5 - 
Manometer 0 200 - - 1 - - - 
 
 
3 RESULTS AND DISCUSSION 
 
In Table 6 the results for six measurement technique for air terminal devices N41 and N34 are 
compared (supply air valve).  
 

Table 6. Results for air terminal devices N41 and N34 

Air terminal devices N41 N34 
Position of damper 5 3 1 9 5 1 

Method 1 Prandtl tube
dp [Pa] 11.57 33.8 54.5 3.48 10.78 14.23 

V [m3/h] 194.0 331.6 421.5 174.3 306.81 352.5 

Method 2 Free area 
w [m/s] 7.9 9.4 11.5 5.5 7.3 8.2 

V [m3/h] 178.6 212.5 259.9 159.2 211.3 237.3 

Method 3 Plenum box
dp [Pa] 

- - 
V [m3/h] 

Method 4 Air flow 
meter 

dp [Pa] 
- - 

V [m3/h] 

Method 5 

K25 
w [m/s] 9.32 11.38 12.06 6.62 8.95 9.88 

V [m3/h] 189.7 231.6 245.5 134.7 182.2 201 

K80 
w [m/s] 9.84 12.05 12.96 6.95 9.53 10.66 

V [m3/h] 200.2 245.2 263.73 141.4 193.9 216.9 

K120 
w [m/s] 1.65 2.85 4.41 1.21 2.29 2.7 

V [m3/h] 222.7 384.8 595.4 163.4 309.2 364.5 

Method 6 

IRIS 125 
dp [Pa] 198.6 102.7 18.8 

- 
V [m3/h] 218.1 315.8 390.2 

IRIS 160 
dp [Pa] 

- 
120.59 49.49 8.8 

V [m3/h] 162.1 226.1 266.6 

 
 
For the supply air valve,  the direct method of measurement is the most proper method for 
checking the air flow. The most problematic to interpret is cone air flow measurement based 
on vane anemometer (model K25 and K80). The measured values of velocity are much higher 
than 10 m/s, therefore, the calibration coefficient K for, which the proper value is estimated, 
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is calculated according to for air velocity above 3.8 m/s. Much better results are received by 
cone combined with thermoanemometer. In Table 7 are shown results for two diffusers N25 
and N16. 
 

Table 7. Results for air terminal devices N25 and N16 

Air terminal devices N25 N16 
Position of damper 10% 50% 100% 30% 60% 100% 

Method 1 
Prandtl tube

dp [Pa] 4.78 16.45 22.95 4.31 17.9 23 

V [m3/h] 319.2 592.4 699.4 303.1 617.9 701.3 

Method 2 
Free area 

w [m/s] 1.5 3.1 3.6 1.4 2.5 2.8 

V [m3/h] 298.2 616.3 715.7 333.9 596.2 667.8 

Method 3 
Plenum box

dp [Pa] 16.84 32.78 51.9 
- 

V [m3/h] 409.2 570.9 718.4 

Method 4 Air flow 
meter 

dp [Pa] 
- 

12.53 28.5 30.7 

V [m3/h] 374.6 565 586.3 

Method 5 

K25 

w [m/s] 
- - 

V [m3/h] 

K80 

w [m/s] 9.24 13.86 14.48 11.76 13.38 13.58 

V [m3/h] 188.1 282.1 294.7 239.3 272.3 275.9 

K120 

w [m/s] 1.68 4.71 5.27 2.82 4.74 5.42 

V [m3/h] 226.8 635.4 711.9 380.2 639.7 731.6 

Method 6 
IRIS 125 

dp [Pa] 
- - 

V [m3/h] 

IRIS 160 

dp [Pa] 
- - 

V [m3/h] 
 
The results confirm that method 1, 2, 3, and 5 (cone k120) present the similar results. The 
data obtained for cone K25 and K80 should not be taken into account because they are on 
measurement border. Only first result for this technique can be taken into consideration but 
their values are very low compared to another results. 
 
4 CONCLUSIONS 
 
As a result of measurement, it was found that: 

- the results of measurements using different methods are significantly different, 
- it must necessarily follow the manufacturer's recommendation contained in the 

technical data sheet for the devices, 
- proper selection of the method of measuring the specific model of each air terminal 

devices is essential. 
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ABSTRACT 

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 is a very common 
measurement method. 

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! 
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.  

As a conclusion one can say that 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. 
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ABSTRACT 
 
For the coming energy-efficient buildings, the guarantee of energy performance becomes a major challenge. It is 
therefore crucial to implement accurate and reliable measurements, in order to ensure this performance. The in-
force French EP-regulation RT2012 already imposes compulsory justification of envelope airtightness. 
Moreover, the Effinergie+ label requires ventilation systems control and ductwork airleakage performance. This 
requirements, ventilation control for IAQ concerns and buildings regulatory compulsory controls need reliable 
diagnostic protocols.  
In January 2014, several French partners, led by the CEREMA1, proposed a new project, PROMEVENT, to 
improve ventilation systems measurements protocols, through experimental campaign. Several points should be 
tested through repeatability and reproducibility evaluations. By the end of the PROMEVENT project, 
recommendations and a first version of a protocol for the measurement of residential buildings ventilation 
systems should be proposed. Moreover, one of the main objective is to produce a more reliable and optimised 
protocol which should be written as a proposed draft standard.   
This paper presents the context in which the PROMEVENT project has been defined, and expounds its main 
objectives.  
 
 
 

KEYWORDS 
 
Ventilation – Measurements – Airtightness – Airflow - Improvement  

                                                 
1 A new public scientific organism born from the merging of 11 scientific institutes (including the CETE de 
Lyon) of the French ministry for ecology, sustainable development and energy (MEDDE). 
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1 CONTEXT AND OBJECTIVES 
 
The recent French energy performance regulations and labels have resulted in a new buildings 
generation. Since 2000, airtightness requirements have been gradually implemented in French 
regulations, leading to a reinforcement of air renewal systems and a need to ensure their 
reliability. First labels and mostly Effinergie-BBC label have imposed a requirement on 
building envelope airtightness for residential building. Since January, 2013, the in-force EP-
regulation RT2012 imposes airtightness requirements for all new residential buildings.  
 
 

 
 
 

Figure 1: Evolution of French Thermal Regulations 

 
Those highly airtight buildings create an issue for both comfort and indoor air quality. Indeed, 
in this dwellings, air change rate are provided by ventilation system, which have to be 
efficient to ensure good indoor air quality, while limiting heat losses due to air change. 
Several recent studies illustrate this concern. The OQAI (French indoor air quality 
observatory) performed a national IAQ campaign from 2003 to 2005 (Kirchner, 2008). 567 
dwellings (chosen in order to represent the national housing stock) have been investigated 
through ventilation systems diagnostics and indoor air quality measurements. This national 
study has concluded that the air change rate and the duration windows are opened are the 
most important factors of the indoor air quality. Moreover, calculations analysis which have 
been performed during the project QUAD-BBC have shown some typical evolution of 
pollutants in highly airtight low consumption buildings (Boulanger, 2012).  

The ventilation regulation in force requires a general and permanent ventilation for residential 
buildings. It also imposes minimal airflow of exhaust air. So as to meet those two seemingly 
divergent objectives, technically advanced mechanical ventilation systems have been 
developed. Nevertheless, high quality and technical skills are required during design phase, 
implementation and maintenance, which are often neglected. Ventilation systems have an 
influence on the sanitary aspects of the supplied and indoor air, through moisture 
development for example (Van Herreweghe, 2013). Moreover, inhabitants may have not 
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understood the functioning of new mechanical systems, especially for balanced ventilation, 
and might decide to take it down. The OQAI has recently carried out a field survey in seven 
new built energy-efficient houses in France (Derbez, 2014). All inhabitants have experienced 
some difficulties with their Mechanical Ventilation with Heat-Recovery systems, because 
they are difficult to use, the user’s manual is complex, high noise levels can be produced or 
they cause a lack of comfort. But if MVHR systems are turned out or voluntary degraded 
(airvents closed for example), indoor air quality can become poor and present a risk to human 
health. 

Therefore, in many countries, several studies have been launched to realize a state of the art of 
ventilation systems in dwellings. In France, a survey (Jobert, 2013) has been carried out 
through control reports performed between 2008 and 2011 concerning 1287 dwellings (88% 
are multi-family dwellings). Almost all buildings are equipped by simple exhaust ventilation 
systems.  

 
Figure 1: Ventilation system repartition in the analysed sample (Jobert, 2013) 

 

47% of the sample do not comply with the airing regulation, which means that they present at 
least one non-compliance remark (68% for single-family dwellings, and 44% for multi-family 
dwellings). Those non-compliances are generally related to design errors, poor 
implementation and lack of maintenance. Same issues have been observed in many European 
and American countries (Van Den Bossche, 2013). Two practices could improve the quality 
of ventilation systems. On one hand, a quality approach could be set up. In France, such 
approaches have been successfully adopted for building envelope airtightness (Charrier, 2013). 
Moreover, the VIA-Qualité project is testing the feasibility of such approach for ventilation 
systems and IAQ (Jobert, 2013). In a second hand, as the French thermal regulation imposed 
the airtightness level justification, the ventilation system performance could also be 
controlled, what is already compulsory with a recent label, “Effinergie +”. Those controls are 
in accordance with new approaches, which impose that standards and regulations compliance 
is ensured by on-site verifications. Those approaches might lead to financial or organizational 
consequences. Currently, ventilation systems controls are generally performed in France in 
three cases:  

x For buildings applying for new Effinergie label (Effinergie +) 
x During regulatory compulsory control (by the technical civil servants network of the 

Ministry in charge of the Construction’s sector) 
x When IAQ issues have been set out for a building. 

Therefore, control protocols have to be unquestionable. In these cases, several diagnostic 
protocols are used: either labels reference documents or good practice guide, such as the 
Effinergie protocol, the DIAGVENT method and the European standard EN12599. The 
reliability of those protocol may be not sufficient. The next paragraph presents a project, 

89



 

proposed to ADEME, which main objective is to study and improve the reliability of those 
protocols. 
 
 
2 PROMEVENT PROJECT 
 
The PROMEVENT project has been proposed to a call for proposals launched by ADEME within 
the subject “toward responsible buildings in 2020”. The Consortium is constituted of 8 French 
partners, both private and public sectors: a public institution (CEREMA2), a technical center 
(CETIAT), 5 consultancies (ALLIE’AIR, ICEE, PLEIAQ, CETii, PBC) and an association 
(Effinergie).  
The PROMEVENT project objective is to define a new protocol for controls of ventilation 
systems performance, based on many existing protocols currently used. Indeed, several protocols 
are currently used in France and abroad to control ventilation systems performance, including 
visual diagnostic, proper functioning at air vents control and ductwork airtightness 
measurement. There are described in label reference documents, campaign protocols, 
standards or good practice guides. EN12599, DIAGVENT method, Effinergie protocol or 
OQAI protocol are some of them. The PROMEVENT project proposes to test repeatability, 
reproducibility and feasibility of those protocols in order to define a more reliable protocol for 
ventilation system controls. This project may have to deal with such issues as: how can it be 
representative of all different situations? How can it characterize the equipment use impact? 
How will it overcome airflow measurement difficulties?  
PROMEVENT proposes to carry out several laboratory and in-situ campaigns in order to test 
repeatability, reproducibility and feasibility of those protocols, including the equipment choice 
impact. It is expected that conclusions of this project will lead to a new standard which could be 
imposed in new buildings regulation, in order to impose compulsory check of ventilation systems 
performance. Discussions on new protocols should focus on several points, such as: 

x Ensure sufficient reliability 
x Ensure technical and financial feasibility 
x Define self-checking equipment conditions 
x Define needs and organisation of operators training, qualification and control. 

At the end of this project, training and recommendations should be provided to operators through 
a practical guide, which may be useful for measurements performed for label. 
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ABSTRACT 
 
Since 1995 with the first edition of the GUM by Joint Committee Guide for Metrology, (JCGM) expression of 
uncertainty in measurement takes a large part in measurement activities. To be able to give a measurement result 
with a sound uncertainty expectation, different approaches exist that were covered in several linked documents 
depending of the available measurement model. In this presentation, we will give an overview of the main 
methods based on physical model and show that each available method addresses a corresponding model 
situation. 
 

KEYWORDS 
 
Uncertainty measurement, measurement model, measurement result 
 
1 INTRODUCTION 
 
The Joint Committee for Guides in Metrology (JCGM) provides us with invaluable material 
such as the GUM (JCGM 100:2008) and other related documents. A very short description of 
uncertainty in measurement could be seen as: measurement model definition, uncertainty 
components and propagation. Starting from measurand definition, we will through key 
questions discuss the available uncertainty assessment methods. 
 
2 GENERAL APPROACH 
 
The definition of a measurand is fully detailed in International Vocabulary in Metrology 
(JCGM 200:2012). The main difficulty is : does a good corresponding measurement model 
exist ? 
 
2.1 What is a measurement model ? 
 
A measurement model could be seen as the right depiction of the measurement process 
corresponding to a targeted uncertainty. International Vocabulary in Metrology (JCGM 
200:2012)defines it as a : "mathematical relation among all quantities known to be involved in 
a measurement..." (§2.48) 
 
Three cases are identified: 

x a physical measurement model is unavailable or too complex 
x a physical measurement model is available 
x a complex physical measurement model is available 
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2.2 Physical measurement model unavailable or too complex 
 
This case could be addressed through the use of global model (statistical approach). 
A good example is interlaboratory comparison, for which a statistical model is described in 
ISO 5725. This presentation will not cover this type of model. 
 
 
2.3 Physical measurement model available 
 
From a simple measurement model describing a direct measurement with influence quantities 
(like direct pressure measurement or direct temperature measurement) to a more complex 
measurement model using a mathematical relation combining several simple measurements 
(like for example the measurement of gas flow through an orifice plate), GUM (JCGM 
100:2008) is the reference document and its application could be done relatively easily. 
 
An example will be provided during the presentation. 
 
2.4 Complex Physical measurement model available 
 
When model is too complex or non linear, JCGM 101:2008 addresses the issue through 
propagation of distributions using Monte Carlo method. This numerical approach is 
interesting for three reasons : 

1. no more need to calculate partial derivatives, 
2. this approach addresses non linear models which are difficult to treat using GUM 

(JCGM 100:2008), 
3. this method could be used to validate GUM approach choice  in showing that 

there are no significant differences between both approaches. 
 
An example will be provided during the presentation. 
 
 
3 CONCLUSIONS 
 
The main conclusion of this presentation is that every method of uncertainty assessment is 
corresponding to a particular state of availability of the measurement model. Each method is 
completing others and should be seen as a tool responding to the available information. 
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ABSTRACT 
“When you can measure what you are talking about and 
express it in numbers you know something about it” 

Lord Kelvin (1824-1907) 
 

Measuring air flows and tightness of ventilation ductwork is compulsory in Sweden but not measuring air 
infiltration or building tightness which normally is done only in some research projects. Instead building 
tightness is regarded to be covered by compulsory construction guidelines. Tightness of a buildings envelope 
(external walls, roof and floor) is required for two reasons: to reduce dampness problems and to reduce the use 
of heating energy of the building. This aim and direction of the Swedish building authorities today is different 
from earlier codes as shown below.  
 
During the 1980’s several studies reported health problems from emissions in badly ventilated dwellings. This 
resulted in in a new Swedish law requiring compulsory inspection of ventilation systems – the OVK 
commissioning system that is described shortly in the paper. 
 
The quality of ventilation systems in Sweden is also governed by another unique scheme – AMA - General 
Material and Workmanship Specifications. It has been in use since 1950 and is a tool for the customer to specify 
his demands on a new building and its installations. AMA contains e.g. requirements for tightness tests of 
ventilation ductwork, methods for measuring and adjusting airflows shortly described in the paper. 
 
