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Conference scope 

As we spend most of our time in commercial and residential facilities, it is important for our 
society to look at how these spaces impact the environment and the people in them. This task 
is important for building and facility managers, maintenance managers, energy managers as 
well as expert and researcher concerned with adopting sustainable and healthy practices for an 
organization. 

From indoor environmental quality point of view, sustainable buildings prioritize the quality 
of life and the wellbeing of the buildings’ occupants and at the same time reduce negative 
environmental impacts. A building that, in its design, construction or operation, reduces 
negative impacts on our climate, also reduces their occupants’ risk of related health problems 
and provides a more pleasant indoor environment, as well as increases occupants’ satisfaction. 

The conference organisers welcome contributions on the role of smart ventilation, building 
and ductwork airtightness and ventilative and resilient cooling on IEQ and health in 
sustainable buildings. 

Since its 40th year of operation and annual Conference, the AIVC board has been offering 
authors the opportunity for a peer review of their paper. The procedure is twofold including 2 
separate calls for abstracts & papers depending on whether the authors are interested in the 
peer review of their papers or not. 

The papers which have been peer reviewed are indicated in the table of contents. 
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Conference Organizers 
 
INIVE (International Network for Information on Ventilation and 

Energy performance) 

INIVE (International Network for Information on Ventilation and Energy Performance) was 
created in 2001.The main reason for founding INIVE was to set up a worldwide acting 
network of excellence in knowledge gathering and dissemination. At present, INIVE has as 
member organisations Buildwise, CETIAT, Ghent University, Fraunhofer-IBP, KU Leuven). 

INIVE has multiple aims, including the collection and efficient storage of relevant 
information, providing guidance and identifying major trends, developing intelligent systems 
to provide the world of construction with useful knowledge in the area of energy efficiency, 
indoor environment, ventilation and airtightness of buildings. Building energy- and 
environmental performance regulations are another major area of interest for the INIVE 
members, especially in relation to the implementation of the European Energy Performance of 
Buildings Directive. With respect to the dissemination of information, INIVE aims for the 
widest possible distribution of information. 
 
INIVE is coordinating and/or facilitating various international projects, e.g. the Air 
Infiltration and Ventilation Centre – AIVC, Dynastee, the Indoor Environmental Quality – 
Global Alliance–IEQ-GA, the TightVent Europe platform, and the venticool platform. INIVE 
has also coordinated the ASIEPI project (01/10/2007 – 31/03/2010) dealing with the 
evaluation of the implementation and impact of the EU Energy Performance of Buildings 
Directive, the QUALICHeCK project and platform aiming towards improved compliance and 
quality of the works for better performing buildings, the European portal on Energy 
Efficiency -BUILD UP and the EPBD feasibility study 19a 
  

 

 
AIVC  
 
The AIVC (www.aivc.org) activities are supported by the following countries: Australia, 
Belgium, China, Denmark, France, Ireland, Italy, Japan, Netherlands, New Zealand, Norway, 
Republic of Korea, Spain, Sweden, UK and USA. 
 
Created in 1979, the Air Infiltration and Ventilation Centre (www.aivc.org) is one of the 
projects/annexes running under the International Energy Agency’s Energy in Buildings and 
Communities Programme. With the support of 16 member countries as well as key experts 
and associations (IEQ-GA, REHVA, IBPSA, ISIAQ), the AIVC offers industry and research 
organisations technical support aimed at better understanding the ventilation challenges and 
optimising energy efficient ventilation 
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Since 1980, the annual AIVC conferences have been the meeting point for presenting and 
discussing major developments and results regarding infiltration and ventilation in buildings. 
AIVC combines forces with the TightVent Europe and venticool platforms aiming at 
facilitating exchanges and progress on airtightness and ventilative cooling issues, which are 
major topics of this conference.  
 
 

 

 
TightVent Europe 
 
The TightVent Europe ‘Building and Ductwork Airtightness Platform’ was launched in 
January 2011. TightVent Europe aims at facilitating exchanges and progress on building and 
ductwork airtightness issues, including the organization of conferences, workshops and 
webinars. It fosters experience sharing as well as knowledge production and dissemination on 
practical issues such as specifications, design, execution, control, etc., taking advantage of the 
lessons learnt from pioneering work while keeping in mind the need for adequate ventilation. 
In September 2012, the TightVent Airtightness Associations Committee (TAAC) was also 
launched with the primary goal of promoting reliable testing/inspection and reporting 
procedures. TAAC gathers both TightVent partners and TAAC members (experts or 
representatives of airtightness testers in their countries). 
 
TightVent Europe has been initiated by INIVE (International Network for Information on 
Ventilation and Energy Performance) with at present the financial and/or technical support of 
the following partners: Lindab, MEZ-TECHNIK, Retrotec, Acin Instrumenten, BlowerDoor 
GmbH, BCCA, dooApp, Soudal, Eurima, Gonal, SIGA and BPIE.  
 
 

 
 
venticool 
 
 
venticool is the international ventilative cooling platform launched in October 2012 to 
accelerate the uptake of ventilative cooling by raising awareness, sharing experience and 
steering research and development efforts in the field of ventilative cooling. In 2020, 
venticool decided to broaden its scope towards resilient ventilative cooling. 
 
The platform supports better guidance for the appropriate implementation of resilient 
ventilative cooling strategies as well as adequate credit for such strategies in building 
regulations. 
 
The platform philosophy is to pull resources together and to avoid duplicating efforts to 
maximize the impact of existing and new initiatives. venticool joins forces with international 
projects (in particular IEA EBC Annex 62 (ventilative cooling) and, more recently, IEA EBC 
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annex 80 (Resilient cooling for buildings)) and organizations with significant experience 
and/or well identified in the field of ventilation and thermal comfort like AIVC and REHVA. 
 
venticool was initiated by INIVE (International Network for Information on Ventilation and 
Energy Performance) with the financial and/or technical support of the following partners: 
NAVENTA, Velux, Reynaers Aluminium, WindowMaster, Active House, CIBSE nvg,  
Eurowindoor and REHVA. 
 

 
 

Aalborg University 
 
Aalborg University, founded in 1974, is Denmark’s fifth largest university with 20.200 
students. A young and international university with campuses in Aalborg, Esbjerg and 
Copenhagen, offering 76 undergraduate and 112 postgraduate studies with a real-world 
approach and provide world-class research. 
Is divided into four faculties a) Technical Faculty of IT and Design, b) Faculty of Engineering 
and Science, c) Faculty of Social Sciences and Humanities, d) Faculty of Medicine. 
Additionally, has a cross-cutting unit, AAU Innovation, tasked with strengthening 
entrepreneurship and innovation, and promoting the university’s knowledge cooperation with 
society. 
In 2018 an analysis by the elite US University MIT placed the AAU engineering programmes 
as the best in Europe and fourth best in the world. Respectively, in the QS World University 
Rankings by Subject, it is ranked 58th for Electrical Engineering and 25th in Petroleum 
Engineering worldwide. Aalborg University is very focused on developing engineers with 
experience from working with real companies in their semester projects. Also, focus is put on 
working in a team environment that develops the interpersonal skills, as well as team-working 
skills. 
Additionally, in 2019 the Times Higher Education World University Rankins placed AAU at 
number 207, while among younger universities (under 50 years) AAU is number 18 in the 
world. 
Common to all three campuses is AAU’s strong focus on problem-based learning as well as 
interdisciplinarity and research-based innovation. Through strong interplay between staff and 
students and intense collaboration with public and private sectors, offers degree programmes 
with a real-world approach and provide world-class research. 
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SUMMARY 
 
At hospitals and healthcare buildings, the ultimate objective is to save lives. According to the 2018 annual 
reports from the Norwegian Institute of Public Health, the incidence of postoperative wound infections (POSI) 
ranged from 1.6% to 13.4% depending on the surgical procedure. Surgical Site Infections (SSI) are severe 
complications in hospitals worldwide and Norway. SSI contributes to large societal costs through extended 
hospitalization, increased need for reoperation, and less participation in working life. The high occurrence of SSI 
increases the need for antibiotics, both preventive and treatment, increasing the risk of developing antibiotics 
resistance bacteria. Although it is well-known that most SSIs are caused by germs, the transport mechanism of 
such microorganisms is still a matter of debate. Recognizing the critical need for improved safety measures, 
Norconsult embarked on a groundbreaking project. 
 

 
 
 
Norconsult's primary goal was to enhance the visualization and understanding of particle generation and 
ventilation flows within a 60m² operating room. To achieve this, they are developing an innovative Extended 
Reality (XR) solution. XR is a collective term for technologies that combine the real world with virtual elements. 
This cutting edge technology captures the dynamic interaction between healthcare personnel's movements and 
the virtual airflow and particle distribution in real time. 
 
XR Technology can be used to visualize contaminants within an operating environment to increase staff 
awareness regarding their activity linked to air movement and airborne particle levels. The presented project has 
developed an XR tool to translate the numerical simulation results into an easy-to-understand 3D domain to 
increase the understanding of the interaction between the healthcare personnel and the operating room 
ventilation. Such dynamic behaviour is mapped using AI (Artificial Intelligence) powered stereo cameras and 
particle counters, which is then transferred to state-of-the-art Computation Fluid Dynamics (CFD) analysis. To 
further validate the results an ultra-clean operating room, 1:1 – 60 m2, was build.  
 
The operating laboratory is equipped with innovative particle reduction solution, that reduces the outside 
contaminants entering the operating room by more than 99%. Most importantly the operating room is equiped 
with possibilities to use different of ventilation solutions – Mixing Ventilation (MV) and a Laminar Air Flow 
ventilation (LAF) or a combination of this ventilation system.  
 
Results from the solutions and measurements shows that in steady state measurements it is 50 times more 
particles in the wound with mixed ventilation than with laminar airflow ventilation. In the presentation more 
results will be shown for transient simulations and with operating persons moving around in the operating room.  
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Here medical staff and students can train to increase their knowledge and understanding about the airflow fields 
and airborne particles with the use of different ventilation system and their work practice on the level of 
contaminants within the operating room simulated in an interactive virtual environment.  
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SUMMARY 
We need to improve the indoor air quality for the health of the building users, and we need to optimize and reduce 
energy consumption for heating, cooling, and ventilation for the sake of the global climate. In both cases the 
interplay between buildings, HVAC (heating, cooling, and ventilations) technologies and the users are central. 
Research show that technical optimization without considering the interaction and behaviour of the users may end 
in sub-optimal technical solutions, neither resulting in reduced energy consumption nor improved indoor air 
quality. This keynote will bring insight on how to understand users in the interaction between buildings and 
technologies, and it will provide a collection of research showing how users behaving different than what was 
expected, negatively impact the outcome related to either energy consumption or indoor air quality.  
 
Understanding human behaviour has in some research traditions focused exclusively on the minds and attitudes of 
individuals. Research in relations between users, buildings, and technologies, however, shift this focus to 
understand how different types of technologies and buildings impact the practices of people in a more collective 
way where unconscious routines are in focus (Gram-Hanssen, 2014). A recent study comparing actual and 
calculated heating demand for residential buildings demonstrate how people in new efficient buildings in general 
over-consume whereas people in old inefficient home in general under-consume (Hansen & Gram-Hanssen, 2023). 
There is difference related to the socioeconomics of the residents, however, it is also clear how the buildings and 
technologies impact on the practices and comfort norms of the residents. This is also backed up in a large survey 
relating peoples heating and ventilation behaviour with their building type (Hansen et al., 2018).  
 
From both policy and research, the optimization of indoor air quality and energy consumption is expected to be 
achieved by an increased use of smart technology assisting users in managing and controlling their indoor climate 
as well as their energy consumption. This keynote will bring insight from studies of how technology designers 
expect new smart technology to assist users in their everyday life (Aagaard, 2021) and compare this to the actual 
use by different types of residents (Larsen et al., 2023). Studies include gender difference in engagements with 
new technology (Strengers et al., 2022) as well as difference in competences, especially related to the age of 
resident (Larsen & Gram-Hanssen, 2020). Technological visons of managing indoor climate without the 
involvement of the resident is also compared to how occupants make workarounds to prevent technologies from 
working as intended if they do not understand or dislike their function.  
 
Smart technology and digitalisation, including indoor air quality measurements, can also be used to give feedback 
to occupant, and be combined with incentives for residents to change their heating and ventilation behaviour. An 
experiment using this opportunity provide results on the possibilities and limitations of engaging residents (Gram-
Hanssen et al., 2021). Economic incentives are often thought of as an efficient way to impact users’ behaviour, 
however, research into studies of heating and ventilation behaviour show possible limitations and shortcomings. 
If people don’t understand relations between their practices and the effect on energy consumption and indoor 
climate the incentives may not work as intended. Also, research into the consequences of the energy crisis with its 
rapidly increasing energy costs has showed how some resident may feel obliged to use unhealthy means of heating 
as well and reduce ventilation to save energy.         
     
This keynote will conclude by relevant takeaways for technical research, design, and policy, when it comes to 
include user perspectives related to heating and ventilation. 
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SUMMARY 
 

The buildings ‘sector is facing multiple challenges due to the need to generalize a sober approach and to 
reduce its energy consumption, its CO2 emissions and its impact on climate change, to reduce its environmental 
impact and its carbon footprint, to reduce the burden of disease due to exposure to unhealthy indoor environments 
and to adapt and be resilient in the face of climate change and environmental changes such as the increase in 
pandemics, the urban heat island and outdoor pollution. 

Ventilation in buildings is at the heart of all these challenges and is sometimes misunderstood, contrasting 
the need to reduce air flow to save energy with the need to increase air flow to provide healthy air for humans. We 
know that reality is never simple, as it is in this field. Building ventilation represents an incredible and 
underestimated factor in reconciling all these challenges, part of the solution. Firstly, because to achieve all these 
objectives, including IAQ, summer comfort and energy savings from heating and air conditioning, you really have 
to control the air flows in buildings. This means limiting unintentional infiltration due to air leaks and controlling 
voluntary air flows using ventilation system components. Secondly, through the concept of smart ventilation, 
which can be a solution for both new and existing buildings. 