KEYWORDS 
 
AMA, OVK, SBN, BBR, Ductwork tightness, Infiltration 
 
 
SWEDISH REQUIREMENTS FOR AIR FLOWS AND INFILTRATION 
Measuring air flows and tightness of ventilation ductwork is compulsory in Sweden but not measuring air 
infiltration or building tightness which normally is done only in some research projects. Instead building 
tightness is regarded to be covered by compulsory construction guidelines. Tightness of a buildings envelope 
(external walls, roof and floor) is required for two reasons: to reduce dampness problems and to reduce the use 
of heating energy of the building. This aim and direction of the Swedish building authorities today is different 
from earlier codes as shown below.  
 
The quality of ventilation systems in Sweden is also governed by another unique scheme – AMA - General 
Material and Workmanship Specifications. It has been in use since 1950 and is a tool for the customer to specify 
his demands on a new building and its installations. AMA contains e.g. requirements for tightness tests of 
ventilation ductwork, methods for measuring and adjusting airflows shortly described in the paper. 
 
Defective and badly maintained ventilation systems and insufficient airflows were found in studies during the 
1980’s to be main reasons for sick buildings. This resulted in a new Swedish law 1991 requiring compulsory 
inspection of ventilation systems – the OVK commissioning system – with aim to control and improve the 
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function of ventilation installations. The ordinance requires that the ventilation in most types of buildings has to 
be controlled before the installations are taken into operation and then regularly at recurrent inspections.  
 
The first global oil crises 1972-73 with rapidly increasing energy prices often led to a change of systems from 
oil-based to electric heating and from natural ventilation to mechanical extract in a vast majority of residential 
buildings in Sweden. As a follow-up the Swedish authorities raised the demands on thermal insulation and 
tightness for new buildings in order to reduce the oil import.  
 
Swedish building codes for ventilation changed from detailed to functional demands 
The Swedish building codes have changed from detailed requirements of e.g. building tightness and airflows for 
different types of buildings and premises to functional demands.  
 
This change came gradually from 1988 when the (detailed) regulations, recommendations and directions in the 
Swedish Building Code, SBN, published by the earlier authority, Statens planverk (The National Board of 
Physical Planning and Building) was replaced by the mandatory provisions and general recommendations in 
Building Regulations (BBR) from the new authority Boverket (The Swedish National Board of Housing, 
Building and Planning) where the provisions are in the form of functional requirements, referring to standards 
when applicable.  
 
In Sweden residential buildings are required to provide an acceptable air quality. The Swedish national 
environmental legislation states that: “In the year 2020 all buildings shall be healthy and have a good indoor 
environment”.  
One of the intermediate goals within the frame of good indoor climate is that: “All buildings where people stay 
often or during a longer time shall 2015 at the latest have been proven to have a functioning ventilation system”. 
 
MEASURING VENTILATION AS REQUIRED IN SWEDISH BUILDING CODES 
The airflows to be measured have changed during the years 
The reason for requiring correct airflows in ventilation systems has varied during the past years. During the 
1930’s up till the oil crisis 1973/74 the main demand was to supply enough air to dilute the pollutants produced 
by the people in the premises – the dimensioning rules were based on the work done by Yaglou during the 
1930’s and formed the basis for authority demands for general ventilation in new buildings. Energy was cheap 
and there was no special reason to economize with air. 
 
The oil crisis changed this – drastically increasing prices and shortage of oil lead to reduced airflows. The old 
Swedish building code was replaced by SBN with special and detailed demands for maximum supply and 
exhaust airflows for different buildings, premises and production facilities. 
 
With the new code, BBR, these demands were changed from detailed into functional demands.  
 
Airflows – functional requirements in BBR 
6:21 General  
Buildings and their installations shall be designed to ensure they can provide the conditions for good air quality 
in rooms where people are present other than occasionally. The requirements for indoor air quality shall be 
determined on the basis of the room's intended use. The air must not contain pollutants in a concentration 
resulting in negative health effects or unpleasant odours. 
 
6:25 Ventilation  
Ventilation systems shall be designed to ensure the required outdoor air flow can be supplied to the building. 
They shall also be able to carry off hazardous substances, moisture, annoying odours and emissions from people 
and emissions from building materials, as well as pollutants from activities in the building.  
General recommendation  
When designing ventilation flows in buildings, the environmental impact aspects of occupants, activities, added 
moisture, and emissions from materials, ground and water should be considered. 
The installations should be designed in such a way that calibration, testing, inspection, supervision, servicing and 
exchange can be easily effected and adequate efficiency maintained. 
 
6:251 Ventilation flow  
Ventilation systems shall be designed for a minimum outdoor air flow corresponding to 0.35 l/s per m2 floor 
area. When in use, rooms shall be able to have a continuous air exchange.  
In residential buildings where the ventilation can be controlled separately for each dwelling, the ventilation 
system is allowed to be designed with presence and demand control systems. However, the flow of outdoor air 
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must not be lower than 0.10 l/s per m2 of floor area when the dwelling is unoccupied and 0.35 l/s per m2 of floor 
area when the dwelling is occupied.  
General recommendation  
The requirements for ventilation flow should be verified by calculation and measurement.  
When designing outdoor air flow, account should be taken of the fact that the flow could be reduced due to dirt 
in ventilation ducts, changes in differential pressure over filters, etc. 
For buildings other than residential buildings, the ventilation system may be designed so that a reduction of 
supply airflow, in multiple stages, continuously, or by intermittent operation, is possible when the building is 
unoccupied.  
General recommendation  
After a period of reduced air flow, normal air flow should be provided at least for a period of such length as is 
required to achieve a complete exchange of the volume of air in the room before it is reused.  
The reduction of the ventilation air flow is not allowed to cause adverse health effects. Nor shall the reduction be 
allowed to bring about damage to the building or its installations due to moisture etc. 
 
6:254 Installations  
Ventilation installations shall be situated and designed in such a way that they are accessible for maintenance 
and cleaning purposes. Main and connect ducts shall have stationary measure outlets for flow measuring.  
General recommendation  
For the appropriate design of duct systems and cleaning hatches, see SS-EN 12097. 
 
6:255 Airtightness  
Pressure conditions between supply air and extract air installations shall be adapted to the airtightness of the 
installation, to ensure that transfer of extract air to the supply air does not occur.  
General recommendation  
To prevent pollutants from returning through heat exchangers where air can shift from the extract air side to the 
supply air side, the pressure level should be higher on the supply air side than on the extract air side.  
The building envelope should have adequate airtightness in relation to the selected ventilation system to ensure 
good functionality and for adjusting airflow in individual rooms. The airtightness of the building envelope 
should also be ensured with regard to the risk of damage due to moisture. Rules on airtightness of a building's 
envelope are contained in Section 6:531.  
Measurements of leakage in sheet metal ducts can be made in accordance with SS-EN 12237. Additional 
information on airtightness testing of ventilation ducts are contained in Formas publication Metoder för mätning 
av luftflöden i ventilationsinstallationer (Methods for measuring air flow in ventilation installations) (T9:2007) 
and instructions in AMA VVS & Kyl 09 and SS-EN 15727. 
 
Summary of Swedish ventilation requirements: Functional requirements providing conditions for good air 
quality should be verified by calculation and measurement. The installations should be designed in such a way 
that calibration, testing, inspection, supervision, servicing and exchange can be easily effected and adequate 
efficiency maintained. Airflow and ductwork tightness measurement, and accepted methods, as stated in AMA. 
 
AIR INFILTRATION IN BUILDINGS 
Air Infiltration – detailed requirements in SBN 
In the last edition, SBN 1980 edition 2, maximum air infiltration in buildings were stated as maximum accepted 
air leakage (in m3/m2,h) for different building types: “For premises intended (designed) to be heated above 
+10oC a maximum air leakage as stated in column 33:3 (see below) is accepted”. 
 

Table 1 (SBN 33:3) - Maximum accepted air leakage (in m3/m2,h) 
Building part Pressure 

difference Pa 
Building with height in floors 

1 - 2 3 – 8 >8 
Exterior wall  50 0.4 0.2 0.2 
Exterior window and door (referring to the 
tightness of the chink between the frame and 
the  window sash and door leaf respectively 

50 0.4 0.2 0.2 
50 1.7 1.7 1.7 
300 5.6 5.6 5.6 

Roof and  floor towards the outside or towards 
a ventilated space   50 0-2 0.1 0.1 
 
During the late 1970’s a majority of the existing buildings were tightened to reduce the need for heating energy 
(the easiest way to do this was to tighten leaking window frames). This however often led to critically reduced 
air flows in buildings with natural supply and exhaust (S-system). In buildings with natural supply and 
mechanical exhaust (F-system) the increased under pressure in the rooms often resulted in noise problems. 
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Building tightness, when measured, is controlled with blower door but only for smaller buildings, type one-
family houses and not for e.g. office buildings. The author has been involved in tightness tests of two large 
buildings where the supply air fans were used for pressurizing the buildings : (1): the R2 Reactor Hall at 
Studsvik where the large reactor hall for safety reasons was pressure and tightness tested at 1000 Pa!; and (2): 
the Fries office building at Växiö which was constructed to obtain a high degree of tightness, the windows were 
e.g. mounted in projecting frames being part of the concrete exterior walls (covered on the outside with mineral 
wool and grouted brick). 
 
Air Infiltration – functional requirements in BBR 
In BBR maximum air infiltration in buildings have been replaced by functional requirements, referring to 
reducing the risk for damage due to damp in the building structure (6:95) or to reduce the maximum use of 
energy for buildings (9:21 – dwellings; 9:31 – premises): 
 
6:255 Airtightness  
Pressure conditions between supply air and extract air installations shall be adapted to the airtightness of the 
installation, to ensure that transfer of extract air to the supply air does not occur.  
General recommendation  
To prevent pollutants from returning through heat exchangers where air can shift from the extract air side to the 
supply air side, the pressure level should be higher on the supply air side than on the extract air side.  
The building envelope should have adequate airtightness in relation to the selected ventilation system to ensure 
good functionality and for adjusting airflow in individual rooms. The airtightness of the building envelope 
should also be ensured with regard to the risk of damage due to moisture. Rules on airtightness of a building's 
envelope are contained in Section 6:531.  
Measurements of leakage in sheet metal ducts can be made in accordance with SS-EN 12237. Additional 
information on airtightness testing of ventilation ducts are contained in Formas publication T9:2007, see above, 
and instructions in AMA VVS & Kyl 09 and SS-EN 15727. 
 
6:531 Airtightness  
General recommendation  
To prevent damage due to convection of moisture, the parts of the building that separate spaces with different 
climatic conditions should have as high airtightness as possible. In most buildings, the risk of convection of 
moisture is greatest in the building's upper parts, i.e. where internal excess pressure may be prevalent.  
Particular care should be taken to ensure airtightness where the environmental impact of moisture is great such 
as in public baths or where temperature differences are particularly great.  
Airtightness can affect the moisture level, thermal comfort, ventilation and a building's heat loss.  
A method for determining air leakage is contained in SS-EN 13829. When determining air leakage, it should also 
be investigated whether the air leakage is concentrated to a particular structural element. If this is the case, there 
is a risk of moisture damage. 
 
6:95 Damp 
Buildings should be designed so that moisture does not cause damages, bad smell or hygienic nuisances or 
microbial growth that can affect the health of people. 
 
The air tightness of a building shall be such that convection of moist air does not lead to that the highest accepted 
moisture pickup of the material is exceeded. 
 
9:21 and 9:31 Building envelope tightness with reference to energy use  
The building envelope shall be so air tight that the requirements on specific energy use of the building and 
installed electric power for heating purposes are fulfilled. 
 
9:4 Alternative requirements on the energy use of the building 
As an alternative to the requirements for buildings given in Clauses 9:2 and 9:3, 
where 
- the floor area Atemp does not exceed 100 m2, 
- the window and door area Af does not exceed 0.20 Atemp and 
- there is no requirement for cooling, 
the following requirements relating to the thermal insulation of the building, the 
airtightness of the building envelope and heat recovery may be applied. 
… 
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The building envelope shall be of sufficient tightness to ensure that the average air leakage rate at a pressure 
difference of ± 50 Pa does not exceed 0.61 l/s m2. In relation to this, the area Aom shall be applied. (BFS 
2006:12) 
General recommendation 
A method for determining air leakage rate is given in SS-EN 13 829. (BFS 2006:12) 
 
A common question put to Boverket: “Why are there no quantified demand values stated for the building 
envelope tightness in chapters 9:21 and 9:31?” was answered as follows:  
“There is an all-embracing functional demand on the energy use of the building. This demand can be fulfilled in 
many ways, e.g. with more or less heat insulation, different technical installations and a more or less airtight 
building envelope. 
 The building envelope needs to be so tight that the building can fulfil the energy use requirements for 
the whole building. Other relevant all-embracing demands to be fulfilled are installed electric power, ventilation, 
thermal comfort, moisture safety and noise. How tight the building envelope has to be is therefore something 
that has to be decided from case to case by the building proprietor/designer depending on the choice of 
ventilation systems, energy management solutions etc.” 
 
Summary of Swedish air infiltration requirements: Today there are no Swedish quantified building airtightness 
requirements except for small buildings (<100 m2 Atemp). 
 
 
MEASURING VENTILATION AS REQUIRED IN AMA 
Practically all buildings and their installations in Sweden are performed according to the quality requirements in 
AMA specification guidelines (General Material and Workmanship Specifications). The AMA requirements are 
made valid when they are referred to in the contract between the owner and the contractor. 
 
Starting more than 60 years back in time we have been using this probably quite unique quality assurance system 
in Sweden covering all aspects of building and installation technologies. 
 
But requirements and demands can be worthless unless they are controlled. The AMA requirements thus also 
include demands for tightness testing of the ductwork and adjusting airflows in the building. The results of 
prescribed measurements have to be reported to the proprietor on standard protocol forms signed by the testing 
contractor. 
 
AMA is a voluntary complementary to statutory rules, regulations and specified building standards laid down by 
the authorities. The statutory rules, e.g. in BBR, are normally mostly focussed on reducing the risk of injuries 
while AMA (not having to deal with that) is focussed on reducing damages and LCC-costs. Common interest 
areas for both are sustainability and low energy use. 
 
Two of the AMA rules are relevant for measuring airflow and ductwork tightness: “Express your requirements in 
measurable terms and control that you have got it!” and the other: “The costs and risks for the contractor to fulfil 
the requirements in the contract should be possible to calculate”. 
 
YTC.157 – Control of air handling systems 
Functions specified in the contract documents shall be controlled. 
Before the control is made the control responsible shall make sure that the parts of other contracts that can have 
influence on the control are performed. 
 
Measurement uncertainty 
Extended measurement uncertainty is calculated as:  
 

 
Where 
U1 = the extended measurement uncertainty of the measuring instrument, percent 
U2 = the extended measurement uncertainty of the measuring method, percent 
U3 = probable extended uncertainty when reading off the instrument, percent 
In literature occurring term m, probable measurement error is here the same thing as standard measurement 
uncertainty. 
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Values for these uncertainties are given in the report T9:2007 presented above and referred to in both BBR and 
AMA. Values are given for normally used measurement methods and instruments such as: 
(Extract) 
Methods for measuring in duct 
Prandtlrör in duct with circular and rectangular cross section (Methods A11 and A12) 
Fixed flow measurement (Methods A21 – A29) 
Measuring airflow with tracer gas (Method A3) 
Methods for measuring extract registers and air intake grilles 
Hot-wire anemometer on rectangular grilles with the 4-point method (Method B1) 
Pressure drop measurement with probe (Method B21) 
Pressure drop measurement with fixed measuring connection (Method B22) 
 
Tightness control of duct systems 
Leak airflow shall primarily be measured at 400 Pa test pressure but can be measured at another pressure if 
found suitable due to control device and controlled surface area. The pressure shall not be lower than 200 Pa and 
not higher than 1 kPa. Duct with a larger circumference than 6.4 m shall however be controlled at 200 Pa. 
 
The sum of measured leak airflow and measurement error shall not exceed the value for prescribed tightness 
class.  
 