Indeed, providing a constant ventilation airflow rate throughout a building, whatever the boundary conditions 
(climate, outdoor pollution, seasons, …), whatever the needs of the occupants, whatever the risks of damage to the 
buildings, seems totally unsuited to our challenging changing world and our need to adapt. Nevertheless, most 
buildings in developed countries are equipped with constant-airflow ventilation solutions, where ventilation exists. 

Smart ventilation has been defined by the AIVC: “Smart ventilation is a process to continually adjust the 

ventilation system in time, and optionally by location, to provide the desired IAQ benefits while minimizing energy 

consumption, utility bills and other non-IAQ costs (such as thermal discomfort or noise). (…)”. Starting from this 
definition, demand-controlled ventilation (DCV) is considered as a specific subset of smart ventilation. This 
definition of smart ventilation includes a wide range of systems currently available in the literature and on the 
market depending on the type of sensing parameters (CO2, humidity, occupancy, etc.), the type of sensing 
combinations, the type of installation (centralized/decentralized) and the types of control algorithms. A literature 
review on smart ventilation used in residential buildings, showed that with various smart ventilation systems based 
on CO2-, humidity-, combined CO2- and TVOC-, occupancy-, outdoor temperature-controlled ventilation, energy 
savings up to 60% could be obtained without compromising, and sometimes improving, IAQ (Guyot et al., 2018a).  

While the terms “smart ventilation” were first used fairly recently by LBNL researchers (Walker et al., 2014; 
Less and Walker, 2016; Lubliner et al., 2016), and have been increasingly used since (Table 1), the concept of 
smart ventilation is older. Demand-controlled ventilation emerged after the oil crisis of the early 1980, with some 
research published at the time (Anon, 1983; Barthez and Soupault, 1984; Nicolas, 1985). More recently, a 
favourable context has been created to develop smart ventilation strategies, with DCV systems widely and easily 
available on the market in some countries, with more than 20-30 DCV systems approved and available in countries 
such as Belgium, France and the Netherlands (Guyot et al., 2018b).  

The smart ventilation concept is also interesting because it demonstrates the applicability of 

performance-based approaches applied to ventilation. Even if the final report of the IEA EBC Annex 9 (1982-
1986) already stated that in principle two approaches may be used to specify ventilation standards: 
i. The prescriptive approach, in which an outdoor air flow rate is stated. 
ii. The air quality approach, in which a limiting maximum pollutant concentration is defined and the building 
designer or user, is required to supply sufficient air to ensure that this is not exceeded. 
To date, however, most national regulations and standards in this area still use the prescriptive approach. 
In the field of smart ventilation, before being authorised or used in buildings, smart ventilation must undergo  
procedures/calculations in order to demonstrate that it is at least equivalent to traditional/reference ventilation, or 
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to demonstrated that the use of smart ventilation makes it possible to comply with IAQ requirements (Guyot et al., 
2018b; Guyot, 2019; Guyot et al., 2019).   To our knowledge, Spain is the only country in the world which 
generalized the performance-based approach for every type of ventilation in new residential buildings. 

Smart ventilation is promising because such strategies can adjust the airflows in a changing world and 
changing outdoor conditions, like heat waves or outdoor pollution peaks. If balanced ventilation with heat recovery 
systems are often prioritized in strong winter climate conditions like in the European Scandinavian countries, smart 
ventilation could be very performing in several conditions (Laverge et al., 2013; Zukowska et al., 2020).   

Several challenges can be addressed thanks to the use of smart ventilation: face to the lack of 
commissioning and the number of dysfunctions observed on ventilation systems, smart ventilation can offer online 
and continuing commissioning, and it can participate to the decrease of the carbon footprint of buildings. For all 
smart ventilation, robustness and resilience (to occupant, to life time, to other factors…) should also be taken into 
account. Indeed, durability of building performances is still a general crucial issue to be addressed. Nevertheless, 
with smart ventilation, we generally allow lower airflows at some times when needs are low (no occupancy, low 
emissions, etc…), but we have to secure even more than with other ventilation systems that expected ventilation 
airflows are still correctly provided, over the building life.  

In the IEA-EBC Annex 86, and especially in the ST4-smart ventilation, we have been gathering and 
pushing and international effort about the promotion of smart ventilation strategies. ST4 includes a review work 
of existing knowledge about IAQ and energy performances of residential smart ventilation, their cost, and the 
choice of several smart ventilation strategies being highlighted as promising from the review analysis, and 
considered in the further work of the subtask as examples. This activity also includes a review of performance 
assessment methodologies, namely “performance-based” approaches used for smart ventilation, being used in the 
countries of the participants. At least, this activity is going to propose a performance-based rating approach for 
smart ventilation. The approach will be demonstrated by means of simulations, establishing a common exercise 
throughout the participating countries. We will propose quality managements schemes and inspection protocol for 
insuring the quality of implementation and address the issue of durability of smart ventilation systems and 
components. The keynote will give an overview of the recent knowledge on smart ventilation gathered through 
this Annex. 
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Table 1. Number of studies dealing with smart ventilation 
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Figure 1: Keywords connection from the request “smart ventilation” and “demand-controlled 

ventilation” using Sciencedirect database, February 2023. Source:VOS viewer 

 
Figure 2: Keywords connection from the request “smart ventilation” using Sciencedirect 

database, February 2023. Source:VOS viewer 
 

 
 
 
 

ACKNOWLEDGEMENTS 

 

26 | P a g e



I would like to thank Dr Daniela Mortari, form the PUCPR University, Brasil for our 
collaboration in University Savoie Mont Blanc on the topic of smart ventilation. 
Thank you to all the colleagues from the IEA-EBC Annex 86 and particularly my co-leader of 
the ST4 smart ventilation Dr Jakub Kolarik. 
 

REFERENCES 

 
Anon, 1983. Humidity-controlled ventilation. Un nouveau principe de ventilation mecanique - 

la ventilation hygroreglable. Chaud Froid Plomb. 37, p.107-109. 
Barthez, M., Soupault, O., 1984. Control of Ventilation Rate in Building Using H2O or CO2 

Content, in: Ehringer, H., Zito, U. (Eds.), Energy Saving in Buildings. Springer 
Netherlands, pp. 490–494. https://doi.org/10.1007/978-94-009-6409-9_61 

Guyot, G., 2019. Introduction: Why performance-based assessment methods? Overview of 
the needs and the possibilities., in: From Energy Crisis to Sustainable Indoor Climate 
40 Years of AIVC. Ghent, Belgium. 

Guyot, G., Sherman, M.H., Walker, I.S., 2018a. Smart ventilation energy and indoor air 
quality performance in residential buildings: A review. Energy Build. 165, 416–430. 
https://doi.org/10.1016/j.enbuild.2017.12.051 

Guyot, G., Walker, I., Sherman, M., Linares, P., Ortega, S.G., Caillou, S., 2019. VIP 39: A 
review of performance-based approaches to residential smart ventilation. 

Guyot, G., Walker, I.S., Sherman, M.H., 2018b. Performance based approaches in standards 
and regulations for smart ventilation in residential buildings: a summary review. Int. J. 
Vent. 0, 1–17. https://doi.org/10.1080/14733315.2018.1435025 

Laverge, J., Pattyn, X., Janssens, A., 2013. Performance assessment of residential mechanical 
exhaust ventilation systems dimensioned in accordance with Belgian, British, Dutch, 
French and ASHRAE standards. Build. Environ. 59, 177–186. 
https://doi.org/10.1016/j.buildenv.2012.08.018 

Less, B., Walker, I., 2016. Smart ventilation control of indoor humidity in high-performance 
homes in humid U.S. climates. Presented at the Thermal Performance of the Exterior 
Envelopes of Whole Buildings, pp. 272–280. 

Lubliner, Francisco, Martin, Walker, I., Less, B., Viera, Kuckle, Merrin, 2016. Practical 
Applications and Case  Study of Temperature Smart Ventilation Controls, in: Thermal 
Performance of the Exterior Envelopes of Buildings XIII, ASHRAE/DOE/BTECC. 

Nicolas, C., 1985. Analysis of a humidity-controlled ventilation system. Evaluation des 
performances d’une ventilation hygromodulante., in: Proceedings of the CLIMA 2000 
World Congress on Heating, Ventilating and Air-Conditioning, Indoor Climate. P O 
Fanger, Copenhagen, pp. p339-343. 

Walker, I., Sherman, M.H., Less, B., 2014. Houses are Dumb without Smart Ventilation. 
LBNL-6747E. 

Zukowska, D., Rojas, G., Burman, E., Guyot, G., Bocanegra-Yanez, M. del C., Laverge, J., 
Cao, G., Kolarik, J., 2020. Ventilation in low energy residences – a survey on code 
requirements, implementation barriers and operational challenges from seven 
European countries. Int. J. Vent. 1–20. 
https://doi.org/10.1080/14733315.2020.1732056 

 
 

27 | P a g e



Dallying with DALYs: 

Why acceptable IAQ should consider harm 
 
 

Benjamin Jones 
 

 University of Nottingham 

Department of Architecture and Built Environment 

Nottingham, UK 

benjamin.jones@nottingham.ac.uk 

 

  

 

SUMMARY 
 
The ASHRAE Standard Project Committee on Ventilation and Acceptable Indoor Air Quality in Residential 
Buildings (62.2) has proposed an addendum to the standard that adds a harm-based Indoor Air Quality procedure 
as an alternative compliance method. The IAQ Procedure only considers 3 contaminants and only the sum of the 
harm from those three contaminants needs to be limited. This was determined by completing four stages of 
research. 
 
The first stage considered the uncertainty in the concentrations of 45 airborne contaminants in dwellings was 
identified. Ethanol is the most common contaminant by mass (around 30%) and PM2.5 was the fourth most common 
(around 10%), but presence does not indicate harm. 
 
Harm was evaluated using the disability adjusted life year (DALY) metric, a measure of time where a value of 
unity is one year of healthy life lost to some disease or injury. DALYs are calculated as the sum of years of life 
lost to premature mortality and morbidity in a population for some negative health effect. In the case of IAQ, the 
burden of disease is a measurement of the difference between the current health status of a population of building 
occupants and an ideal situation where they all live into old age, free of disease and disability.  
 
The second stage of research required the development of a new metric, called a Harm Intensity, with units of 
DALYs per mean concentration per year. Its values were determined using epidemiological and/or toxicological 
models, depending on the availability of information. 
 
The third stage combined the concentrations and harm intensities to identify the harm caused by each of the 45 
contaminants in residential dwellings. PM2.5 (~66% of all harm), PM10 (~13%), formaldehyde (~9), and nitrogen 
dioxide (~8%), radon (~2%), and ozone (~1%) are the most harmful contaminants by around an order of 
magnitude. From these, ASHRAE 62.2 has chosen 3 contaminants of concern that account for ~83% of all harm: 
PM2.5, formaldehyde, and nitrogen dioxide. The others were not included because they are principally outdoor 
contaminants or are otherwise not addressed by the existing ventilation rate procedure. 
 
The fourth and final stage used the harm intensities to determine a relative weight of each contaminant that can be 
used to create a harm budget where the total harm caused by exposure to them is below an acceptable threshold. 
Reference concentrations for PM2.5, formaldehyde, nitrogen dioxide are set at 8, 20, and 6 micrograms per cubic 
meter, respectively. 
 

KEYWORDS 
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SUMMARY 
 
Airborne exposure has been highlighted during the COVID-19 pandemic as a probable infection route. This 
experimental study investigates different protection methods at an office workstation, where the concentration 
characteristics are studied under mixing ventilation conditions. The protection methods were the room air purifier, 
personal air purifier, face mask, and workstation partition panels. In experiments, the breathing machine, nebulizer, 
and syringe pump were used to generate an aerosol distribution of paraffin oil in the room. The breathing thermal 
manikin and the thermal dummy simulated the exposed and infected person, respectively. The concentration 
characteristics were measured from the manikin breathing zone. The temporal concentration characteristics were 
measured from zero concentration to steady-state conditions. The study provides insights into the effects of 
different protection methods for occupational health and safety decision-making for office indoor environments. 
 

KEYWORDS 
 
airborne transmission, air purifier, face mask, partition panel, protection method 
  
 
1 METHODS  

 
Test cases compare different protection methods at workstations (Figure 1). The measurement 
time was 1 hour and 40 minutes (6000 s) under the air change rate of 1.7 ACH. This included 
the concentration increase to a steady-state concentration during 3000-5000 seconds and the 
averaging of 1000 values with the sampling rate of 1 Hz in steady-state conditions. 

 
Figure 1: Protection methods: a) Room air purifier on the floor. b) Personal air purifier on the  

neck (20 cm below the mouth). c) FFP2-mask. d) FFP2-mask, sealed edges. e) Low partition  

panel on the table in the meeting setup (height 40 cm). f) High partition panels in front and  

side of workstation extending to the floor (height 80 cm).   
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The mixed ventilated mock-up room of the office and meeting spaces with internal dimensions 
of 5.5 m (L), 3.8 m (W) and 3.6 m (H) was used. The infected-to-exposed distance was 1.2 m. 
The infected person was created by using a respiratory exhalation simulator (CH Technologies 
Inc.) and a seated thermal dummy including light bulbs and a fan to equalize the heat inside. 
The seated breathing thermal manikin (P.T. Teknik Limited) was the exposed person. 
 
2 RESULTS  

 
The results at steady-state conditions are shown in Table 1. The concentration level increased 
to 166±11 µg/m3 (avg±sd) without any protection method whereas the room air purifier 
decreased the concentration to 84±7 µg/m3 and thus reducing the average level by 50%. The 
personal air purifier reduced the exposure concentration to the level of 137±9 µg/m3 which 
means about a 20% percent decrease in the average concentration. As a result, the experiments 
show evidence that the room air purifier can effectively reduce the exposure at the workstation 
if the purifier has been optimally designed.  Another effective method was the FFP2-mask. The 
average concentration at the breathing zone falls to 65-103 µg/m3 meaning from 40% to 60% 
(sealed) decrease in the concentration level. 
 