Leak airflow shall be measured with recommended method in Formas report T9:2007(see above), Metoder för 
mätning av luftflöden i ventilationsinstallationer (Method for measuring airflows in ventilation installations). 
Tightness control shall be made as spot test, each with approx. 25 m2 duct exterior perimeter area. Controlled 
duct area shall for each test be at least 10 m2 . Tightness control shall be made with either over- or under-pressure 
depending on the operation pressure. 
 
Tightness control of type approved duct systems for prescribed tightness class shall be controlled in following 
manner: circular spiral wounded ducts shall be controlled to 10 percent of the total duct exterior perimeter area; 
other ducts to 20 percent. 
 
If the prescribed tightness requirement is not fulfilled the control shall be extended to another duct part with the 
same percentage. If the requirement neither is fulfilled at this control, the control shall be extended to comprise 
all the ducts. 
Tightness control of other types of ductwork shall comprise 100 percent of the total duct exterior perimeter area.  
The proprietor shall in each case give instructions on which ducts and units that shall be controlled. Tightness 
control shall be documented on AMA form YTC/5. 
 
YTC.257 – Airflow measuring of adjustment in ventilation systems 
(Extract) 
Measuring of system total airflow shall be made at a filter pressure drop corresponding to the final filter pressure 
drop in system with pressure controlled fans. Other systems shall be flow adjusted with clean filters with 
correction for a flow increase of 3 percent. 
Adjusting systems with more than one operation case shall be made at one of the operation cases and measured 
at both max and min airflow 
Airflow measurement shall be made with recommended method in Formas report T9:2007(see above) 
Measurement shall be made and reported in such a way that a new measurement is possible and should give the 
same result if the conditions are the same, e.g. at recurrent OVK inspections. 
 
System types F (exhaust), FT (supply and exhaust) and FTX (supply and exhaust with heat recovery) shall be 
adjusted with closed doors and windows. 
 
Adjustment of airflows 
Adjustment of airflows shall be made to achieve the values given in the building documents. 
 
Alternative 1. Proportionality method 
The adjustment shall be made with a systematic step-by-step-method with successive measurements and 
adjustments of throttling device (dampers) in accordance with the working procedure described in Building 
Research Council’s report Injustering av luftflöden i ventilationsinstallationer, T12:1981 (Adjustment of airflows 
in ventilation installations). 
If the contract documents do not indicate reference register and index register they shall be decided at the 
adjustment. 
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Alternative 2. Pre-set value method 
The adjustment shall be made by adjusting registers and dampers according to the pressure drop calculation. 
Airflow measurements shall be made for control. Consideration shall be taken to thermal influence power (stack 
effect). 

Records 
Records over adjustment and airflow control shall be presented after adjustment and following control has been 
made. Instructions for accounting are given under YTC.157. 

MEASUREMENT COSTS 
Measurements and control of the ventilation systems before the building is taken into operation and then 
regularly at recurrent inspections in the future are necessary to guarantee that the building and its installations are 
working properly. 
Compared to the initial cost for the building and its installations the costs for control and maintenance are 
negligible. REHVA Guidebook No. 06, Indoor Climate and Productivity in Offices, shows how to quantify the 
effects of indoor environment on office work and also how to include these effects in the calculation of building 
costs. Such calculations have not been performed previously, because very little data has been available. The 
quantitative relationships presented in the guidebook can be used to calculate the costs and benefits of running 
and operating the building. 
The cost for obtaining and controlling ventilation system tightness for the specified tightness class (A – D) in the 
HVAC specification (referring to the requirements in the Swedish HVAC AMA) is included in tender price 
given by the contractor.   
There are no values available for the specific cost for obtaining and controlling building tightness.  
For ventilation ductwork it is necessary to require high quality ductwork, units and components that have a 
known tightness are adapted to each other to form a system with the required tightness. During commissioning 
the actual tightness should be measured by skilled personnel (if not totally, in parts of the total installation 
chosen by the building proprietor) and reported in prescribed forms. 
Building tightness should primarily be obtained by choosing suitable window/wall construction, using plastic 
foil with long-time durability and checking that it is not perforated by e.g. electric installations. 

OVK – COMPULSORY INSPECTION OF VENTILATION SYSTEMS  
Many Swedish and Nordic studies during the 1980’s showed that defective and badly maintained ventilation 
systems and insufficient airflows was a main reason for sick buildings. 

This resulted in a new Swedish law 1991 requiring compulsory inspection of ventilation systems – the OVK 
commissioning system – with aim to control and improve the function of ventilation installations. The ordinance 
requires that the ventilation in most types of buildings has to be controlled before the installations are taken into 
operation and then regularly at recurrent inspections.  

Table 2 - OVK inspection intervals for different buildings and ventilation systems 
Type of building and ventilation system Inspection intervals 

Day nurseries, schools and hospitals 3 years 

Block of flats and offices with FT-ventilation 3 years 

Block of flats and offices with F-ventilation  6 years 

Block of flats and offices with S-ventilation 6 years 

One and two dwelling-houses with FT-ventilation only first inspection (new buildings) 

Boverket is responsible for this control system and for nation-wide authorization of the inspectors while local 
authorities control the observance of the law locally and report the result to Boverket. 
The inspector records the inspection. The result of the OVK inspection, the certificate, is given to the owner with 
a copy sent to the local authority. A copy of the certificate shall be posted in full view in the building by the 
owner, e.g. at the building entrance or staircase.  
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CONCLUSIONS 
Back to the citation on the first page: “When you can measure what you are talking about and express it in 
numbers you know something about it”.  
You have to know what you are aiming at and express it in measurable units, be willing to pay the cost to arrive 
there and control that you have got what you have paid for. For this you need to use measurement methods with 
low measurement uncertainties.  
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ABSTRACT 
Mandatory building airtightness testing has come gradually into force in the UK, France, Ireland and Denmark. 
It is considered in many other European countries because of the increasing weight of the building leakage 
energy impact on the overall energy performance of low-energy buildings. Therefore, because of related legal 
and financial issues, the building airtightness testing protocol and reporting have become crucial issues to have 
confidence in the test results as well as the consistency between the measurement results and values used in the 
energy performance calculation method. The reference testing protocol in Europe is described in EN 13829. In 
addition, many countries have developed specific guidelines to detail or adapt EN 13829 requirements. However, 
performing and reporting correctly an airtightness test requires knowledge and know-how as well as pre-
requisite on the tools used by the tester.  
 
This study compares the steps taken in 11 European countries to improve the competence of the testers and 
thereby the reliability of the airtightness measurement. Information has been collected through a questionnaire 
sent to TAAC (TightVent Airtightness Associations Committee) members. We found out that 8 out of the 11 
countries surveyed have developed or were developing a competent tester scheme for airtightness testers. Those 
schemes go together with technical documents beyond the measurement standard and include most of the time 
training, examination of testers and the proof of use of appropriate equipment. The feedback from France from 
the training institutes and experts analysing the reports of applicants as well as the failure rate at the 
examinations confirm that performing and reporting correctly an airtightness test is not straightforward. Those 
schemes are reinforced with databases that allow better follow-up of the approved testers and tracking of 
suspicious results.  

 
KEYWORDS 
Airtightness measurement, competent tester schemes, European comparison 
  
1 INTRODUCTION 
Building airtightness is a key issue to reach low- and very low-energy targets. Therefore an 
increasing number of tests are performed in European countries for various reasons:  
compliance to the energy performance regulation; compliance to a specific energy 
programme; or will of the building owner. For instance, to our knowledge, measuring the 
airtightness of all new buildings or at least part of them is required by the energy performance 
regulation in UK, France, Ireland and Denmark. Besides, specific energy programs (such as 
Passivhaus or Minergie) that require or encourage building airtightness testing are 
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increasingly popular in many other countries. Likely, within a few years, over a million tests 
will be performed every year in Europe.  
Airtightness measurements are useful to check that the building envelope complies with a 
given requirement. The measurement protocol is described in the European standard EN 
13829 adapted from ISO 9972 which is now under revision. 
 
There are four key sources of uncertainty in airtightness testing: 

- Measurement devices  (accuracy and precision); 
- Calculation assumptions (e.g. reference pressure, weighted versus unweighted linear 

regression); 
- External conditions (wind and stack effect impact); and 
- Tester’s behaviour. 

The uncertainty associated to tester’s behaviour has to be separated into three parts: 
- His knowledge and interpretation of the measurement protocol; 
- His know-how to use the equipment, analysis and reporting tools; and  
- His honesty and will to perform a test correctly. 

This document describes how some European countries attempt to decrease uncertainty due to 
tester’s behaviour by setting competent testers schemes. 
 
 
2 APPROACH 
This work has been done in the context of the TightVent Airtightness Associations 
Committee (TAAC). TAAC is a European working group, set up and hosted within 
TightVent. The scope of this working group includes various aspects such as: 

Ͳ Airtightness requirements in the countries involved; 
Ͳ Competent tester schemes in the countries involved; 
Ͳ Applicable standards and guidelines for testing; 
Ͳ Collection of relevant guidance and training documents. 

At present, the participants are from Belgium, Czech Republic, Denmark, Estonia, France, 
Germany, Latvia, Ireland, Poland, Sweden, UK and contacts have been established with other 
European countries. 
 
A questionnaire has been developed within the committee to compare competent tester 
schemes in a broad manner, ranging from administrative to technical issues. A representative 
from each country has kindly accepted to answer the questionnaire. This document 
summarizes their answers focusing on aspects relevant to this paper. 
 
3 RESULTS OF THE STUDY 
3.1 Countries with a competent tester scheme 
An increasing number of countries have minimum building airtightness requirements either 
for energy performance regulation or specific energy savings program subsidized at national 
or regional level. Most of the time, those minimum building airtightness requirements must be 
justified with a pressurization test. In Denmark, Ireland, France and United Kingdom who 
have implemented minimum building airtightness requirements, competent testers schemes 
have been developed and, except for Denmark those schemes are state-approved and the 
qualification is required by the regulation to perform test to prove compliance with the energy 
performance regulation. 
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Germany also has a competent tester scheme that is required by some specific energy 
performance programs. Belgium and Sweden are developing their own that should be 
operational in 2014. The Czech Republic has no tester scheme but there exists an association 
of testers with an ethical code. 
 
3.2 Comparison of competent testers’ schemes 
Key components of competent tester scheme are: 

Ͳ To set a minimum standard for the knowledge of the tester (in particular on the 
regulatory or the programme context, the fundamentals of ventilation and infiltration, 
and the fundamentals of airtightness measurement); 

Ͳ To set pre-requisites on the tools used (equipment, analysis and reporting tools); 
Ͳ To set a minimum standard for the know-how of the tester. 

These components are supported by technical documents, training programs and evaluation 
procedures. 

 
Technical documents beyond measurement standards 
Each country that has set a competent tester scheme has developed technical documents to 
spell out EN 13829 and adapt measurement to its national context. These documents always 
specify the building preparation procedure. In countries where testing is required by 
regulation, technical documents also described the input values that are used for derived 
quantities and give sampling rules for multi-family buildings and housing developments. In 
addition, to limit the uncertainty due to measurement devices, calibrated equipment is 
required in 6 out of the 7 schemes studied and 3 countries have set specific requirements for 
equipment beyond standards. 
 
Training programs 
Training is included in 5 out of the 7 qualification schemes (DE, DK, FR, IE and UK for 
domestic buildings) there are specificities for the UK non-domestic buildings scheme (which 
requires UKAS accreditation). The training lasts from 1 to 5 days and costs from 0 to 2100€. 
The validation of the training always includes an examination of test reports. It includes also a 
theoretical examination and an onsite evaluation of the tester’s skills in France, Germany, 
Ireland and UK (not in Denmark). Training for testers also exists in Estonia but there is no 
validation process. 
 
The training in the six countries (DE, DK, EE, FR, IE and  UK-domestic buildings) includes 
following items: 

Ͳ The rules(including building preparation, calculation of derived quantity, calibrations);  
Ͳ The purpose and steps of the test; 
Ͳ How to use the equipment on site; 
Ͳ How to write/file a report. 

 
Qualification requirements 
The qualification process always includes an evaluation of test report(s). Most of the time (5 
out of 7), the validation of a specific training is required, but no educational background is 
required, except for Germany where Engineer, Master or Technician level is required. Most of 
the time (4 out of 6), there are also some administrative requirements, e.g., specific insurance 
for airtightness testing in France and the UK. 
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3.3 Qualified testers 
Figure 1 represents the number of qualified tester in each of the 6 countries with operational 
schemes in January 2014. Some of those schemes are recent, in which case the number of 
testers evolves rapidly.  In the UK, testers are qualified for domestic buildings and companies 
are for non-domestic ones. 
The typical background for testers is:  

Ͳ Building service, building physics consultants; 
Ͳ Housing inspector; 
Ͳ Craftsman; and 
Ͳ Industry services. 

 
Figure 1: Number of qualified testers in 6 European countries in January 2014 

3.4 Success rates for applicants in France 
This paragraph is not based on the results of the questionnaires but on feedback from the 
French competent scheme holder “Qualibat”. During its annual meeting in December 2013, 
Qualibat presented the success rates for applicants. Only a little over a quarter of the 
applicants are successful with the first review of their first application. One fifth need a third 
or even a fourth review. This confirms the relevance to check the competence of the testers 
before they are allowed to perform and report airtightness tests to justify compliance with a 
given requirement. It also confirms experts’ unstructured feedback on their reviews.   

 
Figure 2: Success rate for applicant: number of reviews needed to obtain the qualification  
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3.5 Development of databases 
Four schemes (DK, DE, CZ, FR) require specific reporting in a database. This has two key 
advantages, provided that the database is well-structure: 

Ͳ It becomes easy to analyse large samples and extract meaningful trends, e.g. per 
building type or construction methods. The French database expects to grow by over 
100 000 tests per year; 

Ͳ It is possible to track suspicious results. To our knowledge, this is not operational in 
any scheme now but simple checks (and maybe cross-checks with energy performance 
certificates) could be performed to check the consistency of the results. It can be one 
step to check the testers’ honesty (e.g. by cross-checking the number of tests 
performed in a single day and the distance travelled). 

4 CONCLUSIONS 

Several competent tester schemes are now operational. Because they require specific 
knowledge and know-how as well as pre-requisites for the tools used, they can only improve 
the quality of measurements although it is difficult to quantify this improvement. 

Note that sources of uncertainties mentioned but not covered in this paper include external 
conditions, analysis methods and calibration methods which may be significant. 
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ABSTRACT 
 
One of the first and necessary steps in the increase of confidence in the result of a measurement is the 
calibration of the used instrument. Moreover, the principle of a reliable calibration is reinforced 
through the concept of traceability. 
The terms "calibration" and 'traceability", which apply equally across metrology and whose definition 
is given by the VIM (International Vocabulary of Metrology), are examined and put in the context of 
the challenges for air flow and air speed calibrations. 
From the definition of the standards to the way to evaluate the repeatability, the reproducibility, all the 
concepts are discussed with a special focus on the importance of calibration fluid and conditions. 
The presentation outlines also the basic principles of the air speed and air flow calibration methods, 
both the more accurate and the less ones. Some calibration examples are given to enhance the 
understanding of the presented concepts. 
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ABSTRACT 
 
 
This paper gives an overview of the work undertaken within CEN TC 156 WG 3 dealing with ductwork for 
ventilation in buildings.  
 

KEYWORDS 
 
Airtightness, Ductwork, European Standards, Working Group 3,  
  
1 INTRODUCTION 
 
CEN TC156 “Ventilation for buildings” deals with all aspects of ventilation for buildings. 
The scope covers the standardization of terminology, testing and rating methods, 
dimensioning and fitness for purpose of natural and mechanical ventilation systems and 
components for buildings subject to human occupancy; it includes both dwellings and non 
residential buildings. 
 