Table 1: Averaged mass concentration (AVG) and standard deviation (SD) at the breathing zone of 

exposed manikin 

Parameter AVG (µg/m3) SD (µg/m3) reduction (%) 
Without protection 
Room air purifier 
Personal air purifier 
FFP2-mask 
FFP2-mask, sealed 
Low screen:mid table meeting 
High screen:mid table meeting 
High screen:table, mid+side office 
High screen:table+floor, mid+side office 

166  
84 

137 
103 
65 

153 
168 
165 
154 

11 
7 
9 
38 
24 
12 
11 
11 
10 

reference 

-50 

-18 

-38 

-61 

-8 

0 

-1 

-7 

 
The results showed that the room air purifier and FFP2-mask could be a reasonable protection 
choice against the droplet nuclei aerosols. The room air purifier with HEPA filter effectively 
reduced the concentration. In this study, the circulating airflow rate was 2.5 times the 
ventilation airflow rate. The FFP2-mask reduced the exposure, but the user comfort can be 
poor if used the entire working day. In addition, sealing the face piece by proper fitting is 
important. The wearable personal air purifier had a relatively low effect on exposure and the 
location of the purifier seemed important because the clean air jet was narrow. However, it 
may be effective if the location can be adjusted with a holder, etc. The workstation partition 
panels had a negligible effect on the exposure. The partition panels may be better against 
coughing because those prevent droplets to reach other workstations. 
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SUMMARY 
 
There are several knowledge gaps that explains a lack of knowledge on minimum ventilation rates for intercepting 
airborne respiratory infection. One is a lack of unifying understanding of the roles of ventilation, filtration, settling, 
deactivation, and most importantly temporal and spatial variation. A recent finding on the equivalence of the 
occupied air volume per person and dilution and a generalized Wells-Riley equation are used to define a unified 
dilution air flow rate. The required threshold dilution air flow rate is not a function of the setting. I would suggest 
the use of the dilution air flow rate not the ventilation air flow rate for infection control. 
 

KEYWORDS 
 
Minimum ventilation, threshold ventilation, respiratory infection, SARS-CoV-2, risk assessment 
  
1 A GENERALIZED WELLS-RILEY EQUATION 

 
Consider a room with a volume 𝑉 (m3), 𝑁𝜎 susceptible individuals and 𝑁𝐼 infectors. Each 
virus particle (virion) in the room might be inhaled by a susceptible individual and produce 
infection. Each point in the room is defined as 𝒙(𝑥, 𝑦, 𝑧).  Here we consider a setting where 
each susceptible individual (𝑖 = 1,2, … , 𝑁𝜎) has his/her position (𝒙𝒊) known. Individual 𝑖 
arrives in space at time 𝑡1,𝑖 and departs at time 𝑡2,𝑖, and 𝑐𝑄,𝑖(𝒙𝒊, 𝑡) is the concentration of the 
infectious quantum at location 𝒙𝒊 and time 𝑡.  
 
Following Jia et al (2022), the average infection risk of all individuals follows the generalized 
Wells-Riley equation. 
 

�̅� =
𝑁𝜄

𝑁𝜎
=

1

𝑁𝜎
∑ (1 − 𝑒

− ∫ 𝑞𝑖𝑛,𝑖(𝑡)𝑐𝑄,𝑖(𝒙𝒊,𝑡)𝑑𝑡
𝑡2,𝑖

𝑡1,𝑖 )
𝑁𝜎
𝑖=1       (1) 

 
With one infector in a space, this equation may probably be converted somehow into the 
classical Wells-Riley equation at ideal uniform and steady-state setting. 
 

�̅� =
𝑁𝜄

𝑁𝜎
= 1 − 𝑒

−𝑄
𝑞𝑖𝑛
𝑞𝑑

∆𝑡
        (2) 

 
It is noted that the effective dilution air flow rate for each susceptible individual depends on 
his/her trajectory in the space. In general, we may consider that the infectious quantum emission 
rate 𝑄, the inhalation rate 𝑞𝑖𝑛, the effective dilution air flow rate 𝑞𝑑 and exposure time ∆𝑡 exhibit 
some probability distributions. Hence there is no single threshold dilution air flow rate. 
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2 FOCUSING ON VENTILATION ALONE IS NOT CORRECT 

 
The vector for respiratory infection is respiratory particles (aerosols), which can be removed 
not only by ventilation air as for CO2, but also by virus deactivation, particle settling, and 
filtration. The particle filtration can be counted for by using the clean-air flow rate 
(Shaughnessy and Sextro, 2006).  The effect of crowding and non-uniform distribution of air 
also needs to be accounted for when the concentration 𝑐𝑄,𝑖(𝒙𝒊, 𝑡) of the infectious quantum at 
location 𝒙𝒊 and time 𝑡 is estimated from the mass conservation equation.  
 
We first define a generalised clean-air flow rate per person  𝑞𝑐 as the sum of the outdoor-air 
supply flow rate, 𝑞𝑣 (ventilation), the equivalent clean-air flow rate due to virus deactivation, 
𝑞𝑟, aerosol settling, 𝑞𝑠, and filtration, 

𝑓
𝑞𝑓. 

 
𝑞𝑐 = 𝑞𝑣 + 𝑞𝑠 + 𝑞𝑟 + 

𝑓
𝑞𝑓        (3) 

 
We consider a typical setting with uniform concentration when infector and all susceptible 
individuals start to present at the same time in an indoor setting. In such situations, the 
concentration of the infectious quanta would build up from zero, and the individual infection 
risk can be written as. 
 

𝑝𝑖 =
𝑁𝜄

𝑁𝜎
= 1 − 𝑒

−𝑄
𝑄𝑞𝑖𝑛

𝑞𝐶
∆𝑡(1−𝐶𝑡)

.       (4) 
 
Where 𝐶𝑡 =

1−𝑒−𝑛∆𝑡

𝑛∆𝑡
, and the dilution air change rate 𝑛 =

𝑞𝐶

𝑉
, and is the total clean-air flow 

rate of the room.  
 
In non-uniform setting, we may use the zone air distribution effectiveness 𝐸𝑧 in breathing 
zone (ASHRAE 62.1, 2019), 𝐸𝑧 =

𝑐𝑒

〈𝑐𝑄(𝒙𝒊)〉
=

𝑄

〈𝑐𝑄(𝒙𝒊)〉𝑞𝐶
, where 〈∙〉 indicates the average 

concentration. 𝑐𝑒 is the mean concentration of infectious quantum at exhaust.  
 
The effective dilution air flow rate per person can thus be estimated as 𝑞𝑑 =

𝐸𝑧𝑞𝑐

1−𝐶𝑡
. 
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SUMMARY 
The importance of ventilation of spaces for occupants’ health has been known for many years. Ancient Egyptians 
used natural ventilation to remove dust and thus to reduce respiratory diseases of stone carvers working indoors 
(Janssen 1999). In the past ventilation has been used to reduce airborne transmission of respiratory generated 
infectious agents in buildings. In the book “Natural and Artificial Methods of Ventilation” (Robert Byle & Son, 
London 1899), chapter X it is stated  “The report on the influenza epidemic presented to Parliament by the Local 
Government Board indicates the extreme importance of proper ventilation – especially in schools – which is 
pronounced to be the only real safeguard against that disease.”. Several ventilation solutions in classroom and 
hospital patient rooms are suggested in the book with focus on the clean air distribution. Thus, already two 
centuries ago the importance of clean air distribution for fulfilling the main goal of ventilation, namely to provide 
occupants with clean air for breathing has been considered.  
 
During the last two decades, the importance of ventilation for reduction of airborne transmission of SARS-CoV-1 
and SARS-CoV-2 has been widely discussed in numerous research papers. Guidelines and standards on how to 
prevent the spread of respiratory generated infectious aerosols in spaces have been developed (REHVA COVID-
19 Guidance 2021, ASHRAE Standard 241 2023). Unfortunately, the important role of air distribution, as 
recognised many years ago, has been ignored. Instead, either complete mixing of the supplied clean/disinfected 
ventilation air with the air in the entire occupied zone or the air in the “breathing zone” of the occupied space 
(ASHRAE Standard 241 recommends lateral flow velocity lower than 0.25 m/s in the breathing zone of the 
occupied space). However, in practice it is difficult to comply with these recommendations. The airflow 
distribution in occupied spaces, the transport and the exposure of occupants to infectious aerosols is result of 
complex interaction of ventilation flow, buoyancy flows (generated by occupants, warm/cold surfaces, etc.), 
occupants’ activities and location, etc. In the literature related to ventilation for reduction of airborne transmission 
a minimum amount of clean/disinfected ventilation air (L/s person) supply is recommended (the validity of the 
recommended values can be discussed). However, the ventilation rate is important for energy performance 
assessment of ventilation system, but it is of secondary importance for the clean air distribution to the breathing 
zone of each room occupant. The word “ventilation” comes from the Latin word “ventus” meaning wind. Similar 
to the wind, room airflow is defined with the magnitude and the direction of the flow velocity. The supplied 
clean/disinfected ventilation air mixes with the infected room air reduces the concentration of infectious aerosols 
but it also spreads the infected exhaled air in the room. Therefore, increase of the ventilation rate as recommended 
in the standards may change the airflow direction and spread of infected air and this process will be difficult to 
control in practice. Increase of the supplied ventilation rate may generate high velocity causing draught for the 
occupants, will result in design of large air-handling units and duct systems in new buildings and rebuilding of 
existing HVAC systems which will be costly and not always possible. The increase of the ventilation rate will 
increase the energy consumption. Use of stand-alone room air cleaners is better option during pandemics. 
        
The importance of air distribution for the exposure of room occupants to the infected air exhaled by one of the 
occupants is shown in Figure 1. The results reveal huge differences in the normalised concentration of infected air 
by the exposed occupants. This indicates large differences in the infection probability for the compared air 
distribution cases. The importance of air distribution for the reduction of airborne cross-infection is shown in 
Figure 2. Use of personalised ventilation dramatically reduces the reproductive number, i.e. the cross-infection.  
 
The air distribution has huge potential for reduction of airborne infection. Yet, the main discussion at present is on 
how much should be the ventilation rate in order to reduce airborne cross-infection. As discussed above this 
approach will not provide beneficial results in practice. Successful reduction of airborne cross infection by 
ventilation requires different approach. Carefully designed advanced air distribution has to be applied selectively 
in practice depending on the ventilated space, occupants’ activity and density, requirements for flexibility of space 
use. Ventilation solutions that make it possible to remove/disinfect the exhaled air at the location of the occupant 
before it is mixed with the room air has to be developed. Clean air delivery to the breathing zone without enhancing 
the spread of infected exhaled air to other occupants should be aimed. Personalised ventilation installed at 
workstations as well as personal wearable ventilation solutions performing independently of occupants’ activities 
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has to be developed and used. This approach will bring shared values by reduction of both airborne cross infection, 
cost of ventilation systems, energy consumption, etc. Occupants should be trained to actively use the new solutions.  

 
Figure 1: Experiments with full size breathing thermal manikin resembling two occupants in a room ventilated 
with different ventilation principles. Supply flow rate is 80 (50) L/s. Tracer gas concentration mixed with the air 
exhaled by the “infected occupant” is measured in the air inhaled by the exposed occupant. Normalised 
concentration is calculated as (Cin – Cs)/(Cex– Cs), where Cin, Cs, Cex are respectively tracer gas concentration 
in the inhaled air, the supplied ventilation air and the exhaust room air. Details in (Cermak and Melikov 2006).    
 

 
Figure 2: Comparison of the reproductive number defined as the number of secondary infections (influenza virus) 
that arise when a single infectious case is introduced into an office with 10 occupants where everyone is 
susceptible. The occupants spend 8 hours in the office ventilated by mixing ventilation or when each occupant has 
personalised ventilation. Comparison at 10 and 40 L/s person. Details in (Cermak and Melikov 2007).    
 
KEYWORDS: Airborne transmission, air distribution, advanced ventilation  
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ABSTRACT 
 
Measurement method for ventilation effectiveness, more specifically, for contaminant removal effectiveness with 
a point source corresponding to infector is analysed in this study with tracer gas measurements and infection risk 
calculations. Ventilation effectiveness is needed in infection risk-based ventilation design to take into account air 
distribution methods deviating from fully mixing. Tracer gas measurements were conducted with two source 
location in six non-residential spaces. Ventilation effectiveness calculated based on the infection risk probability 
assessment for every measurement point in the room was compared with calculation from the average 
concentration and calculation method proposed by REHVA accounting only 50% of measurement points with 
highest concentration. To conduct infection risk calculation, Wells-Riley model modification providing a relation 
between infection risk probability and ventilation rate at fully mixing was applied together with infection risk 
control concept based on the basic reproduction number R0 = 1 during pre-symptomatic infectious period. By 
applying the required ventilation rate at fully mixing and individual probability of infection in each measurement 
point, ventilation effectiveness value corresponding to given event reproduction number was solved. With the 
method developed, the airflow rate at fully mixing and the airflow rate with actual air distribution, calculated with 
ventilation effectiveness, provide the same event reproduction number. Results show considerable differences 
compared to calculation based on average measured concentration, which overestimated the ventilation 
effectiveness and underestimated design ventilation rate. The method proposed by REHVA, taking into account 
only 50% of measurement points with highest concentration, revealed to be conservative in all studied cases, as 
ventilation effectiveness values ranged in between 0.34 – 1.29 compared to 0.62 – 1.44 solved from individual 
risk of all measurement points. Especially in the large open plan office, REHVA method considerably 
overestimated the design ventilation rate while in smaller spaces all three methods provided similar results. Results 
indicate that ventilation effectiveness determination from tracer gas measurements with a point source is not a 
trivial task. Calculation method developed, utilising individual probability of infection in each measurement point 
can be proposed to improve prediction accuracy. 
 

KEYWORDS 
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1 INTRODUCTION 

 
The impact of ventilation in reducing exposure to COVID-19 and other airborne respiratory 
infectious diseases has been widely discussed because SARS-CoV-2 and other respiratory 
pathogens have been shown to be effectively transmitted through the inhalation exposure 
route as concluded in the review by the Lancet COVID-19 Commission (2022). As a removal 
mechanism, outdoor air ventilation in buildings dilutes indoor-generated air pollutants 
(including bioaerosols) and reduces resulting exposures to occupants. Aerosol concentration 
reduction by general ventilation applies for the long-range transmission, while short-range 
transmission occurs via face-to-face interactions in proximity to an infected person that 
clearly dominates at distances < 1 m (Wagner et al. 2021). WHO (2021) has developed a 
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roadmap to improve and ensure good indoor ventilation in the context of COVID-19 that is 
divided into three settings – health care, non- residential and residential spaces. In this study 
we focus on ventilation design in non-residential buildings, where WHO recommends 10 L/s 
per person minimum ventilation rate with reference to EN 16798-1:2019. This value is 
recommended as the highest, Category I value defined in the existing standard. Beyond 
existing standards, an effective air change rate of 4-6 ACH has been proposed by Allen and 
Ibrahim (2021) to reduce long-range airborne transmission of SARS-CoV-2 by targeting this 
air change rate through any combination of outdoor air ventilation, recirculated air passing 
through effective filter, or passage of air through portable air cleaner. Their recommendation 
is based on exposure science and inhalation dose risk reduction but does not distinguish 
spaces with low and high occupant density and is intended for large group of indoor spaces 
such as classrooms, retail shops, and homes if guests are visiting.  
 
For all these recommendations it is common that no calculation method is provided for 
infection risk control. While L/s per person ventilation values may work both for spaces with 
low and high occupant density, highly different viral loads of breathing, speaking and 
physical activities (Buonanno et al. 2020) must be considered in the ventilation design. First 
steps towards infection risk-based ventilation rate calculation were taken in (Kurnitski et al. 
2021) introducing a ventilation rate equation derived from Wells-Riley model modification 
that allows to calculate the required ventilation at given infection risk probability for fully 
mixing air distribution in the steady state. This is further developed in (REHVA 2022) by 
extending the risk control concept from the event reproduction number to full pre-
symptomatic period, and by introducing ventilation effectiveness concept to take into account 
air distribution solutions deviating from fully mixing.  
 
In this study we focus on the application of ventilation effectiveness and its measurement 
procedure with a point source corresponding to infector. Infection risk-based ventilation 
design method proposed in (REHVA 2022) is applied for classrooms, offices, meeting rooms 
and gyms where tracer gas measurements were conducted to determine ventilation 
effectiveness. By conducting infection risk probability assessment for every measurement 
point in the room, the required ventilation rate at fully mixing is increased to the value 
satisfying the event reproduction number and allowing to determine corresponding ventilation 
effectiveness value. These values are compared with ones calculated by robust and simplified 
method proposed in (REHVA 2022). As a result, less conservative method is proposed for 
accurate ventilation effectiveness calculation from tracer gas measurement results. 
 
2 METHODS 

 
Wells-Riley model modification providing a relation between infection risk probability and 
ventilation rate is applied together with infection risk control concept based on the basic 
reproduction number R0 = 1 during pre-symptomatic infectious period. With this concept, a 
room specific event reproduction number and ventilation rate can be calculated applying for 
fully mixing air distribution. This ventilation rate needs to be adjusted with ventilation 
effectiveness for an actual air distribution, which measurement and application is especially 
studied in this paper. 
 
2.1 Infection risk assessment 

 
For the infection risk assessment, Wells-Riley model modification providing an explicit 
equation for ventilation rate in the steady state at given infection risk probability and fully 
mixing air distribution (Kurnitski et al. 2021) was used: 
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𝑄 =

(1−𝜂𝑖)𝐼𝑞𝑄𝑏(1−𝜂𝑠)D

ln(
1

1−𝑝
)

− (𝜆𝑑𝑒𝑝 + 𝑘 + 𝑘𝑓 + 𝑘𝑈𝑉)𝑉 (1) 

 
where 
Q  outdoor air ventilation rate (m3/h) 
p probability of infection for a susceptible person (-) 
𝑞  quanta emission rate per infectious person (quanta/(h pers)) 
Qb volumetric breathing rate of an occupant (m3/h), see Table 1  
I number of infectious persons (-), default value I = 1 
𝜂𝑠 facial mask efficiency for a susceptible person (-) 
𝜂𝑖 facial mask efficiency for an infected person (-) 
D duration of the occupancy (h) 
λdep deposition onto surfaces (1/h) 
k virus decay (1/h) 
kf filtration by a portable air cleaner (1/h) 
kUV disinfection by upper room ultraviolet germicidal irradiation UVGI (1/h) 
V  volume of the room (m3) 
 
An acceptable individual probability p for a specific room can be calculated based on the 
event reproduction number R, defined as the number of new disease cases divided by the 
number of infectors R = Nc/I. Considering that the number of new cases Nc = p Ns an 
acceptable individual probability for a specific room can be calculated as follows: 
 

𝑝 =
𝑅𝐼

𝑁𝑠
=

𝑅𝐼

(𝑁−𝐼)(1−𝑓𝑣𝜂𝑣)
 (2) 

 
where 
R event reproduction number (-) 
Ns the number of susceptible persons in the room, Ns = N – I if no vaccinated/immune 
persons 
fv fraction of the local population who are vaccinated, fv = 0 for no vaccination (-) 
ηv the efficacy of the vaccine against becoming infectious, ηv = 1 for ideal protection (-) 
 
Acceptable R during one room-occupancy event can be based on the assumption that the 
likelihood of infecting others (i.e. the number of infections per unit time) is approximately 
constant over the infectious period. In such cases, an infectious person will not infect more 
than one person during the infectious period: 
 

𝑅

𝑅0
≅

𝐷

𝐷𝑖𝑛𝑓
   ⟹   𝑅 ≤

𝐷

𝐷𝑖𝑛𝑓
   when   𝑅0 ≤ 1 (3) 

 
where: 
R event reproduction number, i.e. number of people who become infected per infectious 

occupant  
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D room occupancy period, i.e. length of time when both infectious and susceptible persons 
are present in the room at the same time (h) 

Dinf the total interaction time when an infectious individual is in the vicinity of any 
susceptible persons during the whole pre-symptomatic infectious period (h) 

R0 basic reproduction number that describes the spread of an epidemic in the population (-) 
 
The pre-symptomatic infectious period ends typically at the onset of symptoms, when the 
infectious person self-isolates at home or is otherwise ‘removed’ from contact with 
susceptible individuals. This period may last some days, on average approximately 2 days for 
influenza and 2½ days for SARS-CoV-2.  
 
It is possible to simplify Equation 1 by using the Taylor approximation of an exponential 
𝑒𝑛 ≅ 1 + 𝑛 at low doses that allow for the rewriting of Wells-Riley equation 𝑝 = 1 − 𝑒−𝑛 as 
follows: 
 

𝑛 ≅
1

1−𝑝
− 1 (4) 

 
where 
𝑛  quanta inhaled by the occupant (quanta) 
 
Taylor approximation provides reasonable accuracy at low p values, for instance, 2.4% at p = 
0.05 and 4.7% at p = 0.1. By using another approximation 1 (1 − 𝑝) ≅ 1 + 𝑝⁄  that applies if 
|𝑝| ≪ 1, Equation 1 can be rearranged as follows: 
 

𝑄 =
(1−𝜂𝑖)𝑞𝑄𝑏(1−𝜂𝑠)D𝑁𝑠

𝑅
− (𝜆𝑑𝑒𝑝 + 𝑘 + 𝑘𝑓 + 𝑘𝑈𝑉)𝑉 (5) 

 
This equation enables us to calculate infection-risk-based ventilation rates in a simple fashion 
when substituting default values of quanta emission rate, breathing rate, and occupancy 
duration.  
 
2.2 Ventilation effectiveness 

 
Ventilation rate Q in Equation 5 applies at fully mixing air distribution. For an actual air 
distribution solution, deviating from fully mixing, the ventilation rate needs to be adjusted 
with ventilation effectiveness, known also as contaminant removal effectiveness (Mundt et al. 
2004). Ventilation rate Qs to be supplied by the ventilation system can be calculated as 
follows: 
 

𝑄𝑠 =
𝑄

𝜀𝑏
 (6) 

where 
Q target ventilation airflow rate for the breathing zone from equation 6 (L/s) 
Qs design ventilation airflow rate at actual air distribution solution (L/s) 
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𝜀b point source ventilation effectiveness for the breathing zone (-)  
 
To describe the situation with infector (=point source), a common ventilation effectiveness 
measurement with distributed tracer gas source describing contaminant emission from all 
occupants in the room, cannot be used. Thus, the point source with many possible locations in 
the room has to be used. It is proposed in (REHVA 2022) to calculate ventilation 
effectiveness as an average of two or more tracer gas measurements with different source 
locations. It is also proposed that concentrations of not all measurement points in the room, 
but only 50% of measurement points with the highest concentration are accounted for in 
measurement with each source location j: 
 

𝜀𝑏
𝑗
=

𝐶𝑗𝑒−𝐶𝑗𝑜

𝐶𝑗𝑏−𝐶𝑗𝑜
 (7) 

𝜀𝑏 =
∑ 𝜀𝑏

𝑗
𝑗

𝑚
 (8) 

where 
𝜀𝑏
𝑗 point source ventilation effectiveness of measurement with source location j  
𝜀b point source ventilation effectiveness for the breathing zone 
Cje  measurement j concentration in the extract air duct 
Cjb measurement j concentration at the breathing level that is calculated as an average 

concentration of 50% of the measurement points having the highest concentrations  
Cj0 concentration in the supply air 
m total number of measurements with different point source locations 
 
In practice 𝜀𝑏

𝑗 can be calculated from the values of the local air quality index: 
 

𝜀𝑃 =
𝐶𝑒−𝐶𝑜

𝐶𝑃−𝐶𝑜
 (9) 

where 
𝜀𝑃 local air quality index at the measurement point P 
CP steady state concentration at the measurement point P  
 
To account 50% of measurement points with the highest concentration means that 𝜀𝑏

𝑗 is 
calculated from 50% of the points with lowest 𝜀𝑃 values as an average.  
 
2.3 Calculating ventilation effectiveness from individual risk 

 
𝜀𝑏
𝑗 calculation from 50% of measurement points is proposed by (REHVA 2022) to get a 

conservative value in the case of highly uneven concentration distributions. While infection 
risk can remarkably increase in locations with high concentration, the average concentration 
may underestimate it. In the following, we test how well this calculation rule holds by 
calculating individual infection risk in all measurement points and then summing these up to 
new disease cases, i.e. to event reproduction number. For the virus risk estimation at given 
room, the event reproduction number is solved from Equations 5 and 6: 
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𝑅 =

(1−𝜂𝑖)𝑞𝑄𝑏(1−𝜂𝑠)D𝑁𝑠

𝑄𝑠𝜀𝑏+(𝜆𝑑𝑒𝑝+𝑘+𝑘𝑓+𝑘𝑈𝑉)𝑉
 (7) 

 
Equation 7 is applied for every measurement point, which may represent one or more 
occupants, depending on the measurement grid:  
 

𝑅𝑖 =
(1−𝜂𝑖)𝑞𝑄𝑏(1−𝜂𝑠)D𝑁𝑠,𝑖

𝑄𝑠𝜀𝑃,𝑖+(𝜆𝑑𝑒𝑝+𝑘+𝑘𝑓+𝑘𝑈𝑉)𝑉
 (8) 

 
where 
Ri reproduction number for susceptible persons at the measurement location (-) 

𝜀P,i is local air quality index at measurement point i (-)  
Ns,i the number of susceptible persons represented by each measurement point i, 
 
The event reproduction number in the room is then calculated as a sum of all individual 
probabilities/reproduction numbers: 
 

 (9) 

 
In this calculation, ventilation rate Qs needs to be solved for instance with goal seek to 
achieve given R value. To conduct the calculation, we use default values for virus, activity 
and occupancy parameters as proposed in (REHVA 2022): 
• no facial cloth masks (𝜂𝑠= 0, 𝜂𝑖 = 0)andno vaccination (fv = 0) 
• surface deposition loss rate (Buonanno et al. 2020) λdep = 0.24 1/h 
• virus decay (Van Doremalen et al. 2020) k = 0.63 1/h 
• quanta emission rate time average values calculated based on median viral loads (Aganovic 

et al. 2023) of SARS-CoV-2, i.e. q = 4 quanta/(h pers) in classrooms, 6 quanta/(h pers) in 
offices and gyms, and 10 quanta/(h pers) in meeting rooms and restaurants 

• number of infectious persons in the room I = 1 pers 
• breathing rate time averaged values Qb = 0.60 m3/h in offices, Qb = 0.57 m3/h in classrooms, 

Qb = 0.65 m3/h in meeting rooms and restaurants and Qb = 1.9 m3/h in gyms 
• occupancy duration D = 2, 6, and 9 hours in meeting rooms, classrooms, and offices, 

respectively 
• interaction time of an infectious individual is in the vicinity of susceptible persons, 

including traveling, lunches, and other out-of-home activities, Dinf = 22.5 h in offices and 
16 h in schools over 2.5 days of the pre-symptomatic infectious period 

 
3 RESULTS 

 
Field measurements were conducted in 6 spaces to measure local air quality index with 
continuous dose method. In each space, two source locations were used. Measured air quality 
index and source locations are shown in Figure 1 for a large teaching space of 129.5 m2. This 

40 | P a g e



teaching space with room height of 2.9 m consisted of three classrooms with movable 
partitions. In the measurement it was one open space for 50 persons. There were 5 supply air 
ceiling diffusers and 3 extract air diffusers with total outdoor ventilation rate of 520 L/s. 
Tracer gas measurements were conducted with 3x9 measurement points equally distributed on 
1.1 m height. Additionally, 3 extract air concentration measurements were conducted from 
which airflow weighted average extract air concentration was calculated. Outdoor air 
concentration was measured from supply air duct. 
 