Working Group 3 of CEN TC 156 deals with the following properties for ducts:  

1. Airtightness at pressure level 
2. Strength at pressure level 
3. Resistance to external pressure 
4. Surface area 
5. Dimensions 
6. Mechanical strength criteria 
7. Pressure loss 
8. Service temperature 
9. Thermal resistance 
10. Reaction to fire 
11. Release of substances /Emission 

 
 

2 ACTIVITIES AND TOPICS 
 
The working group has been active in the past 25 years since 1989 with 2,2 meetings a year 
and the next meeting will be the 55th meeting in Paris. The group consists of ca 20 people and 
the participation varies between 8-15 persons from different countries, companies and 
branches like manufactures, test institutes, sales organizations and other comities.  
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The following extracts from WG 3´s first meeting on 27th of April 1989 give the original 
intentions of the working group: 

x To establish and define the various ductwork components used in ventilation of buildings
and develop standards for aerodynamic and physical characteristics.

x To Establish standards for characteristics related to ductwork according to:
1. Dimensions and tolerances.
2. Definition of air tightness classes.
3. Determination and presentation of air leakage.
4. Establishing strength requirements for ductwork components.
5. Determination, testing and presentation of strength of ductwork components.
6. Determination and presentation of energy loss.
7. Determination and definition of classes of corrosion protection.
8. Identification of ductwork components.

x To establish a relevant, common terminology and illustrations for ductwork components.

x To take the hygienic aspect into consideration according to: “Provision of ductwork
components for hygienic treatment of ventilation systems”.

x Basic documents should be chosen in the following order, depending on availability:
1. ISO Standards.
2. Eurovent documents.
3. National standards.

x Basic documents should be chosen in the following order, depending on availability:
1. Dimensions and tolerances: ISO 7807, Eurovent 2/3, Eurovent 2/4.
2. Definition of air tightness classes: Eurovent 2/2.
3. Determination and presentation of air leakage: Eurovent 2/2, Eurovent document

in preparation, based on Nordic standards, HVCA DW 143.
4. Establishing of strength requirements: Eurovent document in preparation, based on

Nordic standards, HVCA DW 143.
5. Determination, testing and presentation of strength: Eurovent document in

preparation, based on Nordic standards.
6. Determination and presentation of energy loss: Test method in preparation by

Cetiat.
7. Determination and definition of classes of corrosion protection: Swedish

document.
8. Identification of ductwork components: HVCA document.

Most of these topics have been dealt with for the following duct systems: 
1. Circular ducts made of sheet steel.
2. Rectangular ducts made of Sheet steel
3. Flexible duct
4. Ducts made of insulated duct board
5. Nonmetallic ducts.

The Working Group has produced a number of standards listed in the reference section below. 
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3 CONCLUSIONS 

The world is getting more and more complicated and standards make it a little bit easier. The 
standards of CEN TC 156 Working Group 3 may not be very important for our life but they 
make it easier for the manufacturers to compete on equal conditions. They make perfect 
platform for more important standards for example the ones made to fulfil the Energy 
Performance for Building Directive and they are a small part of the European and National 
building legislation.  

4 REFERENCES 

EN 1505:1997 Ventilation for buildings - Sheet metal air ducts and fittings 
with rectangular cross section - Dimensions 

EN 14239:2004 Ventilation for buildings - Ductwork - Measurements of 
ductwork surface area 

EN 12236:2002 Ventilation for buildings - Ductwork hangers and supports - 
Requirements for strength 

EN 12220:1998 Ventilation for buildings - Ductwork - Dimensions of circular 
flanges for general ventilation 

EN 13180:2001 Ventilation for buildings - Ductwork - Dimensions and 
mechanical requirements for flexible ducts 

EN 12237:2003 Ventilation for buildings - Ductwork - Strength and leakage 
of circular sheet metal ducts 

CR 14378:2002 Ventilation for buildings - Experimental determination of 
mechanical energy loss coefficients of air handling 
components 

EN 13403:2003 Ventilation for buildings - Non-metallic ducts - Ductwork 
made from insulation duct boards 

EN 12097:2006 Ventilation for buildings - Ductwork - Requirements for 
ductwork components to facilitate maintenance of ductwork 
systems 

EN 1507:2006 Ventilation for buildings - Sheet metal air ducts with 
rectangular section - Requirements for strength and 
leakage 

EN 1506:2007 Ventilation for buildings - Sheet metal air ducts and fittings 
with circular section - Dimensions 

EN 15727:2010 Ventilation for buildings - Ducts and ductwork components, 
leakage classification and testing 

EN 15780:2011 Ventilation for buildings - Ductwork - Cleanliness of 
ventilation systems 
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ABSTRACT 
 
In this paper we present a series of leakage tests on extremely airtight dwellings (ACH50 < 0.6 upon completion) 
in which the durability of the airtightness and the measurement uncertainty involved are assessed. In literature, 
repeatability and reproducibility issues have been discussed by several authors, along with influences of weather. 
It remains unclear, however, to what extent the available uncertainty intervals are relative or absolute. With the 
current tendency towards extremely low leakage levels and the introduction of airtightness requirements in 
building codes, the further exploration of this issue has become crucial. 
In this paper, 4 aspects are studied consecutively: the repeatability and reproducibility of the fan pressurization 
method in extremely airtight houses, the impact of weather conditions on the measurements, the impact of the 
age of the construction and the reproducibility of the airtightness level in repeated construction of virtually 
identical houses. The latter is limited to short term effects since all dwellings (n = 15) were completed after 
2010. 
The results show similar relative repeatability and reproducibility intervals to those found in literature. The 
rather large effects of weather conditions reported in previous studies could not be reproduced. Normal wear and 
tear due to occupation of the dwelling proved to introduce substantial relative deterioration of the airtightness of 
the building shell (20-100% increase in leakage), although in absolute values, the additional leaks were modest 
and the buildings remained very airtight. In general, we conclude that pressurization tests render robust results in 
extremely tight construction, but with respect to ambitious leakage limits, test conditions and small preparation 
details such as the locking of window hardware can easily determine whether the dwelling will pass or fail. 
 

KEYWORDS 
 
Blowerdoor, reproducibility, durability, uncertainty 
  
1 INTRODUCTION 
 
Given Europe’s ambitions to cut down CO2 emissions, all new-built houses will need to be 
constructed as nearly zero energy buildings by the end of 2020. While the public and building 
industry is well aware of the need for well-insulated buildings, there is still much room for 
improvement in terms of airtightness. In Belgium, for example, the median leakage level of 
standard construction in 2010 was just under 6 ACH at 50 Pa pressure difference (Laverge et 
al., 2010), about 10 times as much as the limit imposed by the Passive Haus Institut to obtain 
the passive house certificate (ACH50 < 0.6). 
Since new standards are emerging and maximum air leakage limits are imposed in energy 
performance codes, the need for a reliable test method and reliable results is growing. 
Although the European standard EN 13829 (CEN, 2001) describes the preparation of the 
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building and explains in detail how the measurements should be performed, there still is room 
for interpretation. In Belgium, some of this ambiguity has been addressed in a separate 
guideline for tests within the framework of the official Energy Performance of Buildings 
(EPB) calculation (2013), but a number of issues are very case dependent and decisions on 
how to deal with them have to be taken by the tester on site. 
The growing (financial) consequences of the result of a blowerdoor measurement put 
increasing stress on the reliability of these tests, especially in extremely airtight construction. 
In these cases, a modest absolute difference in leakage can make a large difference relative to 
the very low leakage limit imposed. Having well-trained test operators, reliable equipment, 
clear standard regulations and calculation methods are evident prerequisites for reliable 
results. Even if all the above conditions are met, measurement uncertainties will occur due to 
the effects of wind and temperature or the specifics of the installation of the equipment. It’s 
important to be able to estimate and evaluate these uncertainties in order to compare test 
results and to define maximum wind speeds during the test. 
It’s also important to study the long-term variation of air leakage. Do blowerdoor test results 
remain stable during the changing seasons? If not, how big is the variation that occurs? Is this 
variation uniform for all building methods? What’s the relation to the prevailing climate? 
Should airtightness parameters be corrected for these seasonal effects to obtain an objective 
result? And for the project-owner: when is the best time to test? 
Besides seasonal effects, air barriers, like all building components, may be subject to 
degradation due to wear and tear, resulting in a rise in the air leakage after some years. It’s 
essential to evaluate which materials or elements are responsible for this rise in order to build 
future houses with a more durable airtightness barrier, as well as to estimate infiltration losses 
over the course of the buildings lifespan. 
In addition to the reliability and reproducibility of test results, the increasing stress, with the 
attached financial liabilities, on tight construction also intensifies the need for data on the 
reproducibility of the leakage level of a construction itself. How robust is the leakage level 
achieved by a specific construction method? 
This paper addresses these issues with respect to houses at passive house leakage levels, since 
these represent the lowest 10% of the tested leakage rates included in the official EPB 
database in Belgium (De Baets and Jonckheere, 2013) and can therefore be considered to be 
representative for future airtight construction. In the next section, reproducibility issues of the 
pressurization test are discussed. The third section addresses the impact of weather conditions, 
while the fourth looks at the evolution of the leakage level over time. The reproducibility of 
the construction method is dealt with in the last section, followed by a conclusion section that 
sums up all results. For all tests a Minneapolis blower door type 4.1 was used. 

2 TEST REPRODUCIBILITY 

2.1 Literature 

A number of studies available in literature give an idea of the expected variation when 
performing airtightness measurements. 
A study by Delmotte and Laverge reported a standard deviation of 1.4% and maximum 
variation of 4.0% for 10 pressurization tests under repeatability circumstances (same operator, 
same test equipment) (Delmotte and Laverge, 2011). These numbers increased to 2.7% and 
7.9% under reproducibility circumstances (different operators, different test equipment). 
Persily performed 28 pressurization tests on a house during a three-month period and found a 
5.5% standard deviation and 19.4% maximum variation (Persily, 1982). When only retaining 
the results from relatively calm weather days (< 2.5 m/s wind speed) these statistics decreased 
to 1.7% and 4.8%, showing the high impact of wind speed on the repeatability of 
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pressurization test results. High wind speeds seem to be correlated with higher leakage 
results. 
Kim and Shaw studied the air leakage from a house during a one-week period. They noticed 
similar results as the previous researches: a standard deviation of 1.7% and maximal variation 
of 4.2% (Kim and Shaw, 1986). The highest air leakages were measured during low wind 
speeds, in contrary to Persily’s findings. 

2.2 Measurement results 

The repeatability of the pressurization test was studied on 2 passive houses in Belgium. 
Passive houses are currently the only buildings subjected to maximum airtightness levels 
(ACH50 < 0.6) and can be regarded as ‘a look in the future’ of the housing market. 
House 1 is a semi-detached house, built in a traditional way using masonry walls. 58 
pressurization tests with identical setup were performed on 10 different days in a 15-month 
period between December 2012 and February 2014. On average, the measurements showed a 
standard deviation of 1.4% and a maximum variation of 3.5% within the same day (Table 1). 
The mean leakage measured in all tests was 234 m3/h at 50 Pa pressure difference, 
corresponding to 0.55 ACH50.  

Figure 1. Picture of the façade of house 1 (left) and house 2 (right) 

House 2 is a detached house with a wood-frame structure. It was tested 53 times in total, on 9 
test days within the same period as for House 1. Here, the variation within the same day was 
higher with an average standard deviation of 2.3% and an average maximum variation of 
6.0%. These uncertainties are well in line with those reported in literature. When absolute 
values are considered, the average standard deviation within a test day is 3.31 and 3.33 m3/h, 
for house 1 and 2 resp., suggesting that the error due to repeatability might be more absolute 
in nature than relative, although Murphy suggests that, in contrast, the error is relative to the 
square of the leakage (Murphy et al., 1991) and Delmotte did not find a clear correlation 
(Delmotte and Laverge, 2011). 
No relation between wind speed and air leakage could be discovered, but the results on windy 
days show generally more variation. Wind speeds were derived from online weather 
observations, which are not always reliable. A mobile weather station would be a much better 
option to monitor wind speed and direction. 
A few additional tests were performed, to evaluate the effect of decisions in building 
preparation or test procedure – without neglecting EN 13829. 
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Table 1: Overview of air leakage measured in house 1 

test day date V50 (m3/h) ACH50 (-) stdev (%) max var (%) 
day 1 17/12/2012 221.7 0.52 1.39 4.06 
day 2 7/01/2013 219.8 0.51 1.18 4.32 
day 3 29/01/2013 229.3 0.54 1.13 3.49 
day 4 19/02/2013 223.2 0.52 1.05 2.69 
day 5 11/03/2013 241.4 0.57 1.03 4.35 
day 6 9/04/2013 246.2 0.58 0.92 1.83 
day 7 29/04/2013 248.7 0.58 0.49 1.41 
day 8 22/11/2013 236.2 0.55 2.52 3.87 
day 9 20/12/2013 234.5 0.55 0.60 1.28 

day 10 13/02/2014 237.5 0.56 3.86 7.16 

As different pressure differences over the building envelope exist due to wind and 
temperature effects, the place of the external pressure point might influence the measurement 
results. Pressurization tests were performed on both passive houses, while changing the 
external pressure tap around the building. Although t-tests showed no significant difference 
between different positions of the pressure tube in most cases, we can’t conclude that this 
effect is negligible. Probably the effect is masked by the usual variation in airtightness 
measurements.  
Despite well-trained test operators, reliable equipment, clear standard regulations and 
calculation methods, pressurization tests will always show some uncertainty due to changing 
natural pressure differences around the building. As wind fluctuates constantly in speed and 
direction, natural pressure differences across the building envelope also change. External 
reference taps and baseline pressure corrections are intended to cancel out these fluctuations 
and thereby obtain reliable test results. For this to work, however, the external reference tap 
should be in the ‘open field’. In actual measurements, this is often impossible to achieve 
because of the presence of all kinds of objects around the dwelling that create wind-induced 
turbulences.  
The results of consecutively executed natural pressure difference measurements within a total 
time span of 5 minutes reported in Table 2, show that even 30-second averages can change 
substantially in a short period of time, with a difference of more than 8 Pa over 5 minutes for 
the south facade. Baseline pressures, measured before and after a pressurization test, which 
typically takes 20-30 minutes, are therefore not per se representative for the natural pressure 
difference during the test and can lead to false corrections.  
Testing at high pressure differences reduces the impact of these changing boundary conditions 
and, renders more robust results, as was clearly demonstrated by Delmotte (Delmotte and 
Laverge, 2011). 
Generally, the fan should be installed in the most airtight opening of the building envelope. 
As this is difficult to evaluate without performing multiple tests, the test operator will use the 
front door in most of the cases. But when the front door is leaky, this leakage is of course not 
included in the measurements. In house 2, measurements were performed on both doors, 
showing a decrease by 22.3 m3/h (or 15.5%) when the fan was installed in the back door. 
Standards give no clear indication whether doors should be locked during the pressurization 
test, or just closed, without turning the key. As leaks around doors can be almost eliminated 
by locking the door in case a multi-fix hardware is available, this decision can have a 
substantial impact on leakage results. In house 2, not locking the front or back door during a 
test led to an increase in leakage by 40.2 m3/h and 41.2 m3/h. As the overall leakage in these 
dwellings is very low, this resulted in a relative increase of the total leakage of 33.4% and 
28.9% respectively. 
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Table 2: Consecutively measured 30-second averaged natural pressure differences at north, east and south 
facades for house 1. 

measurement North East South 
measurement 1 -0.1 0.8 -2.2 
measurement 2 -0.5 0.5 -3 
measurement 3 -0.5 0.9 -2.3 
measurement 4 -0.4 0.4 -2.2 
measurement 5 0.2 1.3 -5.6 
measurement 6 -0.6 0.6 -6.9 
measurement 7 -1 -0.5 -3.7 
measurement 8 -0.6 -0.7 1.3 
measurement 9 -0.8 -0.8 -0.8 

measurement 10 -1.1 -1.2 -2.6 
average -0.54 0.13 -2.8 

minimum -1.1 -1.2 -6.9 
maximum 0.2 1.3 1.3 

 
 
Passive houses are equipped with mechanical supply and exhaust ventilation. These systems 
should be sealed off during the pressurization test, since the supply and exhaust openings 
represent huge leaks that are not relevant for infiltration in the building envelope.  
It’s up to the test operator to decide where the ventilation system will be disconnected. This 
can be anywhere between the external air supply/exhaust and the local air vents in the rooms. 
Obviously, the test result includes leakage through the ducts from the air supply/exhaust up to 
the point where the seals for the test are applied. Tests on House 1 show that leaks between 
ventilation ductwork, heat exchanger, ventilation system and silencer are responsible for an 
additional 43.3 m3/h, or 17.6% of the total leakage when the ventilation system is not sealed 
off directly after the external air intake and discharge points.  
These examples show how apparently small decisions can have an impact on the overall air 
leakage. This is especially true for passive houses, which have a very small air leakage and 
thus, although the change in absolute value of the leakage is modest, will show a huge relative 
difference when something in the building preparation or test procedure is changed. This 
makes comparing test results difficult when looking for seasonal variation or durability 
effects, especially when pressurization tests are not performed by the same operator. 
 