 
Figure 1: Local air quality index values with two locations of point source in the large teaching space of 129.5 

m² with 4 L/(s m²) ventilation. Emission source is marked with green/white circle. 

 
Another measurement example, showing the effect of extract air devices’ location can be seen 
from 24-person meeting room in Figure 2. In this room with 52.5 m2 floor area and 2.7 m height, 
3x4 concentration measurement points were used from 1.1 m height and one measurement from 
extract air duct. Chilled beams with 3 L/(s m2) ventilation rate have resulted in reasonably well-
mixed condition in the case of the left source location that is far from extract air devices. In this 
case, local air quality index values range 0.7–1.0 in most of the room area. In the case of the 
right source location close to extract air devices, the situation is completely different so that 
high concentration zone forms close to the source and in the white area in the figure, local air 
quality index values range 1.5–2.  
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Figure 2: Local air quality index values with left and right locations of point source in the meeting room of 52.5 

m² with 3.0 L/(s m²) ventilation. Emission source is marked with green/white circle. 

 
Point source ventilation effectiveness values for all measurement cases are reported in Table 1. 
b values were calculated with Equation 8 and 9, i.e., based on the individual probability of 
infection in each measurement point and resulting in design ventilation rate Qs corresponding 
to specified event reproduction number (R = 0.375, 0.0889 and 0.4 in classrooms, meeting 
rooms and gyms, and offices respectively).  
 
b, 50% -rule represents the calculation from 50% of the lowest local air quality index values 
that revealed to be a conservative estimate in all cases. b, avg, is calculated as an average 
from all local air quality index values. In this case, some high local values easily bias the 
result so that the ventilation effectiveness is considerably overestimated, leading to under 
sizing the ventilation rate. While in smaller rooms all three methods provide similar results, in 
the large open plan office, the differences are remarkable. 50% -rule strongly overestimates 
and average of all points strongly underestimates the required design ventilation rate. 
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Table 1: Point source ventilation effectiveness values and resulting design ventilation rates resulting from three 
calculation methods. 

Room Measurement b b, 50%  

-rule 

b, avg Qs, L/s Qs, 50% 

-rule, L/s 

Qs, avg, 

L/s 

Classroom 30.5  Meas. No 1 0.99 0.92 1.00 
   

m2, 13 persons Meas. No 2 1.89 1.67 1.93 
   

 
Average 1.44 1.29 1.46 70 78 69 

 
% 

 
-10.2% 1.6% 

 
11.4% -1.6% 

Teaching space  Meas. No 1 0.77 0.66 0.82 
   

129.5 m2, Meas. No 2 0.81 0.53 1.19 
   

50 persons Average 0.79 0.59 1.01 513 683 404 
 

% 
 

-24.9% 27.0% 
 

33.2% -21.3% 
Gym 173.5 m2,  Meas. No 1 0.56 0.46 0.66 

   

12 persons Meas. No 2 1.80 1.35 2.53 
   

 
Average 1.18 0.90 1.59 548 716 406 

 
% 

 
-23.5% 35.0% 

 
30.7% -25.9% 

Meeting room  Meas. No 1 0.90 0.83 0.91 
   

29.2 m2, 6 pers. Meas. No 2 0.96 0.87 0.97 
   

 
Average 0.93 0.85 0.94 199 217 196 

 
% 

 
-8.2% 1.4% 

 
9.0% -1.4% 

Meeting room  Meas. No 1 0.86 0.78 0.88 
   

52.5 m2, 12  Meas. No 2 1.18 1.02 1.44 
   

persons Average 1.02 0.90 1.16 404 459 356 
 

% 
 

-12.0% 13.4% 
 

13.6% -11.8% 
Open plan  Meas. No 1 0.50 0.24 2.25 

   

office Meas. No 2 0.74 0.45 1.19 
   

173 m2, 17 pers. Average 0.62 0.34 1.72 406 732 146 
 

% 
 

-44.5% 177.2% 
 

80.3% -63.9% 

 
 
4 CONCLUSIONS 

 
In this study ventilation effectiveness was calculated based on the infection risk probability 
assessment in every measurement point in the room, that was compared with calculation from 
average concentration and calculation method proposed by REHVA accounting only 50% of 
measurement points with highest concentration. With the method developed, the airflow rate at 
fully mixing and the airflow rate with actual air distribution, calculated with ventilation 
effectiveness, provide the same event reproduction number. Results show considerable 
differences compared to calculation based on average measured concentration, which 
overestimated the ventilation effectiveness and underestimated design ventilation rate. The 
method proposed by REHVA, taking into account only 50% of measurement points with 
highest concentration, revealed to be conservative in all studied cases, as ventilation 
effectiveness values ranged in between 0.34 – 1.29 compared to 0.62 – 1.44 solved from 
individual risk of all measurement points. Especially in the large open plan office, REHVA 
method considerably overestimated the design ventilation rate while in smaller spaces all three 
methods provided similar results. Results indicate that ventilation effectiveness determination 
from tracer gas measurements with a point source is not a trivial task. Calculation method 
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developed, utilising individual probability of infection in each measurement point can be 
proposed to improve prediction accuracy. 
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ABSTRACT 
 
Airborne transmissions take place as a transport of virus or bacteria via the aerosol flow in rooms. The distribution 
of aerosols tends to be evenly distributed if the flow in the room is fully mixed. The aerosols distribution will be 
different if the room air is stratified. A vertical temperature distribution may create stratified layers with either 
lower or higher concentrations of exhalation from the infected person. The use of the stratification effect made it 
possible to create a reduced cross-infection risk for long range airborne transmission in some situations, but we 
need research in system layout to find solutions which will give a safe environment in all practical situations. A 
solution must be followed up with some necessary restrictions/information of use, if necessary. Another possibility 
is to use mixing ventilation and accept a higher flow rate of outdoor air. 
 
 

KEYWORDS 
 
Airborne transmission, infectious disease, stratified flow, displacement ventilation, mixing ventilation, human 
exhalation. 
  
1 INTRODUCTION 

 
Airborne transmissions take place as a transport of virus or bacteria via the aerosol flow in 
rooms. The transmission can be part of the exhalation flow from the source of infection, it can 
move in the thermal flow from a warm or a cold source, be transported in the ventilation flow 
or other air movement in the room, and it can be spread by the turbulent diffusion in the room. 
The distribution of aerosols tends to be evenly distributed if the flow in the room is fully 
mixed.  
Things will be different if the room air is stratified. A vertical temperature distribution may 
create stratified layers with either lower or higher concentrations of exhalation from the 
infected person (source person). Consequently, it could be interesting to use this effect to 
create a system with a low cross-infection risk between people in the room, (Bjørn and 
Nielsen 2002)(Kosonen et al. 2017). This possibility will be discussed in the following. 
Another effect in a system with vertically upward increasing temperature is the prospect of 
obtaining a cooling effect in the room with low location of the supply opening and high 
location of the return opening. This is the basic principle in displacement ventilation.  
Stratified flow can also occur in other air distribution systems if they are highly loaded, as in 
rooms with a mixing ventilation system. In the following when we write “MV”, we assume a 
fully mixed air distribution and by “DV” we assume stratified air distribution. 
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A 

 
 

B 

Figure 1. A) Air distribution in a room with displacement ventilation. The figure indicates the stratified flow 
(Zhou et al. 2017) and B) air distribution in a room with fully mixed flow. Both flows describe a cooling 

situation. 

Figure 1 shows the principle of displacement ventilation. The air movements in the room 
consist of stratified horizontal flow and vertical movement from boundary layers and plumes. 
Heat loads, such as person and equipment, create a vertical upward movement; and vertical 
surfaces, such as windows and walls, create upward or downward movements depending on 
surface temperature, Figure 1. The flow in the stratified layer is locked into a horizontal 
temperature band. If we look at the flow from the diffuser, we will see that the height of the 
layer is rather constant through the whole room, and it is a function of the temperature 
difference between a reference room temperature and supply temperature (Nielsen 2000). 
There will only be an insignificant mixing in the horizontal layers because the turbulent 
mixing will be damped by the temperature gradient. The layer at the floor will have a velocity 
dependent on the diffuser, temperature difference and flow rate, and layers above may have 
an insignificant velocity level (Nielsen 2000)(Nielsen 1988). A passive release of tracer gas in 
any height, or a contaminant of equal density, will spread horizontally in the relevant 
temperature band in the room (lock-up height) (Bjørn and Nielsen 2002)(Zhou et al. 2017). 
The distribution of aerosols tends to be evenly distributed if the flow in the room is fully 
mixed, see Figure 1B. The exhalation will rise to the ceiling if the room temperature is below 
the exhalation temperature and the room air are entrained into the plume. Virus and bacteria 
will be fully mixed in the room air by turbulent diffusion. In principle many ventilation 
systems are based on mixing flow, but some room layouts may generate stratified flow in 
areas, and a high heat load can also generate stratified flow, as for example in case of direct 
solar radiation into a room.  
 
2 EXHALATION AND INHALATION OF AEROSOLS 

 
The airborne transmission of diseases in a stratified flow will occur via virus-laden aerosols 
(droplet nuclei) through human respiratory activities. Therefore, it is necessary to simulate the 
human exhalation and inhalation process in fine details. ”Aerosol dynamic” measurements 
have hence been performed with breathing thermal manikins, which have the face geometry 
as described in Table 1, and Figure 2 (Bjørn and Nielsen 2002)(Nielsen et al. 2008)(Liu et al. 
2017)(Nielsen and Xu 2022). 
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                   Table 1. Definition of nose and mouth.  

 
 
 
 

 

 
A 

 
B 

 
C 

Figure 2. A) Thermal manikin with nose and mouth. B) Manikin with fine details. C) Detailed CFD Manikin. 

The details of the face geometry are important as boundary conditions in experiments and in 
Computational Fluid Dynamics (CFD) predictions. Other important boundary conditions are 
the activity level of the person (heat release and thermal boundary layer), breathing frequency 
and volume flow rate. Movement of the face (direction of exhalation), height of person, 
movement of the person might also be important for a detailed description in an aerosol 
dynamic experiment. The airborne transmission of aerosols will increase when we investigate 
speaking, shouting, singing, and coughing. The parameters in Table 1 change. The mouth area 
and exhalation direction vary in speaking, singing, and coughing (Abkarian et al. 2020). The 
number of droplets and aerosols increase (Pan et al. 2022). 
 

 
A 

 
B 

 
C 

 
D 

Figure 3. Exhalation 2.5 seconds after start of a sequence. A) DV and Exhalation through mouth. B) DV and 
Exhalation through nose. C) MV and exhalation through the mouth. D) MV and exhalation through the nose 

(Nielsen et al. 2009). 
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Several universities have agreed on both geometries described in Table 1 and Figure 2, and up 
until now, it is one of the most detailed mouth and face geometries used in experiments and 
CFD. They include an artificial lung creating the breathing function.  
Figure 3A and B shows the flow in the microenvironment around a manikin in surroundings 
with a vertical temperature gradient of 2.0 K/m. Figure 3A for displacement flow shows that 
the exhalation from the mouth forms an initial horizontal jet, and the flow is locked up by the 
temperature gradient just above the mouth in this case. The exhalation through the nose is 
different from the mouth flow, cf. Figure 3B. It starts with a downward jet and turns into a 
horizontal flow at some distance because it is also ‘locking up’ in the vertical temperature 
gradient. The final flow has very different horizontal locations in the two cases. The initial 
exhalation temperature is 34o in both cases, but the exhalation jet mixes with the surrounding 
air and reduces the temperature to a local value in some distance.  
Figure 3C shows the exhalation through the mouth in case of mixing flow. The exhalation 
turns upward due to an initial temperature of 34 oC and a surrounding temperature of 20.8 oC 
in this case. The upward velocity in the manikin’s thermal boundary layer is stronger in this 
MV case than in the DV case (Figure 3A), and this may explain the more upward directed 
exhalation. Figure 3D shows the exhalation through the nose. This flow is also influenced by 
a strong boundary layer around the manikin, and the flow will take an upward direction at 
some distance from the nose and, in principle, continue to the ceiling, as in Figure 3C.  
 

 
Figure 4 shows the movement of the pulsating exhalation flow based on the location of the tracer (smoke) at 

different time steps. Mixing ventilation. The smoke pattern is measured at three different room temperatures: 17 
oC, 25 oC, and 33 oC (Nielsen et al. 2022). 

The room temperature is an important parameter for the trajectory of the exhalation flow in a 
room with mixing ventilation as shown in Figure 4.  The figure shows the pulsating 
exhalation as a time dependent flow. The position of exhaled tracer (smoke) is given at three 
different time steps, and the last time step is 1.66 sec of a total breathing cycle of 3.7 sec. It is 
clearly a more informative depiction of the instantaneous flow than the earlier Figure 3. It 
shows that the exhaled jet will have an upward movement in the beginning of an exhalation 
due to a combination of momentum and buoyancy. Later, when the velocity from the 
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exhalation is low, the exhaled volume of air will rise mainly due to buoyancy. The combined 
flow describes the true time dependent movement of the exhalation, and it expresses the flow 
as a combination of an instantaneous buoyant jet and a vortex flow (Nielsen et al. 2009). 
The middle row in figure 4 shows the exhalation flow in a room with a room temperature of 
25 oC. This is close to the comfort temperature in a room, and it corresponds to most 
measurement in literature and to the situation in Figure 3.  The upper row shows the situation 
in a cold room or outside. It is obvious that the horizontal distance in the exhalation is reduced 
in cold rooms or cold outdoor surroundings (Nielsen et al. 2022). The lower row shows the 
results for a room with a room temperature close to the exhalation temperature (34 oC) of a 
person. The exhalation moves horizontally through the room, but it do not reach the opposite 
manikin because this manikin’s boundary layer and breathing are protecting the face regions.   
The inhalation of a person also dependent on several parameters. The air is inhaled from the 
thermal boundary layer around the body if the person does not move or turn around. Inhaling 
from the boundary layer means that a person will get his/her inhaled air from a lower level in 
the room than from the head height (Bjørn and Nielsen 2002)(Murakami 2004). This is a 
positive effect if there is a concentration gradient in the room since the concentration at the 
bottom of the occupied zone can be low in displacement ventilation. The effect of the body 
boundary layer will disappear when the person is moving forward with more than 0.2 m/s 
(Bjørn and Nielsen 2002).  
 
3 MICROENVIRONMENT 

 
The microenvironment around a person is the area where the air movement and the 
contaminant distribution processes are both influenced by the person and by the surrounding 
air conditioning system. The microenvironment can include two persons if they are standing 
in short distance x < 1.5 m. 
 

 
A 

 
B 

Figure 5. Exhalation flow from the mouth inside and outside the microenvironment. A) Surrounding stratified 
flow with a temperature gradient at head height of 0.5 K/m. B) Exhalation flow in a similar case with fully 

mixed surrounding flow without any temperature gradient, 0.0 K/m. 

The vertical temperature distribution does influence the flow in the microenvironment. Figure 
5A show the exhalation flow from the mouth in the case of DV with a gradient of 0.5 K/m. 
The flow is an instantaneous jet close to the mouth, and it moves upward, at some distance, 
and spreads horizontally at head height due to the lock-up effect in the case of Figure 5A. The 
situation is typical for DV, because a gradient of 0.5 to 1.0 K/m is within the comfortable 
conditions and a certain gradient is required to obtain an efficient energy solution.   
Figure 5B shows the situation in the case of fully mixed flow, MV, in the room. The 
exhalation from the mouth is first an instantaneous jet mixed with the surrounding air, but in 
principle it will move continuously up to the ceiling area as a plume due to the temperature 
difference. Although the exhalation flow will rise in both cases, it will be possible to stand 
closer to a person in the MV case without being influenced by the exhalation flow of the 
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opposite person. This effect is documented in many measurements of cross- infection risks 
between two persons at short distance inside the common microenvironment, (< 1.5 m) (Bjørn 
and Nielsen 2002)(Nielsen et al. 2008)(Liu et al. 2017)(Nielsen and Xu 2022).  
Let us look at a situation where the cross-infection risk between two persons is expressed as 
the inhalation of tracer gas (aerosols) from one person to the other. Figure 6 shows the 
exposure of a target person expressed as normalized exposure cexp/cR (= ε), where cexp is the 
exposure of inhaled tracer gas from an opposite source manikin and cR is the concentration in 
return opening (fully mixed value). Although traces gas cannot be directly used as a measure 
for the health risk assessment, it can give an indication of this risk. 

 
Figure 6. Exposure of target manikin versus distance between the two manikins of same height in a room with 

displacement ventilation. Results are shown for both breathing through the mouth, through the nose, for 
coughing and for CFD predictions (Liu et al. 2017).  

It is obvious that there is a large increase in the cross-infection risk when the two persons are 
standing close to each other (in a common microenvironment, x < 1.5 m). This is both the 
case for breathing through the mouth and through the nose. It is also seen from (Nielsen et al. 
2008) that the increase in this exposure is expected to be low in the case of MV, in agreement 
with the two situations shown in Figure 5. The effect is due to the influence of the 
temperature gradient on the exhalation flow, which is different for different ventilation 
systems. The normalized exposure, cexp/cR, at the distance 0.35 m for breathing through the 
mouth is, for example, around 7.0 for displacement ventilation, 4.3 for vertical ventilation, 1.8 
for diffuse ceiling ventilation and only 1.5 for mixing ventilation (Nielsen and Xu 2022). 
Thermal stratification gives a high exposure in the microenvironment, and fully mixed (MV) 
conditions with a normalized exposure up to 1.5 (at 1.35 m) for breathing through the mouth 
are to be preferred. It should be noted that it can be difficult to obtain MV conditions at 
certain load conditions and at some certain geometries in the system.  
 
4 MACRO-ENVIRONMENT 

 
Figure 6 also shows the conditions in the macro-environment of a displacement ventilated 
room (x > 1.5 m). The normalized exposure is below the fully mixed value, and it is different 
for breathing through the nose (0.7) than for breathing through the mouth (0.2). The values 
are preferable values in a ventilated room, and they are achieved because people’s inhalation 
is from the lower part of the room via the personal thermal boundary layer. The concentration 
of exhaled aerosols is often low in this lower part of a room with displacement ventilation. 
The results show that detailed boundary conditions for the breathing function of the source 
manikin must be very essential in the measurements and simulation of stratified flow.   
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What will challenge this overall low cross-infection risk between people in the room in case 
of DV? Let us look at the parameters discussed earlier. Results in Figure 6 are for people of 
same height and without moving. Walking and movement of persons could increase infection 
risk (Bjørn and Nielsen 2002). Blocking the target manikin’s boundary layer by a table may 
increase infection risk. Breathing through the nose instead of the mouth could increase 
infection risk. The activity level of the person (heat release and thermal boundary layer), 
breathing frequency and volume flow rate will have an influence. Mouth area and exhalation 
direction vary in speaking, singing, and coughing (Abkarian et al. 2020) and could modify the 
lock-up height. 
The position of the human exhalation layer depends on several variables as the size and 
location of the vertical temperature gradient in the room in addition this gradient is dependent 
on the heat load and temperature level in the room, on vertical and horizontal location of heat 
loads etc. Different situations obtained with a seated and a standing person (distance 4 m) in a 
room with different heat loads and flow rates, have normalized exposures from 0.6 to 1.75 
(Bjørn and Nielsen 1997).  
Fully mixed flow will be an alternative safe solution, but it requires a higher flow rate of 
outdoor air (Li, Nielsen, and Sandberg 2011). The system should be well-designed without 
creating any stratification at high heat load.  
 
5 CONCLUSIONS 

 
The use of the stratification effect made it possible to create a reduced cross-infection risk for 
long range airborne transmission in some situations, but we need research in system layout to 
find solutions which will give a safe environment in all practical situations. A solution must 
be followed up with some necessary restrictions/information of use, if necessary. Another 
possibility is to use mixing ventilation and accept a higher flow rate of outdoor air. 
It is also a question whether or not it is acceptable to select a solution with the stratified flow, 
which shows high exposure at the close distance between people (< 1.5 m); if it can be solved 
with mixing ventilation where the cross-infection risk is lower at close distance, although a 
higher flow rate to the room is required to obtain an overall acceptable infection risk. 
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ABSTRACT 
 
Maintaining the airtightness of building envelopes is a key factor for the energy efficiency of buildings. A fast and 
reliable detection of leaks plays a decisive role, especially during building renovations. For this reason, work has 
been done in recent years to apply an acoustic beamforming method that enables the fast, simple, and large-area 
detection of leaks in building envelopes. This method is based on a microphone array technology and assumes that 
sound primarily follows the same paths as air through the building envelope. So far, these acoustic airtightness 
measurements have primarily been tested in the laboratory setting or on isolated facade parts with previously 
known leakages. Comprehensive field experience reports, particularly for use on a larger scale and on building 
envelopes with unknown leakages, have remained scarce. 
 
This paper presents the results of large-scale testing and demonstration of acoustic air tightness measurements. 
Facades of 37 rooms of multi-storey buildings with unknown leakages were measured at three office buildings of 
different ages (built or renovated in 1990, 1995, and 2019) and heterogeneous building envelope structures. This 
represents, to the best of our knowledge, the most extensive field study to date for acoustic airtightness 
determination of building envelopes.  
 
In the measurement campaign speakers emit white noise in the frequency range from 0.05 to 120 kHz from the 
inside with about 85 dB for a duration of four seconds. A microphone ring array with 48 microphones and a 
diameter of 0.75 m is located outside in a distance of up to 12 m from the observed facade. 57 measurements have 
been analysed and evaluated in a spectral range of 0.8 to 25 kHz.  
 
As a result, hundreds of potential leaks were localized and visualized across a large area. Many of these were 
subsequently confirmed as plausible by visual inspection of the respective positions in the building envelope. Some 
were verified with a smoke stick test.  
 
This paper introduces an Acoustic Assessment Score (ASS) for the evaluation of acoustic signals along with a 
colour code for their graphical representation. It enables a result representation that highlights the relevance of the 
signals concerning potential leakages. Furthermore, a Multi Frequency Assessment Score (MFAS) is defined, that 
allows a comparison of the acoustically determined airtightness of different rooms.  
 
This field study has provided valuable experience into the practicality, speed, and interpretability of acoustic 
signals, along with the method’s large-scale applicability and potential for further developments. The findings 
suggest, that a significant number of potential leakages can be detected, confirming the method’s basic 
functionality for large buildings. Furthermore, a comparison of the distribution of the ASS and the MFAS within 
the different buildings suggests, that the applied acoustic method managed to discern the airtightness quality of 
the three buildings.  
 

KEYWORDS 
 
Airtightness, Beamforming, Leak detection, Building envelope, Field study 
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1 INTRODUCTION 

 
The unintentional air exchange through a building envelope is estimated to account for 30 to 
50 % of its heating and cooling energy. This unintentional airflow is a primary cause of heat 
loss in buildings, highlighting the need for effective airtightness measurements. 
Conventionally, the fan pressurization method (ISO 9972:2015, 2015) is used for this purpose. 
A fast and reliable detection of leaks plays a decisive role, especially in the renovation of 
buildings. However, identifying and quantifying leaks with standard methods in conjunction 
with a blower door test is challenging, time-consuming, and strongly depends on the experience 
of the respective energy consultant.  
 
Recent advancements have seen the emergence of acoustic measurement methods, such as 
acoustic cameras, which hold the potential for identifying individual leaks in the building 
envelope. Unlike traditional methods, this non-destructive acoustic testing does not necessitate 
large volumes of air movement through the building envelope, allowing testing under naturally 
occurring unpressurized conditions. In contrast to the Blower-Door test, acoustic methods also 
do not rely on closed volume, enabling testing during the construction or renovation of a 
building. 
 
In light of these advantages, there has been a focus on developing an acoustic beamforming 
method in recent years. Using an acoustic camera, this method enables the fast, simple, and 
large-area detection of potential leaks in building envelopes. This method is based on a 
microphone array technology, operating on the premise that sound primarily takes the same 
paths as air through the building envelope. In addition to other acoustic methods (Coltraco 
Ultrasonics, 2023), this presented method allows the detection of leaks on a large surface at 
once. 
 
The aim of the acoustic measurements is to detect small openings in building enclosures and 
potential gas propagation pathways within buildings. A knowledge of leak location and 
estimates of leak sizes would enable a prioritized sealing of more substantial leaks (Walker & 
Wilson, 1998). 
 
The objective of this work is to test and demonstrate the effectiveness of our acoustic air 
tightness measurement method on a larger scale. We applied this method to multi-storey 
buildings with unknown leakages and aimed to gain experience regarding the practicality, 
speed, and interpretability of the acoustic signals. Furthermore, we sought to assess the 
method’s applicability method on a large scale, which has significant implications for its 
broader use. 
 
2 TEST SITE AND MEASUREMENT CONFIGURATION 

 
Within the framework of a project in which a heterogeneous building complex was also 
measured geometrically and thermally, the acoustic air tightness measurement was to be tested 
and demonstrated on a larger scale.  
 
The test site selected for this study is a research institution consisting of five diverse buildings 
located in Villingen-Schwenningen, Germany. Figure 1 shows an aerial view and a 3D model 
of the investigated building complex. This measurement campaign focuses on office building 
parts A, D, and E, constructed or renovated approximately in 1990, 1995, and 2019. Building 
part B comprises clean rooms, and building part C houses a cogeneration unit. A total number 
of 57 acoustic measurements have been analysed, corresponding to 36 investigated rooms 
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(some of them had facades on different sides of the building so they required more than one 
measurement). 
 

  
Figure 1: Aerial photo (left) and 3D-Model (right) of the investigated building complex, including labelling of 

the individual building parts 

 
We used a microphone ring array with 48 uniformly spaced microphones with a diameter of 
0.75 m for these measurements (see Figure 2, centre). This array functions optimally in a 
frequency range of 164 Hz to 20 kHz, although it can localize frequencies as high as 60 kHz. 
For this study, all signals were sampled at a frequency of 192 kHz and digitized with 32 bits. 
An optical camera positioned at the array’s centre recorded a visual image of the measured 
scene, offering a resolution of 1920 × 1080 pixels. 
 

   
Figure 2: Measurement setup: pair of loudspeakers inside (left), microphone array or acoustic camera outside 

(centre), visualization of the loudest noise sources on the facade (right). 

 
In general, beamforming is a signal processing technique that enables the differentiation of 
sound sources from different directions using the microphone array. It operates by scanning a 
focus point �⃗� on a pre-defined grid on the measured object. Equation 1 provides the time 
function 𝑓(�⃗�, 𝑡) for this ring array for each focus point (Jaeckel, 2006): 
 𝑓(�⃗�, 𝑡) =

1

𝑀
∑ 𝑓𝑖(𝑡 − Δ𝜏𝑖)

𝑀
𝑖=1   (1) 

During the evaluation, the individual microphones’ time signals fi(t) are superimposed with a 
time delay ∆τi, corresponding to the time required for the sound wave to travel from the 
measured focus point on the building façade to the microphone. Subsequently, the time-
corrected signals from all microphones are summed and divided by the total number of 
microphones M, yielding a time signal for each focus point. Equation 2 is then used to calculate 
the effective sound pressure �̂�𝑟𝑚𝑠(�⃗�) at the calculated focus point:  
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 �̂�𝑟𝑚𝑠(�⃗�) ≈ �̂�𝑟𝑚𝑠(�⃗�, 𝑛) = √
1

𝑛
∑ 𝑓2(�⃗�, 𝑡𝑘)𝑛−1

𝑘=0   (2) 

where n is the total number of corresponding discrete time samples, and tk is the time value at 
the sample index k. The advantage for various applications using an acoustic camera is the 
visual result, typically overlaid with a visible image of the same scene. For more information 
about the operating principle of the acoustic camera, see Refs. (Kölsch, 2022; Kölsch et al., 
2021; Teutsch, 2007). 
 