3 SEASONAL VARIATION 
 

3.1 Literature 
 
Studies reporting seasonal variation are available in literature, but building methods and 
prevailing climate should be taken in mind when drawing conclusions. Persily performed 
multiple tests during one year on a house in Princeton (Persily, 1982). He noticed up to 30% 
higher air leakage in the winter compared to the lowest measurement results in summer. Air 
humidity on the contrary, showed peaks in the hot, humid summers and very low values in de 
the dry, cold winters. Persily claims the moisture in the hot summer air results in a swelling of 
the wood. When the wood swells, small cracks and gaps in the construction disappear 
resulting in a lower air leakage. 
Kim and Shaw measured a seasonal variation up to 20% when performing a similar study on 
two houses in Canada, with the highest values appearing after the dry winter period (Kim and 
Shaw, 1986). One of these houses had an air leakage very similar to the air leakage in passive 
houses. 
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Dickinson and Feustel performed a study on 10 houses in three different climates (Dickinson 
and Feustel, 1986). Three houses were located in Truckee and showed a clear seasonal 
variation due to the extreme climate, with up to 45% higher leakage in summer, compared to 
the winter measurements. This variation is very similar for all three houses, although the 
highest variation occurs in the house with the highest air leakage and vice versa. The fact that 
winter measurements show lower values is mainly attributed to the presence of large 
quantities of snow on and around the building envelope. 

3.2 Measurement results 

During the period December 2012 – April 2013, multiple pressurization tests were performed 
on both passive houses every three weeks. The results show an increase in average air leakage 
over each single test day by 13% over the course of the first 7 test days in house 1. Seven 
months later, the seasonal variation measurements were continued on a regular basis and 
showed a 5% decrease. These results are shown in Figure 2. 

Figure 2. Boxplot and average of the leakage measured on 7 test days between December 2012 and February 
2014 in house 1. 

Although small in relative magnitude, the variation seems to follow a yearly pattern with 
lower leakage in winter period and higher leakage in summer. These findings are the opposite 
of what Kim and Shaw (Kim and Shaw, 1986) or Dickinson and Feustel (Dickinson and 
Feustel, 1986) concluded. No substantial snowing occurred during the measurement period. 
The increase in leakage therefore has to be attributed to other factors. One potential 
mechanism is the differential thermal dilation of the masonry/concrete structure and the 
plaster that assures most of the airtightness. This would create fine cracks in the plaster, 
especially at edges and joints, leading to increased leakage. Another, more straightforward 
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explanation might be a change in the air tightness of the ventilation ductwork, as this was 
dismantled after the 4th and 7th test day to evaluate the influence of the sealing place (e.g. 
before/after heat exchanger), as discussed earlier.  
During the first 7 test days, the air leakage results of house 2 show no clear rising or declining 
trend. The results fluctuate around the average value, with a slight increase of 6% between the 
first and the 7th test day (Figure 3). When the seasonal variation tests were continued half a 
year later, the air leakage has decreased by 25%. 
Although house 2 has a wood construction with wooden windows and doors and the Belgian 
climate creates a similar evolution in moisture content, it does not display the decreasing 
leakage in summer reported by Persily (Persily, 1982). In contrast to traditional wood frame 
construction, in passive houses such as this, all joints between wood panels and around 
envelope details such as windows etc. are sealed with tape. As these joints already are airtight, 
the swelling of wooden elements can’t make them more airtight. 
It’s unclear what has caused the 25% air leakage decrease in the last three test days. As these 
measurements were conducted during the winter period, just like the measurements from the 
first three test days, a seasonal variation seems unlikely. Possibly the firm owning the show 
house has made some interventions due to the reported leakage paths from the first 
measurements. 

Figure 3. Boxplot and average of the leakage measured on 6 test days between December 2012 and February 
2014 in house 2. 

4 LEAKAGE DURABILITY 

4.1 Literature 
Some studies cover groups of buildings, which have been tested and retested after some years 
to evaluate the durability of airtightness. Due to the variation of building techniques and 
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materials, conclusions are hard to draw. It’s essential to make sure no interventions that may 
affect the airtightness were executed on the buildings between successive pressurization tests. 
Lux tested a group of 30 relatively airtight (ACH50 < 3.0) houses six years after the original 
tests were carried out (Lux, 1987). 
Only five houses were withheld, in which no interventions were performed. The evolution of 
the air leakage varies greatly, the maximum increase measured was 32% but one of the houses 
became 9% more airtight. 
Proskiw and Eng performed tests on a group of 24 houses over a period of three years 
(Proskiw and Eng, 1997). The houses were on average five years old at the start of the test. 
Although the biggest evolution in airtightness is expected the first years after construction, 
Proskiw and Eng measured a maximum increase in air tightness of 37% and a 30% decrease 
over this period. The leakage of a group of houses with a PE airtightness barrier increased by 
3% on average, while a group with a drywall airtightness barrier increased by 7%. 
Reiß and Erhorn compared the air leakage of 52 passive houses after construction and after a 
two-year period (Reiß and Erhorn, 2003). They reported an average 30% increase, which 
seems dramatic but corresponds to an increase of the ACH50 by 0.09. Increases in leakage rate 
as high as 216 % were seen, but a few houses also showed a decrease up to 39%.  

4.2 Measurement results 
Pressurization tests were performed on two estates of similar passive houses in Temse and 
Bredene, Belgium. The results of these tests were compared to the original test reports, 
generated from pressurization tests performed on completion of the dwellings one or two 
years earlier. No specific interventions on the dwellings occurred, making the results 
representative for normal wear and tear of the construction. 
Eight houses were tested in Temse, as reported in Table 3, showing an average increase in air 
leakage by 29%. Seven tests were performed in Bredene (Table 4), showing an average 
increase of 45% in air leakage. A few extreme values are responsible for this high increase. 
The median of 25% might be a more representative value for the increase in air leakage. Some 
tests were probably not performed using the same building preparation as the original tests. 
It’s not clear whether all doors were locked during the original tests and the sealing of the 
ventilation system might not have been executed in exactly the same way as during the 
original pressurization tests. As discussed in Paragraph 2, these ‘small’ differences can have a 
serious relative impact on air leakage. This makes qualifying the individual evolutions in air 
tightness very difficult. Despite these uncertainties, it seems clear that there is an increase in 
air leakage over the years, of an order in line with findings reported in literature. Similar leaks 
around the doors and service penetrations in the roofs were detected in Bredene as in Temse. 
These leaks seem to be responsible for a good part of the measured increase. 

Table 3. Measured evolution in leakage rates in Temse 

House ACH50 (-) 1 ACH50 (-) 2 Timespan 
(months) 

ǻdepress. (%) ǻpress. (%) ǻaverage (%) 

house 1 0.43 0.56 19 30 35 32 
house 2 0.55 0.81 21 38 55 47 
house 3 0.56 0.54 13 2 -9 -3 
house 4 0.33 0.43 13 26 34 30 
house 5 0.50 0.68 13 33 36 34 
house 6 0.59 0.82 19 38 42 40 
house 7 0.44 0.56 13 23 27 25 
house 8 0.46 0.64 18 30 30 30 

mean 0.48 0.63 16 28 31 29
median 0.48 0.60 - 30 35 31

stdev (%) 18 22 - - - - 
max var (%) 54 62 - - - - 
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Table 4. Measured evolution in leakage rates in Bredene 

House ACH50 (-) 1 ACH50 (-) 2 Timespan 
(months) 

ǻdepress. (%) ǻpress. (%) ǻaverage (%) 

house 1 0.41 0.51 5 43 10 25 
house 2 0.58 0.68 3 14 24 19 
house 3 0.59 0.69 14 23 10 17 
house 4 0.41 0.75 9 115 56 86 
house 5 0.5 0.64 15 21 32 27 
house 6 0.34 0.75 19 127 114 120 
house 7 0.6 0.73 27 21 21 21 

mean 0.49 0.68 13 52 38 45 
median 0.50 0.69 - 23 24 25 

stdev (%) 21 12 - - - - 
max var (%) 53 35 - - - - 

 
The super isolating doors might suffer from high temperature differences, which cause the 
door to warp. These slightly warped doors create leaks at the upper and lower parts of the 
doors. Reinforced doors might tackle this problem. The leaks surrounding roof penetrations 
can be avoided by using custom airtight sockets or top hat sleeves. Note that, although 
considerable relative deteriorations are found, in absolute terms, the buildings remain 
extremely airtight. 
 
5 WORKMANSHIP REPRODUCIBILITY 
 
Since the dwellings in Bredene and Temse are virtually identical, the results reported above 
also allow to assess the reproducibility of the leakage level achieved by the used construction 
method and workmanship. All houses in both case studies have masonry and concrete 
building envelopes, with PVC window frames and a wood frame roof construction. The air 
barrier of the building envelope is plaster, while for the roof a polyethylene membrane is 
used. 
The results from these measurements are compared to those of a similar case study in Kortrijk 
in Figure 4 (Laverge et al., 2010). The Kortrijk case study consists of 29 identical houses built 
according to standard Belgian construction methods, which is very similar to the construction 
of the passive houses, but without specific attention to air tightness. The variance coefficients 
go down from 28% in the Kortrijk case to 12% in Bredene. Since only passive houses are 
included in the measurements in Temse and Bredene and this requires a maximum leakage 
level of 0.6 ACH50, outliers will not appear in these samples. Nevertheless, the progress in 
reproducibility is remarkable. Note that, although vastly improved, the reproducibility of the 
workmanship is still far below that of the leakage test itself, the variance coefficient of which 
is around 0.025 (Delmotte and Laverge, 2011). 
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Figure 4. Boxplot of the leakage level (ACH50) for the cases from 3 different case studies of quasi identical 
houses (N = 29, 8 and 7 respectively) 

6 CONCLUSIONS 

In this paper, 4 aspects of building leakage in extremely airtight houses are studied: the 
repeatability and reproducibility of the fan pressurization method, the impact of climate 
conditions on the measurements, the impact of the age of the construction and the 
reproducibility of the airtightness level in repeated construction of virtually identical houses. 
The leakage levels of the houses included in the tests are in the 10th percentile of those 
included in the official Belgian energy performance database. 
The results show similar relative repeatability and reproducibility intervals to those found in 
literature. The rather large effects of climate conditions reported in previous studies could not 
be reproduced. Normal wear and tear due to occupation of the dwelling proved to introduce 
substantial relative deterioration of the airtightness of the building shell (20-100% increase in 
leakage), although in absolute values, the additional leaks were modest and the buildings 
remained very airtight. The reproducibility of the workmanship in extremely airtight 
construction proved better than that found in standard construction. 
In general, we conclude that pressurization tests render robust results in extremely tight 
construction, but with respect to ambitious leakage limits, test conditions and small details 
such as the locking of window hardware can easily determine whether the dwelling will pass 
or fail. 
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ABSTRACT 

Because of temperature-based uplift within the building and the impact of wind on the building, airtightness 
measurements of high buildings are especially challenging. Temperature differentials between the building 
interior and the exterior with particularly high buildings can lead to excessively high baseline pressure 
differentials on the building envelope while the impact of wind can cause their extreme fluctuation, both of 
which may have a negative effect on the measurement. 
This paper will present two airtightness measurements with a special test set-up in the same high-rise building at 
different times, i.e. under windy conditions and in calm weather. The first measurement was conducted at a wind 
force of 4 Beaufort. Two weeks later, a second airtightness measurement was conducted in calm conditions. This 
is highly interesting for the measuring practice of large buildings, because the testing date is usually set based on 
constructional and organizational aspects and only rarely takes into account optimal weather conditions. This 
presentation compares the test results of both airtightness measurements and in addition to sharing the 
experience from these measurements is also meant to prompt a discussion of the error of measurement with 
regard to the measuring standard EN 13829. 

Fig. 1: Building view during the measurement in calm conditions (no wind). The measurements were conducted 
with a Minneapolis BlowerDoor Measuring System. 

KEYWORDS 

building airtightness, high building, airflow V50, air change rate n50 

INTRODUCTION 

The challenges when conducting airtightness measurements of tall buildings are as follows: 
- How should we deal with the 5-Pascal limit for the baseline pressure differential according 
to German and European Industrial Standard DIN EN 13289? 
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- During the depressurization test it must be ensured that the entire building is depressurized. 

- During the pressurization test it must be ensured that the entire building is pressurized. 

- The pressure drop within the building must be controlled. 

The first depressurization and pressurization measurement was conducted under relatively 
strong windy conditions (4 Beaufort). The testing team consequently asked itself how 
accurate the measurement was. Fortunately, the measurement could be repeated two weeks 
later under calm conditions and the measurement results could be compared. 

Fig. 2: Set-up of the measuring devices. The measuring data was recorded using the TECLOG software. Since 
the air flow rate to be measured was below 7,200 m³/h, one Minneapolis BlowerDoor Standard Measuring 

System (Model 4) sufficed to measure the 23,000 m³ tall building with an envelope area of 10,000 m². 

The green lines in the diagram represent the tubes for determining the building pressure 
differential. On the ground floor, two measuring points have been marked. In reality, there 
were three. On the top floor, you have two measuring points, one on the upwind and one on 
the downwind side in order to cover the extremes. The red line represents the tube for 
determining the pressure differential within the building. 
To prepare the building all interior doors were opened (approx. 250 doors), the flaps of the 
ventilation system and the stairwell smoke extraction were closed. The stairwell served as the 
re-flow path. 

Summary of the results 
The mean value V50 of the measurement under windy conditions is 4,893 m³/h. Under calm 
conditions (no wind), the mean value V50 was measured at 4,846 m³/h. This means more than 
99 percent conformity of the results. 

Airtightness measurement under windy conditions 
The following graph shows the pressure curves of the first airtightness measurement under 
windy conditions. The wind force is estimated at 4 Beaufort. The inside temperature was 
19°C, the outside temperature 10°C. 

ground 
fl
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Fig. 3: Recording of the depressurization measurement under windy conditions on 5 February, 2011. 

Explanations of the graph:  
The curves “Top Luv No” [Top Upwind North] and “Top Lee SW” [Top Downwind 
Southwest] show the building pressure differentials measured on the top floor.  “Base front”, 
“Base Luv” [Base Upwind], and “Base Lee” [Base Downwind] show the building pressure 
differentials measured on the ground floor. “Inside Pressure” is the pressure differential in the 
building. “Fan Model 4” shows the pressure at the Minneapolis BlowerDoor fan for 
determining the air-flow rate. 
The pressure differential in the building (Inside Pressure) clearly was below 5 Pascal.  

Fig. 4: Recording of the baseline pressure differentials before the measurement under windy conditions on 5 
February, 2011. 