A pair of speakers (see Figure 2, left) is situated on one side of the wall (inside), while the 
acoustic camera (see Figure 2, centre) is placed on the other (outside). The high-frequency 
speaker functions in an even frequency range of 15 to 120 kHz, while the low-frequency 
dodecahedron speaker operates from 0.05 to 16 kHz. The stationary setup of the acoustic 
camera and speakers allowed for consistent measurements, with the sound waves penetrating 
through the leaks in the wall, detectable as individual sound sources on the wall’s other side by 
the acoustic camera. A computer-generated white noise signal was emitted inside at a sound 
pressure level of 85 dB for 4 seconds. 
 
The data analysis is carried out with the software NoiseImage (GFaI, 2021), specifically the 
power beamforming option, which enhances image clarity and source representation sharpness. 
While this method disrupts the exact sound pressure levels, it does not critically impact this 
application. 
 
While we were able to reduce the disturbing influence of external sound sources in the past by 
recording reference signals next to the speaker inside the building (Kölsch et al., 2021), we did 
not do so in this study for efficiency and time-saving reasons. 
 
3 METHODOLOGY OF CATEGORISATION 

 
3.1 Evaluation of acoustic measurements 

 
This measurement campaign has shown that sound sources indicating potential leakages, with 
the given equipment, are typically found within the spectral range of 800 Hz to 25 kHz. Within 
this range, there are 16 third-octave frequency bands. In each of these bands, only the highest 
Δ dB of the recorded sound pressure levels (hereafter referred to as sound peaks) are shown 
superimposed on the visual image. The Δ is chosen individually to provide optimal visualization 
for each case.  
 
Since sound peaks can occur at different locations across different frequency bands, thereby 
indicating potential leakages at different locations, it is rarely possible to display all leakages 
simultaneously. Most of the time, a series of images across different frequency bands is needed 
to illustrate the potential leakages in the building envelope. This is exemplified in Figure 3 
using Room 106 (Building D, east façade), where only eight of the 16 examined frequency 
bands are shown. Here, the highest 1.7 dB (Δ = 1.7) sound peaks are displayed for all third-
octave frequency bands. To comprehend the need for illustrating the entire range of frequency 
bands, we consider the peak in the third window from the left. It is only visible at the frequency 
bands 2, 6.3, and 10 kHz. Conversely, the leakage at the lower window frame in the second 
window from the right, is only visible at 2.5, 3.2, 4, 5, and 6.3 kHz. 
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Figure 3: Representation of the results of the acoustic camera using the example of room 106 (building D, east 

facade). The highest 1.7 dB of the sound pressure level in each of the eight third-octave bands from 2 to 10 kHz 
are shown as coloured sound peaks. In the top left corner of each image, the average frequency of the third-

octave band is noted. 

 
Not every sound peak necessarily indicates a leakage; they can also result from sound 
reflections or structure-borne sound like vibrations, causing locally high sound levels. The 
sound peak on the pane of the left window in the 8 kHz example (Figure 3) is clearly located at 
an implausible place for leakage and is more likely caused by a vibration of the pane.  
 
However, in many cases, a visual inspection at the locations of the sound peaks confirmed 
plausible causes for air leakage. An example is shown in Figure 4 (left), where a drilled hole 
from a previously installed window coincided with the position of the sound peak. In some 
rooms, a blower door and a smoke stick were employed, definitely confirming a leakage at the 
position of a sound peak (see Figure 4, right).  
 
Often, however, the cause for a sound peak could not be clearly confirmed due to limited time 
resources. Therefore, these sound peaks required a subjective evaluation in terms of their 
plausibility for being leakage-related, which is further described in the following section. 

2.0 kHz 2.5 kHz 

3.2 kHz 4 kHz 

5 kHz 6.3 kHz 

8 kHz 10 kHz 
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Figure 4: Examples of confirmed plausibility for air leakage as cause for sound peaks in room 106 (building D, 
east facade) 

 
3.2 Categorization of the acoustic signals with regard to a possible leakage 

 
The evaluation of individual peaks across all considered 16 third-octave frequency bands of all 
57 measurements (in total 912 analysed frequency bands) required manual adjustment of the 
signal’s peak Δ value in the software NoiseImage. This adjustment allowed the signal peak to 
be represented as the smallest possible area, thereby identifying the exact position of the source. 
The exact position of the peak is used to evaluate the plausibility of a leak being the cause of 
the sound source at that location. Table 1 describes the four evaluation categories with their 
colour code and scores. 

Table 1: Description of the colour code for the evaluation of acoustic signals and their criteria  

Colour 

Code 

Acoustic 

Assessment 

Score 

Evaluation of 

acoustic signals 
Description of subjective criteria 

 0 very unlikely 
leakage 

Peak of signal is at implausible location (e.g. on a window pane 
or facade panel, or outside the area under consideration) 

 1 unlikely leakage 

Some indications that the signal is probably not caused by a 
leakage (e.g. wide spread shape of the sound source) or  

Peak of signal is at rather implausible location (e.g. close to a 
plausible location but just off the mark)  

 2 likely leakage 
Peak of signal is at plausible location (e.g. joints between 
different materials or roof and wall), or even at particular 
plausible location, but with a much weaker signal. 

 3 very likely 
leakage 

Peak of signal is at a particular plausible location 
(e.g. seals in door and window frames) 

 
Identifying the exact location of the sound peak involves tedious manual work, and the 
assessment of the evaluation category is based on subjective criteria with fluid boundaries. Both 
tasks are time-consuming and susceptible to error, yet. Despite this, the method allows for 
documentation of the assessment in the facade representation using the corresponding colour 
code, as exemplified in Figure 5. Based on this representation, potential leakage locations on 
the facade can be identified for inspection and subsequent sealing if necessary. However, this 
process currently necessitates multiple images for the different third-octave frequency bands. 
 

4 kHz 8 kHz 
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Figure 5: Representation of the evaluation of the sound peaks using the example of a corridor in building D 

with the colour codes of Table 1 for the third-octave bands from 0.8 to 20 kHz. 

 
3.3 Evaluation of the airtightness of individual rooms on the facades 

 
To summarise the evaluation of the airtightness of the individual rooms on the facades, the 
highest colour code assigned in the respective third-octave band is listed in a table (compare 
Table 2). This provides a visual summary indicating the frequency bands where signs of leakage 
were found. 
 
As a quantitative metric for a certain room’s airtightness, the so-called “multi frequency 
assessment score” is introduced. It is calculated as the sum of the “acoustic assessment scores” 
(see Table 1), corresponding to the highest colour codes assigned in each third-octave frequency 
band. This rules for calculation rule are admittedly arbitrary. We considered the possibility of 
weighting scores according to frequency range (e.g., giving less weight to lower frequency 
ranges), but we found no evidence to support this approach. Considering the number of sound 
peaks occurring for each third-octave band, instead of the score of the maximum occurring 
colour code, appeared to be less reproducible. Therefore, we opted for the simplest possible 
definition of the "multi frequency assessment score". 
 
 

0.8 kHz 1 kHz 1.3 kHz 

1.6 kHz 2 kHz 2.5 kHz 

3.2 kHz 4 kHz 5 kHz 

6.3 kHz 8 kHz 10 kHz 

12.5 kHz 16 kHz 20 kHz 
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4 RESULTS AND DISCUSSION  

 
Table 2 to Table 4 provide an overview of the evaluations for the building envelopes of the test 
site, representing all measured rooms/facades of buildings A, D, and E. The colour codes 
correspond to the “acoustic assessment score” (see Table 1), which are cumulatively 
represented in the “multi frequency assessment score”. In the second column, labelled “note”, 
we indicate the compass direction of the façade (if the room has more than one facade), or any 
special features of the measurement, such as detail shots or repetitions. 
 

Table 2: Evaluation of acoustic signals for each measured room in Building D 

 
 

Table 3: Evaluation of acoustic signals for each measured room in Building E 
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Table 4: Evaluation of acoustic signals for each measured room in Building A 

 
 
This overview can be used to assess if the applied acoustic method managed to discern any 
differences among the different buildings. This is reflected both visually in the distribution of 
the colour codes in Table 2 to Table 4 as well as in the frequency distribution shown in Table 
5. As expected, Building D, which is the oldest building and was already identified as 
problematic by the building owner, exhibits the highest values in the "multi frequency 
assessment score". A high score indicates a strong acoustic evidence of leakage and, thus, a 
poor air tightness rating. Table 5 presents the frequency distribution of this numerical 
assessment of facades.  

Table 5: Overall assessment of the acoustic leakage analyses for the three Buildings 

 
 
5 CONCLUSIONS 

 
This measurement campaign, to our knowledge, represents the most extensive field study 
conducted to date on the acoustic determination of airtightness of building envelopes. The 
method was successfully demonstrated on facades of multi-storey buildings of different ages 
and heterogeneous building envelope structures. Potential leaks were localized and visualized 
across large areas, with many of them confirmed as plausible by visual inspection. In selected 
rooms where smoke sticks were employed, some identified leakages were verified. In 
comparison to the well establishes infrared thermography method for visualizing leaks, this 
acoustic method does not rely on temperature or pressure differences across the building 
envelope. 
 
This field study yields valuable insights regarding the practicability, speed, and interpretability 
of the acoustic signals and the broader applicability of the method. The findings suggest that a 
significant number of potential leakages can be detected, confirming the method’s basic 
functionality for large buildings. 
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However, despite these advancements, further research is needed, particularly in interpreting 
the data. Possible developments include greater automation in the assessment of relevant 
leakage locations. This implies the need for systematic laboratory or field investigation with 
known leakages. Factors like wind influence or reflection of other outside sound sources on the 
shifting of acoustic peaks and the interpretation of results should also be accounted for. 
 
Moving forward, we envision further detailed examinations at testing facilities and renovation 
sites. Enhancements to the measurement technology are also projected, such as combining 
infrared thermography with the existing acoustic camera setup to improve leak detection 
reliability. The development of a suitable ultrasonic transmitter is another area for exploration. 
 
The potential of this methodology is significant. Noise reduction through reference signals (like 
done in (Kölsch et al., 2021)), the use of acoustic spectra to infer the type and size of leaks, and 
multi-perspective analysis to rule out reflections are promising future developments. 
Furthermore, visualizing leaks from various third-octave frequency bands in a single image 
could improve the leak-finding process.  
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ABSTRACT 
Due to the minimal energy requirement, the Passivhaus standard has been widely recognised and adopted to deliver 
low carbon buildings. To achieve this standard, the thermal and physical properties of the building envelope have 
to meet a stringent criteria. It has set out the highest requirement for the building airtightness, which requires the 
envelope to achieve an air change rate less than 0.6 h-1 when the building is subject to a pressure difference of 50 
Pa. Building an envelope with such a high level of airtightness can be extremely challenging. However, with 
careful planning and conscientious implementation, the required airtightness can be achieved regardless of the 
construction method. Airtightness measurement plays an important role in the journey of delivering Passivhaus 
standard building as it allows the construction team to quality check its airtightness at the key construction stages 
and ensures its airtightness level meets the predefined target. 
 
Current standard approach for measuring building airtightness is the conventional steady fan pressurisation 
method, which establishes a pressure difference across the envelop by drawing air out of or blowing air into the 
building and measures the corresponding air flow rate to establish the leakage-pressure correlation. Differing from 
this steady-state method by maintaining the building integrity and delivering a dynamic measurement, the novel 
Pulse technique releases compressed air from an air tank into the building over a short period of time and 
simultaneously measures the building and tank pressure responses to achieve the same purpose but at low 
pressures. Alongside the steady method, the Pulse technique has been used to measure the airtightness of 11 
Passivhaus standard properties to understand its feasibility in measuring highly airtight buildings.  The results 
show that measured airtightness ranged from 0.29 m3/h/m2 @50Pa to 1.19m3/h/m2 @50Pa. The average difference 
between the two methods at 4Pa is 0.0003 m3/h/m2 @4Pa (11%) and 0.12 m3/h/m2 @50Pa (18%) at 50Pa when 
using the Power Law as a means of extrapolation. 
 

KEYWORDS 
Passivhaus; Airtightness; Steady fan pressurisation; Low pressure Pulse technique  
 
1 INTRODUCTION 

 
The pulse technique measures the building airtightness at low pressures by releasing a known 
volume of air into the test building over 1.5 seconds from an air tank (Cooper et al, 2020). This 
in turn creates an instant pressure rise within the test building which is then followed by a steady 
pressure drop where the pressure variations in both the building and tank are monitored and 
used for establishing a correlation between leakage and pressure. The method used for the 
adjustment, which accounts for changes in background pressure, is achieved by deducting 
background pressure from the raw data.  
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A typical pulse test measurement is shown in Figure 1. The readings of building pressure consist 
of three key stages; background pressure before the pulse, pressure variation during a quasi-
steady period (where the percentage of unsteady flow caused by flow inertia is negligible), 
followed by background pressures after the pulse. In a standard pulse setting, the solenoid valve 
opens after sampling the background room pressure for 2s, releasing compressed air from the 
air tank into the test building for 1.5 seconds, closing again at 3.5s. This Pulse setting allows a 
similar pulse shape to be obtained in most domestic buildings (typically with airtightness levels 
>1.5 m3/h/m2 @50pa). 
 

 
Figure 1: A typical pulse test by a pulse unit with 60 l tank (tank pressure measured in bar, building pressure in 

Pa) [Cooper et al, 2019] 

 
When testing much more airtight dwellings, such as Passivhaus standard buildings, the pulse 
shape formed is different from that shown in Figure 1.  It is seen that either the test property 
over-pressurises and saturates the room pressure sensor (±25Pa range) or there is a delay in the 
pulse peak leading to insufficient recording of the quasi-steady period in a standard pulse test 
setting. Figure 2 shows two typical examples of Pulse shapes experienced in highly airtight 
buildings.  
 