The mean baseline pressure at the three measuring points on the ground floor before the 
measurement was -6.8 Pascal (measured over a period of 90 seconds). It ranges from -30 
Pascal to +15 Pascal. On the top floor it is 30 Pascal on the upwind side and -55 Pascal on the 
downwind side. The baseline pressure differential after the measurement is -3.9 Pascal. 
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Fig. 5: Recording of the baseline pressure differential after the pressurization measurement under windy 
conditions on 5 February, 2011. 

Fig. 6: Measuring result of the depressurization measurement under windy conditions (program window of the 
TECTITE Express 3.0 software). 

The measuring curve in Fig. 3 shows that building pressure differentials from -75 Pascal to -
40 Pascal were selected for the evaluation. These periods are marked by the fields edged in 
green. In total, 10 measuring periods were selected. 
The recording of the measurement for the pressurization test can be seen in the following 
graph: 
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Fig. 7: Measuring curve for pressurization under windy conditions on 5 February, 2011. 

The result of the depressurization test is V50 = 5,567 m³/h and of the pressurization test V50 = 
4,219 m³/h. The mean value is V50 = 4,893 m³/h. 

Measurement under calm conditions (no wind) 
The measurement under calm conditions was conducted on 20 February, 2011 at a wind force 
of 1 to 2 Beaufort. The inside temperature was 17°C, the outside temperature 3°C. 

Fig. 8: Recording of the depressurization measurement under calm conditions (no wind) on 20 February, 2011. 

Explanations of the graph:  
The curves “Top Luv No” [Top Upwind North] and “Top Lee SW” [Top Downwind 
Southwest] show the building pressure differentials measured on the top floor.  “Base front”, 
“Base Luv” [Base Upwind], and “Base Lee” [Base Downwind] show the building pressure 
differentials measured on the ground floor. “Inside Pressure” is the pressure differential in the 
building. “Fan Model 4” shows the pressure at the Minneapolis BlowerDoor fan for 
determining the air-flow rate. 
The measuring curve in Fig. 3 shows that building pressure differentials from -75 Pascal to -
40 Pascal were selected for the evaluation. These periods are marked by the fields edged in 
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green. In total, 10 measuring periods were selected. This measurement also resulted in a 
building pressure differential inside the building (“Inside Pressure”) clearly below 5 Pascal. 

Fig. 9: Recording of the baseline pressure differentials before the measurement (under calm conditions) on 20 
February, 2011. 

In the recording of the baseline pressure differential before the measurement (Fig. 9) the 
difference of 30 Pascal between the ground floor and the top floor stands out. In the following 
graph (Fig. 10), the baseline pressure differential after the measurement is very similar to the 
previous one. The high pressure differentials stem from the high temperature difference 
between the inside and the outside. 

Fig. 10: Recording of the baseline pressure differential after the measurement (under calm conditions) on 20 
February, 2011. 
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Fig. 11: Pressurization measurement under calm conditions (measurement on 20 February, 2011). 

During the final pressurization measurement, the natural baseline differential on the ground 
floor could only be recorded at the fan (“Base Front”), because some floorers were working in 
the area of the tubes at the reference points Upside and Downside and frequently stepped on 
the tubes. 
The pressurization on the top floor at all seven measuring stages (fields edged in green) was 
25 Pascal higher than on the ground floor. 

133



Overview of the measuring results: 
1: Measurement under 
windy conditions 

2: Measurement under 
calm conditions 

depressurization 5567 m3/h  depressurization 4833 m3/h  
pressurization 4219 m3/h  pressurization 4859 m3/h  

mean value 4893 m3/h (under 
windy 
conditions) 

mean value 4846 m3/h (under 
calm 
conditions 

The mean values of the measurement under windy conditions and under calm conditions in 
absolute terms differ by 47 m³/h, i.e. by less than one percent. 

Conclusion 
With measurements at high and sometimes strongly fluctuating pressure conditions, a 
pressurization and depressurization test must be conducted. The measuring result is generated 
from the mean. By contrast, with a measurement according to German and European 
Industrial Standard DIN EN 13289 either a depressurization or a pressurization test is enough 
to get a measuring result. 
When testing tall buildings, the extremes of the pressure conditions must be monitored in 
order to ensure, for example, that depressurization is achieved at all points of the building 
envelope when conducting a depressurization test. 
Conclusion: This measurement is practical proof that the measuring method described above 
also allows for conducting sufficiently accurate measurements in conditions not according to 
standard. In order to confirm this, further theoretical considerations and practical experience 
must be taken into account. It must, for example, be analyzed to which extent the leakage 
distribution influences the measuring result. 
Hypothesis: When conducting a depressurization and pressurization test as well as monitoring 
extreme pressures, the requirements of DIN EN 13289 with regard to the limits of the baseline 
pressure differential (±5Pascal) must not be observed. 
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ABSTRACT 

Infrared thermography is an interesting technique that is often used for qualitative assessment of the building 
envelope. The method allows to detect construction deficiencies e.g. thermal bridges, moisture problems, 
incomplete blown-in retrofit insulation of cavity walls, wind washing in insulation layers etc. in a very fast way. 
Another application is the use of infrared thermography in combination with pressurization tests  in order to 
detect air leakages through the building envelope. As the airtightness plays a major role in reducing heat losses 
in well-insulated buildings, this is an interesting method as it allows for a quick qualitative evaluation of possible 
air infiltration/exfiltration locations. This paper offers a first attempt to analyse the important parameters (e.g. 
pressure difference, temperature difference between inside and outside) for a thermographic airtightness survey 
by means of simulations and in situ measurements. Furthermore an overview of the currently existing literature 
on thermographic surveys of the building envelope is given. Simulations show that the pressure difference does 
not play a significant role for the execution of a thermographic survey, while the indoor-outdoor temperature 
difference changes the outcome of the survey significantly. Without taking into account the environmental 
conditions, the survey can be either executed from the inside or along the outside. Solar radiation, wind and rain 
can although have a negative influence on the measurement results taken from the outside.  

KEYWORDS 

Quantitative/qualitative infrared thermography,  Air infiltration, Pressurization test 

1 INTRODUCTION 

Europe has high ambitions concerning energy efficiency and the reduction of greenhouse gas emissions. By 
2050, one of the goals is to reduce the CO2-emissions by more than 80 % (BPIE, 2011). Therefore one of the key 
factors to satisfy the need for energy efficiency is a high performing building envelope. This can be achieved by 
a high insulation level and en excellent airtightness. For this application, thermography offers an alternative 
solution on top of the traditional techniques e.g. smoke detection, pressurization test, tracer gas measurements . It 
can not only be used for the detection of insulation defects but also for the detection of air leakages.  

In combination with a pressurization fan, air leakage spots can easily 
and instantaneously be visualised by using a thermographic camera. On 
top of that, ongoing research reveals the possibilities of thermography to 
quantify and asses the severity of an individual air leakage spot. 
Together with the fact that thermography is fast and non-destructive, 
makes it a promising tool for building energy audits. 

Figure 1 illustrates the use of thermography in combination with a 
pressurization fan (imposing a pressure difference of 50Pa) to detect air 
infiltration spots. In this case, cold outside air was infiltrating through the 
window-wall interface. In general air leakage spots can be easily 
recognized by the temperature pattern as shown on the right hand side of 
Figure 1.  

Figure 1: Example of an airtightness 
survey using a thermographic 
camera (blue spots are coldest and 
white spots are warmest) 
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In the following section an overview of the currently existing literature concerning thermography for air leakage 
detection and the influential parameters are discussed. In section 3 an overview of the basic concepts of 
thermographic airtightness surveys is given. In section 4 a simulation model of a window-wall interface is 
developed to investigate the possibility of quantitative research. Sections 5 and 6 offer an overview of the first 
results, the conclusion and possibilities for further research. 

2 LITERATURE OVERVIEW 

The existing standards concerning infrared thermography in buildings give a set of recommendations and 
guidelines for thermographic surveys. These stay rather superficial and impractical, while it is in profit for every 
thermographer to obtain delineated guidelines in order to make the measurements reproducible. For air leakage 
surveys for example, it can be expected that the inside-outside temperature difference and the pressure difference 
imposed by the pressurization fan will play an important role. However, rarely a distinction between air leakage 
measurements or insulation defect measurements is made.  

2.1 Normative literature 

In general, guidelines concerning the required skills of the thermographer and the minimum requirements of a 
thermographic report are found. As in the NBN EN 13187 (CEN, 1999), these regulations mainly concern the 
formal aspect of a thermographic measurement. Almost no attention is paid to the  influential parameters during 
a thermographic survey. While, environmental factors for example, are perhaps the most important aspect of a 
thermographic measurement, they are rarely mentioned in the normative literature. And when they are listed 
however, the different standards contain different values (CEN, 1999), (RESNET, 2012), (TheCH, 2010), 
(ASTM, 2011). For the wind velocity for example, a maximum wind velocity of 6,7m/s is recommended by 
ASTM (ASTM,2011) while 3,6m/s is proposed by RESNET (RESNET, 2012). An overview of the different 
influential environmental factors and their limit value given in normative literature is shown in Table 1. 

Table 1: Review of the influencing environmental parameters and their limitations given in standards 

In
flu

en
tia

l p
ar

am
et

er
s 

Construction type Light Medium Heavy 
Solar radiation Not allowed during 3h 

prior to IR (ASTM, 2011) 
Not allowed during 8h 

prior to IR (ASTM, 2011) / 

Not allowed 12h prior to IR (CEN, 1999) 
Wind velocity  Maximum 6,7 m/s for evaluation of insulation defects (ASTM, 2011) 

Maximum 3,6 m/s (RESNET, 2012) 
Precipitation No influence if IR from small distance (TheCH, 2010) 

Measurement on wet surface or with snow covered surface not allowed (TheCH, 
2010) 

Temperature 
difference 

∆Ti-e > 10°C during  4h prior to IR for evaluation of insulation defects (RESNET, 
2012) 

∆Ti-e > 1.7°C during 4h prior to IR for evaluation of airtightness (RESNET, 2012) 
∆Ti-e > 5°C during 24h prior to IR (CEN, 1999) 

Temperature 
gradient 

∆Te < 10°C 24h prior to IR, < 5°C during IR (CEN, 1999) 
∆Ti < 2°C during IR (CEN, 1999) 

Night sky radiation Ideally IR when fully overcast sky (TheCH, 2010) 

For the specific case of infrared thermography in combination with a pressurization fan little normative 
information can be found. Among the few, RESNET provides separate guidelines for the execution, the report 
and the influential parameters during an airtightness survey, for instance a minimum temperature difference 
between inside and outside of 1,7°C is recommended (RESNET, 2012).  

2.2 Scientific literature 

Yet there are some authors describing the potential of thermography in combination with a pressurization fan. 
For example, in (Kalamees, 2007) measurements of the airtightness of a number of Estonian houses are 
presented and analysed. First the airtightness of each building was measured using a standardized pressurization 
fan. Then the typical air leakage spots were determined using a thermographic camera in combination with a 
pressurization fan, providing a negative pressure difference of 50 Pa. It appeared that the typical air leakage 
places were ceiling/floor-wall interfaces, the window-wall interfaces and the junctions of separating walls with 
the external walls or roof. In Figure 2 an air leakage spot at the wall-ceiling interface can be clearly spotted. As 
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mentioned before the specific shape of the temperature pattern reveals the presence of an air leakage. A thermal 
bridge would be much more delineated and geometrical in shape. The penetrations of ventilation ducts and 
electrical sockets through the air barrier were also typical leakage spots. 

Figure 3: Experimental set-up to determine 
shape and dimensions of cracks (Bérubé 
Dufour, 2009) 

In a second study a first step towards quantitative airtightness measurements using thermography is taken 
(Bérubé Dufour, 2009). Here, two image-processing methodologies to determine the dimensions of air leakage 
spots (cracks) are developed based on laboratory measurements. The experimental set up is depicted in Figure 3 
and consists of a pressurized box holding the specimen panel with a crack of known dimensions in the middle of 
it and an air handling system. Using the thermographic pictures the authors try to make a  reconstruction of the 
geometry of the crack. Though it can be argued that this sort of experiment is representative for the air leakage 
spots that are commonly found in building envelopes. In reality,  air leakage spots will often be found at 
junctions or penetrations of the building envelope (Kalamees, 2007).  

3 THERMOGRAPHIC AIRTIGHTNESS SURVEY 

A thermographic airtightness survey can be performed with or without the use of a pressurization fan. When the 
outside wind pressure is rather high and a sufficient temperature difference between inside and outside (table 1) 
is reached, the most important air leakage spots can be visualised with a thermographic camera without the use 
of a pressurization fan. In most cases this will be sufficient to perform a qualitative thermographic research. 
When one is interested to visualise also the smaller air leakage spots or to use the thermographic information for 
quantitative purposes, a pressurization fan is recommended nonetheless a pressurization fan can also be used for 
qualitative measurements. Up till now in situ thermographic surveys are rarely executed for quantitative 
purposes. During a qualitative thermographic survey variations in the wall surface temperature are being 
observed without the need of an exact knowledge of that temperature. If it is the intention to obtain quantitative 
measurements a statement concerning the severity of the deficiency has to be made and therefore wall surface 
temperatures needs to be known as accurate as possible. Therefore a couple of parameters have to be determined 
using one of the standardized methods (ASTM, 2002 & 2005). When looking at the general formulation for 
infrared  radiation  at  opaque  material  surfaces  three  terms  can  be  distinguished  (Barreira,  2013),  (Dall’O’,  2013)  : 

   = 𝜀𝜏𝑊 + (1 − 𝜀)𝜏  𝑊 + (1 − 𝜏)𝑊       (1) 

Where W  is the total radiation captured by the thermographic camera [W/m²], 𝑊  the object radiation (with 
object temperature) [W/m²], 𝑊  the ambient radiation (with temperature of environment) [W/m²], 𝑊  the 
atmospheric radiation (with atmospheric temperature) [W/m²], 𝜏 the transmission trough the atmosphere [-] and 
𝜀 the emissivity of the material [-]. The methods to determine these parameters (e.g. emissivity, reflectivity, 
transmission of the atmosphere, transmissivity) are included in standards and scientific literature (ASTM, 2005), 
(Albatici, 2013), (Marinetti, 2012), (Ciocia, 2012), (ASTM, 2002).Once these parameters are determined, the 
thermographer is ready to perform a thermographic quantitative survey. Due to the dynamic behaviour of the 
environment  (e.g.  solar  radiation,  wind,  precipitation,  orientation,…),  the  thermographer  is  obliged  to  determine  
these parameters for each room and each material.  

   Figure 2: Air leakage spot at wall – ceiling intersection 
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In the Figures below thermographic images of an air leakage spot at the same window-wall interface with the use 
of a pressurization fan after 5 (Figure 4) and 10 (Figure 5) minutes are depicted. 
Figure 4 shows a thermographic image of a window-wall interface at a pressure difference of 50 Pa after 5 
minutes. The air leakage spots can already clearly be seen in the picture with their typical shape. Both pictures 
were taken in the morning of a sunny day, with direct solar radiation on the window examined. That is why the 
window seems warmer than the walls (50cm Cellular concrete block – 4cm Air cavity – 9cm bricks). With an 
outdoor temperature of 4,4°C and an indoor temperature of 20.5°C, the temperature difference between the 
inside and outside was greater than 15°C. In Figure 5, that is taken after 10 minutes, the cold outside air has 
clearly cooled down the window frame and the wall niche. In the graphs the temperature profile along the line 
L0, starting at the window frame, is given. An obvious change in temperature can be noticed, and the complete 
width of the window frame has cooled down. At the location of the air leakage spot (crack) the temperature 
reaches its minimum. 

Figure 5: Window-wall interface at a pressure 
difference of 50 Pa after 10 minutes 

While a standardized pressurization test has to be performed with a varying pressure difference between 0 and 
100Pa (minimum top value is 60Pa), a constant pressure difference is recommended while executing a 
thermographic survey in combination with a pressurization fan. (CEN, 2001) A possible examination method 
consists in bringing the building to a constant over- or underpressure (infiltration of cold outside air/exfiltration 
of warm inside air), and then monitoring the temperature profile of the wall surface temperature after 5, 10, 15, 
20, 25 and 30 minutes. As shown in Figures 4 and 5 a change of the shape of the temperature pattern caused by 
an air leakage will be seen. This way it can be identified whether a temperature variation is an air leakage spot or 
a thermal bridge, because the temperature pattern on the wall surface will not change when the deficiency that 
causes it is a thermal bridge. It is therefore best to start with a general thermographic examination of the whole 
building before using a pressurization fan to distinguish air leakages from thermal bridges (where necessary).  

4 PRELIMINARY DYNAMIC SIMULATIONS 

In this section the influence of the pressure difference imposed by the pressurization fan and the temperature 
difference between outside and inside on the course of the temperature profile is being analysed using a 
simulation model in Voltra. Voltra allows to study 3D dynamic heat transfer using a finite element method. Also 
air flows through predefined paths can be included in the model (Physibel, 2008). Both possible methods -
overpressure and underpressure- are being examined with changing pressure differences from 20Pa up to 100Pa 
and changing temperature differences from 10°C up to 30°C. The simulation results will be compared with  in 
situ measurements to evaluate whether similar trends are being observed. 

Figure 4: Window-wall interface at a pressure 
difference of 50 Pa after 5 minutes 

L0 L0 
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4.1 Assumptions and simulation model preparation 

A simplified simulation model of a window-wall intersection of 1m height is modelled (Figure 6). An air leakage 
(“crack”)  with  dimensions  1000mm x 10mm was modelled. Several assumptions were made:   

 Environmental factors like the sun, wind or rain are neglected
 The indoor temperature is kept constant at 20°C
 The outside temperature during one simulation is also kept constant -> stationary simulations!
 The window glazing (e) is replaced by an opaque material with an equivalent U-value (1 W/m²K)
 The wall structure is composed of (from inside to outside) 15mm gypsum (a) - 190mm reinforced

concrete (b) - 100mm  insulation  (with  λ=0.025  W/mK)  (c) - 90mm (light) masonry wall (d).
 For the calculation of the convective heat transfer coefficient prior to the simulation the temperature

inside the crack was taken as the mean value of the inside and outside temperature. Furthermore the
convective heat transfer coefficient was constant over the length of the crack and did not change during
the simulations.

 The specific heat and the air density were also derived from the mean indoor-outdoor air temperature.
 It was assumed that the radiative heat transfer over the length of the crack can be neglected compared to

the convective heat transfer because the internal crack surfaces have a similar  temperature

Figure 6: Simulation model used for the analysis 

For an estimation of the air flow rate entering the building through the crack, the power law formulation was 
used (Van Den Bossche, 2005), (Hall, 2004), (AIVC, 1994): 

𝑉 = 𝐶  ∆𝑃 [m³/h]       (2) 

Where V is the air flow rate [m³/h], 𝐶 the air flow coefficient [m³/(h Pan)], ∆𝑃 the pressure difference [Pa] and 𝑛 
the air flow exponent [-]. The values of the air flow coefficient and the air flow exponent are derived for specific 
air leakage places using in situ and laboratory measurements (Van Den Bossche, 2005), (AIVC, 1994). For the 
flow exponent a standard value between 0,6 and 0,7 is suggested (Van Den Bossche, 2005), (AIVC, 1994), 
(Jokisalo, 2009). In the current simulations a value of 0,66 is chosen for the flow exponent. For the flow 
coefficient values are proposed in (AIVC, 1994) depending on the type of connection. In (Van Den Bossche, 
2012) the airtightness levels of 13 different typical North Western European  installation methods of a wall-
window interface are investigated. This study shows that the airtightness level of the investigated installation 
methods covers a wide range from 0m³/hm up to 31m³/hm at 50Pa. Considering a regular average Flemish 
building, with a mean length of window-wall interface of 105m and an average volume of 516,1m³ (Van Den 
Engel, 2001) this study recommends the air loss of the window-wall interface to be limited below 10% of the 
overall building leakage. For a newly built detached residential building in Flanders the average building 
airtightness  n50 is 6h-1. Thus the maximal acceptable air loss at the window-wall interface is equal to 3.3m³/hm 
at 50Pa (Van Den Bossche, 2012). This value was used for the calculation of the air flow coefficient adjusting 
Eq. (2): 

𝐶 =   
∆   ∗ 𝑥 [m³/h. Pan ]       (3) 

Where V  is the air flow rate per meter window-wall interface length at 50 Pa[m³/h m] and x the length of  the 
window-wall interface. For a simulation model with a window-wall interface length of 1m, this gives a C-value 
equal to 0,25m³/hPan. Using these values for the air flow coefficient and exponent an expected air flow rate can 
be calculated for different pressure differences using Eq. (2). From the resulting air flow rate and the dimensions 

e 
a 

b 

c 
d 

L0 
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of the crack the air velocity inside the crack and the convective heat transfer coefficient can be calculated using 
the formulas for noncircular ducts (Lienhard, 2003), (Shah, 1975). 

4.2 Simulations 
12 Different situations are examined using the simulations, each 
returning a temperature profile along the line L0 starting at the 
window-wall interface (Table 2, Figure 6). During each simulation 
the indoor and outdoor temperature remain constant. The only 
dynamic parameter is the pressure difference that rises from 1Pa 
(starting situation) to the desired pressure difference (Table 2). The 
time step used for the simulations is 5 minutes with a start-up 
duration of 1 day. 

5 FIRST RESULTS 

Some of the preliminary simulation results are shown below. In Figure 7 a comparison is made between the 
temperature profiles obtained by in situ measurements and by simulation. The temperature profiles obtained 
from in situ measurements are the same of Figure 4, on the left after 5 minutes and on the right after 10 minutes 
of depressurization. For the simulation model a similar indoor-outdoor temperature difference and pressure 
difference is chosen than those during the in situ measurements (e.g. pressure difference of 50Pa and temperature 
difference of 15°C). It have to be noticed that the trends of the temperature profiles are similar of those obtained 
from in situ measurements. 

 

In Figure 8 a comparison is made between the temperature profiles obtained by depressurizing (left) and 
pressurizing (right) the building with a pressure difference of  +/- 50Pa, an indoor temperature of 20°C and an 
outdoor temperature of 0°C (temperature difference of 20°C). These curves were obtained by inversing the 
direction of the ventilation flow inside the crack. A similar (but inverse) trend can be noticed, but taking into 
account the additional external environmental factors (wind, solar radiation, rain) an indoor measurement with 
depressurization will be recommended in most cases. In the case of an air cavity wall one may expect that an 
outdoor survey will be nearly impossible. Further research on that subject needs to be done. 

Figure 8: Comparison between the trend of the temperature profiles obtained by depressurization (left) and 
pressurization (right): a) Distance from leakage spot (mm) ; b) Wall surface temperature (°C) 

In Figure 9 the influence of the pressure difference on the course of the temperature profile is depicted. The 
pressure difference varies from 20 up to 100Pa with a constant indoor air temperature of 20°C and outdoor air 
temperature  of  0°C  (∆P  =  20°C). It can be noticed that the pressure difference does not play a significant role, 
although the temperature difference per time step is slightly increasing with rising pressure difference. For all the 

13
14
15
16
17
18

0 5 10 15 20 25 30 35 40 45 50

b 

a 

0
1
2
3
4
5

0 5 10 15 20 25 30 35 40 45 50

b 

a 

No. ∆P (Pa) 
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No. Te (°C) 
Ti = 20°C 
∆P 

1 20 6 -10 
2 40 7 -5 
3 60 8 0 
4 80 9 5 
5 100 10 10 
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Figure 7: Comparison between the trend of the temperature profiles obtained by simulation (blue line) and in 
situ measurement (red line) 

Table 2: Different simulation situations 

No. ∆P (Pa)
Ti = 20°C
Te = 0°C

No. Te (°C)
Ti = 20°C
∆P

1 20 6 -10
2 40 7 -5
3 60 8 0
4 80 9 5
5 100 10 10

11 15

Table 3: Different simulation situations
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examined pressure differences the cooling down of the wall surfaces is insignificant after 30 minutes of 
pressurization/depressurization, therefore only six time steps are considered. 

 20Pa  40Pa     60Pa 

 80Pa 100Pa 
Finally Figure 10 depicts the influence of the indoor-outdoor temperature difference on the obtained temperature 
profile. The indoor temperature and the pressure difference is kept constant at respectively 20°C and 50Pa, while 
the outdoor temperature varies from -10°C up to 15°C (Figure 10)  (5°C  <  ∆T  <  30°C)  with  a  step  of  5°C. This 
has a much greater influence than the imposed pressure difference, since the maximum temperature difference of 
the   temperature   profiles   at   start   and   after   25  minutes   ranges   from  0,5°C   (∆T  =   5°C)   to   3°C   (∆T  =   30°C).  A  
duration of 25 minutes was chosen following the results derived from Figure 9. When proposing a minimum 
temperature variation between the 2 time steps of 1°C a thermographic survey can be executed starting from an 
indoor-outdoor temperature difference of 10°C. 

Figure 10: Influence of indoor-outdoor temperature difference on the obtained temperature profile at start (black 
dotted line) and after 25 minutes (red line): a) Distance from crack (mm); b) Wall surface temperature (°C) 

6 CONCLUSIONS & FUTURE WORK 

The airtightness of the building envelope plays a major role in the overall energy efficiency of 
buildings. A thermographic survey in combination with a pressurization fan seems a recommended 
method to identify the exact place of the air leakage spot. Currently, this method is mainly used to 
determine where renovation of the building envelope is needed most. Although this method has the 
potential for quantitative analysis of the buildings airtightness, it is rarely used for this purpose 
nowadays. These simulations constitute a first step towards a method for quantitative determination of 

13

15

17

19
0 10 20 30 40 50 70 90

b 

a 

13

15

17

19

0 10 20 30 40 50 70 90

b 

a 

13

15

17

19

0 10 20 30 40 50 70 90

b 

a 

13

15

17

19

0 10 20 30 40 50 70 90

b 

a 

13

15

17

19

0 10 20 30 40 50 70 90

b 

a 

0 5 10 15 20 25 30 35 40 45 50 60 70 80 90 100

Figure 9: Influence of pressure 
difference on the obtained 

temperature profile:  
a) Distance from crack (mm);

b) Wall surface temperature (°C)

∆T  =  5°C 

∆T  =  10°C 

b 

a 

∆T  =  15° 

∆T  =  20°C 

∆T  = 25°C 

∆T  =  30°C 

141



air leakage cracks. Future research has to determine if it is possible to say something about the 
size/magnitude of the crack using the temperature profiles obtained by thermographic measurements. 
However, the implemented simulation model has to be finetuned and validated by laboratory tests. 
Another possibility is extending  the current simulation model with other models representing other 
types of leakage spots. 
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ABSTRACT 

Over the recent years more effort has been given to air tightness of public buildings such as 
hospitals. The demand for well insulated buildings increases the importance for low 
infiltration air rates and thus the air tightness becomes more important. Besides, air 
infiltration is a quantitative way to put into requirements for the tenders to fulfill. 

In this work we describe field measurement of air-tightness on site in early stage of 
production, as well as field measurement of a whole floor in a hospital building. Hospital 
buildings are large enclosures that sometimes are difficult to test. We describe some outcomes 
from evaluating the testing method and how qualitative results as well as quantitative results 
can be used to improve the building process. Early measurements are important to give input 
to the builders how to build correct and to give an understanding about the importance of the 
air-tightness of a building. The different techniques to measure air tightness and to find leaks 
in the building envelope has been part of a learning process, both for the builders as well as 
the design team. 

The results show, after that the air-tight measurements was started, that the building process 
has improved. However, another finding from the project is that information should be given 
continuously and to all builders, as various work teams, has their own way of working with 
air-tightness. 

Measuring building parts should be the first test to evaluate different constructions and how 
the construction has been sealed. In the work described in this paper the building was divided 
by a temporary construction made by plastic film, adhesive tape everywhere where the plastic 
film meets another material and where the plastic film is overlapping. Butyl-based adhesive 
strip was used under the floor joist, at the corners and under the ceiling joist. The 
measurements showed that there was an air-leakage between ceiling and outer walls. This air-
leakage was evaluated by a small box for only that part. By this test a suitable method 
involving air-tight foam was used and the results from measurements after the action shows 
air-leakage close to zero. 

The result from the whole floor measurement shows higher air-infiltration than the 
requirement. The contractor will take action to improve the air-permeability. From the 
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experience of the measurements one last conclusion is that a design that emphasise air-
tightness is the first step to achieve an air-thigh building.  

KEYWORDS 

Air-tightness, Hospital buildings, early stage, field measurement testing. 

1 INTRODUCTION 

Health care environments are essential for a sustainable development of society, especially 
from a social point of view. Health care buildings, e.g. hospitals, are buildings that are built to 
stand for several years. They could therefore serve as good examples of sustainable 
architecture, and low-energy demand.  

Due to increased need for health care and the fact that the main part of Swedish hospital 
buildings were built in the 60’s and the 70’s and need to be refurbished and there are several 
construction projects regarding new hospital buildings in Sweden. Most of them endeavour 
for high energy efficient standard. In new constructions there is often ambitious goal on air-
tightness, as in a well-insulated construction infiltration rates is relatively more important. 
One part to achieve an air-tight construction is to measure the air- tightness continuously 
during the building process. Measuring the air- tightness is both a way to examine the 
construction and a way to learn for the project the air- tightness for different constructions. 
This paper describes the work with measuring air-tightness in one of the most energy efficient 
hospital buildings in Sweden. The measurements have been used for both qualitative and 
quantitative examination of the project.  

This article describes field measurement of air-tightness on site in early stage of production of 
a new hospital building. Different kinds of measurements have been used and in this article 
we present 1) Spot-checks of parts of the building envelope, for example a floor divided into 
parts by temporary stud walls with plastic film. 2) Measurement of building parts. 3) 
Measurement of a whole floor and techniques to identify leakage sources with smoke 
machine and infrared camera. 

2 SUSTAINABLE HEALTH CARE ENVIRONMENTS 

Sustainable health care environments includes healthy indoor climate. Design of health care 
buildings is connected to regulations and standards but also, as in every project, there is a 
need for an integrated design between different professions. The scope of the energy 
profession is wide and connected to most other professions, such as architectural, 
construction, heating, ventilation and air conditioning (HVAC)-design.  

Energy efficient measures will in most cases improve indoor climate. Especially measures of 
thermal insulation, air-tightness, heat recovery in ventilation systems, accurate control system 
and energy efficient lighting. Improved thermal insulation will decrease demand for heating 
power and improve indoor temperatures mainly during wintertime. In cold climates low 
ventilation rates or efficient heat recovery are essential to not exceed energy targets but still 
provide for fresh air supply. Accurate control system will improve temperature control in 
rooms, which will lead to temperatures that are closer to peoples comfort temperature. Energy 
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efficient lighting system will decrease surplus heat that will cause over-heating problems 
during summertime.  

2.1 Energy demand in hospital buildings 

According to a survey study of energy demand in Swedish health care buildings (SEA, 2008) 
these buildings use about 2.8 TWh of heat, 63 GWh of district cooling and 1.7 TWh of 
electricity in 2008. Thus, the health care sector stands for about 3 % of the total energy 
demand for buildings in Sweden.  

A survey of energy demand for hospitals in several OECD countries, made in the mid 90’s, 
shows the energy demand per square meter and beds, respectively (Jakelius, 1996). The study 
shows that there is a great difference if floor area or amount of beds is used as unit. In Sweden 
floor area is usually larger than in other countries.  

A comparison between a hospital in the UK and Sweden shows that the specific energy for 
space heating is similar, but if space heating is divided by patients the Swedish hospital uses 
almost eight times more energy. The two buildings are similar regarding thermal insulation.  

3 PROJECT DESCRIPTION 

The expansion of the University hospital in Linköping is a project with ambitious 
environmental goals. The building is of about 65 000 m2. The project has a goal of total 
annual energy demand (including operational energy) below 100 kWh/m2, which is one of the 
most energy efficient hospital projects in Sweden right now. The building fabric is well 
insulated with U-values for walls about 0.12 W/m2, K. Ventilation heat recovery is using 
mainly recovery wheel, which gives a heat recovery rate of about 83 %.  

In addition, this building also has a good floor area/volume ratio, about 0.6. District heating 
and cooling is supplied from a district heating network with a combined heat and power 
(CHP) plant. Cooling is produced by absorption chillers heated by district heating.  

The requirement of air infiltration for the new buildings is set as a value of the air 
permeability at 50 Pa. The mean air leakage rate at 50 Pa should not exceed 0,2 l/s, m2 
envelope area. The envelope area is the surface for walls, floor and roof that border to outside 
air or rooms that’s not intended to be heated above 10 °C. If this number converts into air 
changes per hour () it is equal to 0,116 h-1. The total volume of the buildings is 
245 849 m3, total envelope area is 39 678 m2 and the maximum allowed air flow infiltration is 
28 568 m3/h. 

4 MEASURMENTS 

The measurements done in early stage was indented to identify leakage sources, not to 
measure the air permeability. Some of the leaks that were identified in early stage were then 
later tested on site to find out a value of the specific air flow per identified leak. This was 
done as a basis for deciding whether to take actions or not with the systematic leaks that were 
found. Although the requirement for air infiltration is ambitious some leaks can be acceptable 
and this was very important for the contractors to know. 
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The air-moving equipment used was a Retrotech 3100 series Blower Door. For leakage 
seeking during depressurising an infrared camera, NEC Thermo Tracer TH 7800, was used 
together with Regin smoke bottles. When pressurising tests were performed a smoke machine, 
Martin Magnum 850 with training smoke fluid, was used to fill the enclosed area with thick 
white smoke and then examine the building for leaks from outside. 
 
Measurements of individual building components and connections were made by pressurising 
and depressurising a small box that was mounted (pressed) very carefully and tight around the 
part being tested. The measuring equipment was a system consisting of a variable speed fan, a 
measuring tube (VEAB Elmicro) for small air flows (0.5-15 l/s) and a pressure-measuring 
device (TESTO 435). 
 

4.1 Measurements of parts of the building, parts of a floor 
 
In early stages it is not suitable to measure the air-tightness of a whole floor, instead the floor 
was divided into parts, for example a corner. The purpose of testing a part of the building in 
early stage is not measure the air permeability but to search for leaks. 
 
Booth representative and critical parts of the building was picked out for testing. The areas 
suitable for testing were found by studying drawings and by visits on site. The areas were 
then chosen depending on if they were representative for different kind of constructions 
and/or if the construction was difficult to build with high air permeability.  
 
As shown in Figure 1 below the constructor built temporary walls to divide the floor. The box 
was then depressurised to 50 Pa with the Blower Door equipment and search for leaks with 
infrared camera and Regin Smoke bottle (RFA 10) was performed. 
 

 
Figure 1. Different temporary boxes made with a stud frame and plastic film for early stage testing 

It is very important that the box is made as air-tight as possible. During the first test it was a 
lot of leaks in the box. Important things to get the box as air-tight as possible are to use a 
flexible multi-purpose adhesive tape everywhere where the plastic film meets another material 
and where the plastic film is overlapping. It is also important that there is a butyl-based 
adhesive strip under the floor joist, at the corners and under the ceiling joist. 
It is also important that the building workers know the purpose of the temporary box and the 
purpose of the tests. 
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4.2 Smoke machine 

When pressurising the temporary boxes it has been very effective to fill the box with smoke 
and to search for leaks from outside the building envelope. To have booth the building 
workers and the design team present during these tests has been very pedagogical for 
everyone. Figure 2 shows a temporary box that is filled up with smoke. In Figure 3 the smoke 
is finding its way out through the wall, indicating air leakage. 

Figure 2. Temporary box filled with smoke for early stage testing and to identify leakage sources from outside of 
the building 

Figure 3. Smoke coming thru the outer wall and connection to existing parts of the hospital during pressurising 
test at +50 Pa. 
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4.3 Measurement of individual building parts 

One result of the early measurements was that there was an air leakage in the connection 
between ceiling and outer walls (Figure 5 below). As this was a common part of the building 
a program for measuring the air-tightness for this part was developed. The measurements 
equipment was including a box that was mounted to the ceiling. The box was connected to a 
duct with a fan (Figure 4 below). The air-flow pressure was measured and the air-flow was 
changed by the fan. 

Figure 4. Equipment used for measuring air-leakages in ceiling along the outer walls 

Figure 5. Outer wall construction drawing with possible air leaks in the gap between concrete elements 

Outside 

Inside 

Possible way of air-leakage if the concrete 
does not come all the way in the gap 
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The first measurements of this building part show high air-flow rates in some places. Table 1 
below shows the results from a couple of measurements. 

Table 1 Results from tests of connections between outer wall and ceiling 

Test nr Building nr Floor nr Pressure in test 
box (Pa) 

∆P measuring 
tube (Pa) 

Leakage flow 
(l/s) 

1 443 12 -50 175 6,5 
2 443 12 -50 25 2,5 
3 439 15 -50 0-1 0 
4 439 15 -50 2-3 <0,5 

After that the construction was sealed with air-tight foam (see Figure 6 below) two new tests 
were performed, resulting in a very low air-infiltration rate (see Table 2 below). 

Figure 6. Ceiling along outer walls after sealing with air-tight foam 

Table 2. Results from tests of connections between outer wall and ceiling after sealing with air-tight foam 

Test nr Building nr Floor nr Pressure in test 
box (Pa) 

∆P measuring 
tube (Pa) 

Leakage flow 
(l/s) 

5 443 12 -50 0-1 0 
6 443 12 -50 0-1 0 

5 FIELD MEASUREMENT OF A WHOLE FLOOR 

The measurements of whole floors were indented to measure the air permeability of a whole 
part of the building to check compliance with the airtightness specification. One floor is about 
1500 m2. As the test was adjusted to the building process inner walls was not finished and 
there were still some outer constructions that was not air-tight during the measurement. Thus, 
several temporary seals with foam and tape were used. For example, ducts, floor drains and 
shafts were sealed (Figure 7).  
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Figure 7. Temporary seals between different floors (ducts and floor drains) 

The top floor of the building is a construction with light steel frame walls. The walls are built 
with 3 layer of insulation, a total of 310 mm of Rockwool. The plastic film is placed between 
two layers of insulation, 70 mm from the inside gypsum board. This is to create a space for 
installations and to minimise the risk of penetrating the plastic film. 

The measurement of the whole floor was made during a weekend when the building site was 
closed (results are presented in Table 3 below). The gypsum boards where not put up and thus 
there still would be a chance of correcting errors found. Below are some pictures of the most 
commonly spotted errors (Figure 8, 9, and 10). 

Figure 8. Air leakage in the ceiling angle 
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Figure 9. Air leakage where steel column connects to the light steel frame walls 

Figure 10. Air leakage in a corner 

Table 3. Test results from measurement of a whole floor 

Date Floor nr Envelope area Pressure in test 
(Pa) 

Leakage flow 
(l/s) 

Air 
permeability at 
50 Pa (l/s, m2) 

2014-02-09 15 2267 -50 930 0,41 

Because the test was performed before the finishing gypsum boards were up the leaks could 
be fixed. Most of the leaks could have been avoided from the beginning if the design team 
had had focus on air-tightness and if work preparation descriptions had been better. The work 
preparation should include figures and photos that show how different constructions should be 
sealed and what should be done if the plastic is broken. 

6 CONCLUSIONS 

Outcomes from evaluating the work that has been described in this article are that qualitative 
results as well as quantitative results can be used to improve the building process. Qualitative 
results give an understanding for builders, designers, and project leaders were there is air 
leakage. Smoke visualisation in combination with thermal imaging gives a good 
understanding for most people were the leakage is and if it is large or small. However, smoke 
can be hard to see if the air leak is large and thus the air velocity is low.  Qualitative results 
does not relate to the goal for air-tightness that the project aim to achieve. Quantitative results 
are easier to communicate and can be related to the goal for the project but are sometimes 
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difficult to calculate appropriate at early stages. In the project described in this article 
quantitative results have only been reported for whole floor measurements and measurements 
for building parts, e.g. the connection between the ceiling and outer walls. 

The builders understanding of the air-flow through air-leakage is important. Both thermal 
imaging and smoke have been used to visualise the air-flow and have been found to be a very 
good way to achieve understanding for the builder. 

Measurement if air-tightness of a whole floor is connected to some major difficulties as the 
potential leakage area is large and possible air-leakage to other floors through shafts etc. are 
many. The results from the measurement can be improved if it possible to perform back 
pressure on the adjacent floors. The Blower Doors that are used in such a test should be 
connected and it should be possible to control and read the results for all equipment 
simultaneously. 

The results show, after that the air-tight measurements was started, that the building process 
has improved. However, another finding from the project is that information should be given 
continuously and to all builders, as various work teams, has their own way of working with 
air-tightness. A clear work preparation description can be a way to achieve a better 
standardization of the work. The work preparation should include figures and photos that 
show how different constructions should be sealed and what should be done if the plastic is 
broken. If the builders go through the work preparation together with the foreman while 
actually doing the sealing of a real construction, and not only read it through, it will probably 
improve the air-tightness of the building. 

Another problem to achieve an air-tight building is that nevertheless the building is air-tight 
after the construction work, there is still a problem with other entrepreneurs that provide 
electrics or ventilation that might broke the air-sealing. 

The result from the whole floor measurement shows higher air-infiltration than the 
requirement. The contractor will take action to improve the air-permeability.  

Last, a design that emphasise air-tightness is the first step to achieve an air-thigh building. 
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I. INTRODUCTION 
The aim of this paper is to present a summarized 
results of natural air change rate (ACH) tests of 
residential houses and rooms carried out under 
the management of Building Engineering 
Department of Pollack Mihály University of 
Pécs, HU in cooperation with Architecture 
Faculty of Josip Juraj Strossmayer University, 
Osijek, CR in 2013.    

II. BLOWER DOOR TESTS PERFORMED

Types of Blower-Door tests:  
A. Air Change Rate (ACH) test 
“Type A test”: for testing the building ACH as 
is during normal use.   
B.  Air Tightness test 
“Type B test”: testing the air tightness of the 
building envelope. All purposely made openings 
of the envelope (e.g. vents, chimneys) had to be 
closed or tightened. 

III. PRESENTING THE HOUSES TESTED

The use of the buildings is mostly residential, 
detached houses and apartments apart from a 
few offices and classrooms in Hungary. In most 
of the cases the whole homes were tested plus in 
some cases a selected room too.  

The structure of the buildings varies. The 
detached houses made of traditional brickwork 
construction while the apartments are in 
traditional as well as in prefabricated reinforced 
concrete blocks.   

The year of the construction ranging from 
early 1900 to very recent years. The majority of 
the old ones are refurbished.    

A. Locations of the Croatian buildings 
In Croatia there were ACH tests at total of 58 
sites. This includes 47 sites at Osijek and 11 in 
the outskirts of the city.  
B. Locations of the Hungarian buildings 
In Hungary, there were field test both ACH 
(Type A), and air tightness tests (Type B) at 33 
locations of that 19 are in Pécs and 14 in smaller 
settlements in the Hungarian-Croatian border.  

IV. TEST RESULTS AT A GLANCE

When evaluating the data it is apparent that 
there is a significant dispersion of data in both 
countries. There are very high and very low 
ACH data too. 

Fig. 1. n50 Blower Door “A-type” ACH test 
results in Croatia and in Hungary 

As a result of the more and stricter energy 
requirements and introducing better and better 
windows the ACH number of buildings 
decreases as a function of construction year. As 
a consequence there are cases when the natural 
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ACH is even too low and it is not possible to 
meet the consistency protection, comfort and 
health care requirements without intentional 
ventilation.  
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 Fig. 2. n50 ACH test results of refurbished 
houses in Croatia and in Hungary 

In Croatia not only the old, but several newer 
houses are refurbished as a consequence of the 
Balkan war in early nineties. 

V.    COMPARING THE TEST RESULTS FOR N50
ACH OF THE TWO COUNTRIES

The initial assumption was that air tightness and 
ACH values are similar in old buildings when 
construction technologies and cultural tradition 
are similar due to common history. That proved 
to be right.  
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 Fig. 3. Comparison of n50 Blower Door “A-
type” ACH test result average values in Croatia 

and in Hungary 

In the second part if the 20th Century the air 
tightness and ACH is different. It is less in the 
Croatian tested houses. 

The time periods for averages were set 
according to significant changes in standards or 
usual construction technologies.   

Fig. 4. Distribution of n50 ACH values in 
Croatia 

Fig. 5. Distribution of n50 ACH values in 
Hungary 

ACKNOWLEDGMENT 
Acknowledgement for EU Hungary-Croatia 

IPA (Instrument for Pre-Accession Assistance) 
Cross-border Co-operation Programme for 
funding the project including equipment 
procurements and manpower.

0

2

4

6

8

10

12

14

1 2 3 4 5 6 7 91011 1516 18 20
ACH n50 [1/h]

N
o

of
sa
m
pl
es

0
1
2
3
4
5
6
7
8

1 2 3 4 6 7 91011

N
o.
�o
f�s
am

pl
es

ACH�n50�[1/h]

154


	1-0 Wouters
	1-2 Hogeling QMM_Workshop_summary-JaapHogeling
	2-1 Roels QMM_Workshop_Roels_2014_V01
	2-2 Wargocki QMM_Workshop_Paper_Wargocki_2014_V2
	3-1 Borsboom Field tests_abstract (2)
	3-2 Foldbjerg QMM workshop 2014 - VELUX - V01 final
	3-3 Leprince WorkshopMarch2014_Effinergie_DelmasLeprince_20140205
	3-4 Debrabander Bostoen QMM_Workshop_Paper_Template_2014BOSTOEN_V01_0_RC
	4-2 Sherman LBL Uncertainties in Constant Injection Long Term Sampling
	ABSTRACT
	Introduction
	Uncertainties estimates for the CILTS method
	Instrumentation Error
	Model Errors
	Steady-State Assumption Errors


	The bias from this error could be corrected if we knew the initial and final concentration.  Since CILTS only measures the average concentration over the sampling period, we cannot correct the result without some prior knowledge of the system.  For in...
	Constant Air Exchange Assumption Errors
	Homogeneity Assumption Errors

	Combining these errors results in the following expression for the uncertainty in a CILTS measurement:
	Error Analysis of CILTS data
	Spatial Homogeneity Errors in the Lunden Data
	House 1
	House 2
	House 3


	Mixing and Emitter Density
	Applications to other experiments
	Recommendations for CILTS Applications
	Conclusions
	References

	5-1 Measurement of air flow rates on site -  AIVC workshop march 2014
	5-2 Care Abstract Overview flow rate in duct v00
	5-3 Skwarczynski_Quality of methods for measuring
	5-4 Caillou Abstract Overview flow rate at ATD sca140224
	5-5 Adeline Bailly QMM_Workshop_PROMEVENT_AB_V2
	7 Savanier QMM_Workshop_Paper_Template_2014_V02BSA_RC
	8-1 Paper_Sweden_Johnny Andersson
	8-2 Leprince WorkshopMarch2014_airtightnesscompetenttestershemes_V05
	8-3 Isabelle Caré Flow calibration v02
	9-1 TC 156 WG 3 Ventilation for buildings  Ductwork_V02
	9-2 Bracke 2014-02-24 Wolf Bracke - Durabilty and measurement uncertainty of airtightness in extremely airtight dwellings
	9-3 Simons TightVent_Workshop_2014_Simons
	9-4 Steeman Univ Gent On the use of infrared thermography to assess air infiltration in building envelopes 