  
Figure 2: Example of unsuccessful pulse tests in highly airtight dwellings 

 
The pulse shapes formed in each of the above tests are very different from that shown in Figure 
1. In all such cases, we note it takes longer for the pressure pulse to reach the peak point with 
the rate of decay also becoming much more drawn out. This variation in shape is what has 
caused calculation failures for very airtight dwellings in early versions of the Pulse technology; 
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with timings becoming out of sync and the crucial ‘quasi-steady’ part of the measurement 
process not reliably captured.  Acknowledging that this issue limits the operating range of the 
technology and would preclude the use of Pulse in Passivhaus buildings.  
 
With a considerable body of data now at our disposal from our earlier field trials, an assessment 
of the impact of any proposed changes was able to be evaluated prior to undertaking any further 
field trial work. The two main changes made to the Pulse measurement device as a result of our 
investigations have been as follows: 
 
• Air receiver volume and air outlet nozzle orifice 

A major hardware change based on the field trial data has been to reduce the size of the 
air receiver and to constrain outlet flow by fitting it with a reduced sized outlet nozzle. 
This has the effect of creating a similar flow regime to the original 60 litre air receiver 
unit but simply reduces the overall capacity. This in turn makes the unit physically smaller 
and quicker to charge whilst also improving performance in the lower pressure range 
without considerably compromising the upper range. Conversely, where Pulse was found 
to be out of range in more leaky properties, two 60 litre tanks (120L) would often be 
excessive and thus two 40 litre tanks (80L) also provides a good balance at this upper 
end, with further air receivers able to be added as required with no upper limit. 
 

• Valve opening time made adjustable 
The second major change has been for the software to now enable a user adjustable valve 
opening duration. Much in the same way that a blower door fan operative may constrain 
flow by adding orifice plates to restrict the fan flow, a user of the Pulse system may now 
prolong the valve open period to ensure that a wider range of flowrate and Pulse shape is 
created. The logic here is that with the valve open for longer, the room pressure sampling 
duration is prolonged whilst the air flow rate of the Pulse itself also spans a wider range. 
Our revised user guidance is that standard Pulse valve open duration should be 1.5s for 
properties with a design airtightness of greater than 2 m3/h/m2 @50pa and for a 4 second 
valve opening recommended when testing properties with a design air tightness of less 
than 2 m3/h/m2 @50pa. 

 
With each of these changes assessed, next was to build an updated test unit and to evaluate the 
performance of the updated solutions across a range of airtight dwellings. For this exercise we 
specifically sought certified Passivhaus dwellings wherever possible. 
 
2 METHODOLOGY  

 
A total of 11 properties have been tested over the period October 2019 to January 2020 with a 
measured airtightness range of 0.48ACH @50Pa to 1.27ACH @50Pa (or 0.07ACH @4Pa to 
0.38ACH @4Pa) and building volume ranging from 94m3 to 637 m3. Here we specifically 
sought to measure as wide a range of property types as possible, ranging from new build 
certified Passivhaus properties through to Enerphit retrofits. 
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Figure 3: MVHR inlet and exhaust sealed both internally and externally 

 
Each of the properties were prepared according to the building preparation method 2 in BS EN 
ISO 9972 (BS EN ISO 9972), i.e. all intentional openings were sealed, the doors and windows 
closed, traps filled. Mechanical ventilation with heat recovery unit is switched off and sealed 
with care, as shown in Figure 3. 
During the blower door testing, the junction where the blower door frame and door frame meet 
was also sealed up using airtight tapes to minimize any leakage around the blower door unit 
itself, as shown in Figure 4; a problem experienced in past lab-based testing of very airtight 
enclosures where agreement between the fan method and Pulse was being investigated (Zheng 
et al, 2022). 
 

  

Figure 4: Blower door fan setup in a doorway and taped from inside 

 

  
Complete 40L Pulse setup  Window mounted blower door  

Figure 5: Blower door fan setup in window opening 

 
Once set, a blower door fan test was first carried out by a qualified test engineer in both 
pressurisation and depressurisation mode. The door fan was then packed away and pulse tests 
using the latest hardware and software configuration were carried out immediately afterwards 
in each property under the same building preparation. However, some of the buildings were 
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tested using a window-mounted blower door unit by another onsite test engineer where the 
pulse test was performed with the blower door unit installed to minimise the envelope difference 
caused by the unit installation, as shown in Figure 5. 
 

Table 1: Summary of tested dwellings 

Property 

ID 
Type Envelope 

area (m2) 
Volume 

(m3) 
Setup Notes 

001 Detached house 374 450 

Fan mounted in canvas in the 
doorway, frame taped 

002 Detached house 681 636.6 
003 Detached 

studio 
138 94 

004 3-storey 
terraced house 

344.4 360.6 

005 2-storey 
terraced house 

244.4 186 

006 3-storey 
terraced house 

344.4 322.5 

007 Flat 222.2 182.8 Carried out whilst door fan remained 
mounted in place of the window 

008 Flat 213.4 125 Fan mounted in fixed panel within 
window opening and taped  009 Flat 123.2 138.3 

010 Flat 116.8 123.3 Carried out whilst door fan remained 
mounted in place of the window 

011 0 344.2 322.5 Fan mounted in canvas in the 
doorway, frame taped 

 
For the purposes of this report, all results are presented as volume of air leakage per hour per 
m2 of floor area (m3/h/m2). This is in contrary to Passivhaus conventions where results are 
more commonly reported on the basis of volume of air leakage per hour per m3 of building 
volume (ACH). The differences between the test methods reported herein are however 
relative and apply regardless of the result being cited as Air Permeability (AP) or Air Change 
per Hour (ACH). The main findings from the testing may be summarised as follows: 
 

Table 2: Pulse results at 4Pa compared to blower door fan results extrapolated down to 4Pa: 

Property ID N4 (BDT) N4 (Pulse) N4 Difference N4 Percentage 

Difference 

001 0.11 0.09 0.02 27% 
002 0.14 0.13 0.01 3% 
003 0.11 0.10 0.01 10% 
004 0.13 0.20 -0.07 33% 
005 0.05 0.06 0.01 7% 
006 0.12 0.14 -0.01 10% 
007 0.08 0.09 -0.01 9% 
008 0.04 0.05 0.01 7% 
009 0.11 0.11 0.00 2% 
010 0.11 0.11 0.00 0% 
011 0.36 0.31 0.05 17% 
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Here, the Pulse device results are presented based on an air leakage measurement directly at 
4Pa with the Power Law used to extrapolate a 50Pa door fan result to estimate what its leakage 
measure would have been if run at the same 4Pa pressure difference. The average difference 
across the dataset between the blower door fan technique and Pulse is -0.0003 m3/h/m2 @4Pa. 
In absolute percentage terms this equates to 11% which is broadly in line with expectation given 
the ISO 9972: 2015 declared measurement uncertainty of the fan method ±10%, Pulse 
measurement uncertainty at ±5% and the further uncertainty associated with Power Law 
extrapolation. 
Overall, the agreement between the two methods at low pressure is encouraging, especially 
given the challenge of sealing the fan method in an opening to a level comparable to that of the 
opening itself being closed (as it is for Pulse testing). This strong level of agreement is thought 
to be largely down to our specific attempts to take blower door fan leakage measurements across 
as wide a pressure range as possible to minimise extrapolation uncertainty. For instance, most 
of our fan results tested down to as low as 15-20pa, minimising the level of extrapolation 
required.  
Of the notable outliers, property 004, goes to highlight that extrapolation isn’t without its 
challenges. Here, the blower door fan pressurisation and depressurisation curves are on different 
paths, thus making the extrapolation down to 4Pa unreliable.  
 

 
Figure 6: Property 004 blower door fan test power law extrapolation, with poor agreement between the 

pressurisation and depressurisation curves 

 
Table 3: Blower door fan results at 50Pa compared with Pulse results extrapolated up to 50Pa 

Property ID N50 (BDT) N50 (Pulse) N50 Difference N50 Percentage 
Difference 

001 0.57 0.74 -0.17 22% 
002 0.80 1.34 -0.55 41% 
003 0.78 0.66 0.12 18% 
004 0.73 0.82 -0.08 10% 
005 0.45 0.50 -0.05 10% 
006 0.78 0.74 0.04 6% 
007 0.46 0.56 -0.10 17% 
008 0.29 0.40 -0.11 28% 
009 0.67 0.63 0.04 6% 
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010 0.65 0.80 -0.14 18% 
011 1.19 1.53 -0.33 22% 

 
In the above table, the blower door has been used to measure the air leakage directly at 50Pa 
and the Power Law has been used to extrapolate a 4Pa Pulse result to estimate what its leakage 
measure would have been if run at the same 50Pa pressure difference. The average difference 
across the dataset between the blower door fan technique and Pulse is -0.12 m3/h/m2 @50Pa. In 
absolute percentage terms this equates to 18% which again is broadly in line with expectation 
given the measurement uncertainty of the fan method ±10%, Pulse measurement uncertainty of 
±5% and the uncertainty associated with Power Law extrapolation.  
Note how the agreement between the two methods is notably worse when extrapolating in this 
upward direction. This is largely because there is absence of a known point at the high-pressure 
end for the leakage curve to follow while the origin provides a known point for the leakage-
pressure curve to follow when extrapolation is done the other way around [Zheng et al, 2022]. 
There is also hydraulic dissimilarity between low pressure and high pressure, whereby it is 
widely recognised that n exponent values measured at low pressure and high pressure can be 
notably different, thus further compounding the uncertainties. 
What is also particularly notable in the above table is the lack of a clear linear relationship 
between the results i.e. the fan method sometimes measuring the building to be more leaky, 
sometimes not. Factors beyond just extrapolation which can cause such uncertainty includes: 

- Mounting of the blower door fan itself causing a door or window to potentially provide 
more or less leakage than the actual closed unit. In all of our test cases, the fan frame 
was actively sealed in place of a window or door opening in order to try to minimise this 
variation between its results and the Pulse test. 

- Changes in weather conditions when conducting the comparative tests, particularly wind. 
- Unreliable or inconsistent seating of window and door seals, especially in test scenarios 

where operatives were coming and going as part of the testing works. This was a 
particular issue with case P001 where all results are valid and repeatable but there is 
weak agreement between the two techniques. 

 
Table 4: Blower door fan results at 50Pa: 

Property ID AP50 (BDT 
Pressurisation) 

AP50 (BDT 
Depressurisation) 

BDT 
Difference 

BDT Percentage 
Difference 

001 0.54 0.60 -0.06 11% 
002 0.84 0.75 0.09 11% 
003 0.75 0.81 -0.06 8% 
004 0.86 0.61 0.24 28% 
005 0.47 0.44 0.04 8% 
006 0.83 0.73 0.10 12% 
007 0.45 0.47 -0.02 5% 
008 0.30 0.27 0.03 10% 
009 0.66 0.68 -0.02 3% 
010 0.67 0.64 0.04 5% 
011 1.11 1.27 -0.16 14% 

 
Although limited repeat-testing was conducted across the test properties due to time constraints, 
blower door fan testing was carried out in both pressurisation and depressurisation mode for all 
properties as required under standard Passivhaus conventions. Whilst neither the UK Building 
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Regulations nor the referenced approved procedure stipulate which mode is to be used for 
compliance reporting purposes, it is widely acknowledged that there can be variation between 
the two approaches for a wide range of reasons. Across these particular highly airtight 11 test 
cases, the average difference between the blower door fan pressurisation and depressurisation 
tests is 0.02 m3/h/m2 @50Pa. In absolute percentage terms this equates to 11% which is similar 
to the level of agreement seen between the two different test techniques and is again very close 
to expected levels of measurement uncertainty cited by the ISO 9972: 2015 standard. The 
closest match between both modes was 3% and biggest discrepancy was 28%.  This isn’t to 
discredit the fan method, rather to simply highlight that when working to measure such fine 
margins, even the established incumbent method has a level of associated uncertainty before 
further compounding with extrapolation. 
 
3 CONCLUSIONS 

 
Overall, the revised and updated Pulse unit has been tested across 11 very airtight dwellings, 
demonstrating an ability to reliably measure such properties just as effectively as the incumbent 
fan-based technique. There are however an inevitable number of challenges associated with 
working at this extreme end of the airtightness spectrum, especially when trying to compare 
methods whereby neither measure directly at the same pressure difference and where the fan 
technique must penetrate the envelope as part of the test procedure. Nevertheless, the average 
difference between the two methods at 4Pa is 0.0003 m3/h/m2 @4Pa (11%) and 0.12 m3/h/m2 

@50Pa (18%) at 50Pa. Therefore, it seems reasonable to make the following conclusions: 
- Pulse can measure very airtight dwellings just as reliably as the steady fan technique.  
- Contrary to the previous BTS field trial-based recommendation of using a fixed 

conversion factor of 5.3 to convert a Pulse 4Pa result to a 50Pa air leakage value (Zheng 
and Cooper et al, 2019), this testing of very airtight dwellings illustrates how use of such 
a single number is not reliable across the full spectrum of buildings. The same applies to 
the divide-by-20 rule applied to all blower door fan results, as previously reported. Our 
recommendation having now conducted these additional tests is that the power law 
equation as detailed in the proposed updated TM23 document is used for all extrapolation 
purposes.   

- Measurement of very airtight buildings is fraught with challenges, regardless of the 
measurement method being used. As ATTMA have already demonstrated with its TSL4 
guidance document, expert preparation, specialist equipment and perfect conditions are 
all required in order to get a remotely reasonable assessment of air leakage from the 
technologies available on the market today. This, we believe, should be recognised by 
UK Government by continuing to support innovation in this field and by encouraging 
the development of further guidance and best practice. 
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ABSTRACT 
 
Airtightness is presented through various expression according to the standards and measurement methods of each 
country. To compare the airtightness of buildings of different sizes, ACH50 and air permeability are mainly used 
to express the airtightness. 
ACH50 and air permeability are airtightness expression methods calculated by dividing air flow into volume and 
surface area, respectively. As the size of a building increases, the airtightness value tends to decrease. However, 
the rate of change of ACH50 and air permeability according to the size of the building appears different, and it is 
necessary to compare the airtightness with an appropriate expression considering the characteristics of the 
building. 
In this study, to analyze the correlation between ACH50 and air permeability according to the characteristics of 
the building, airtightness measurement data in multi-unit residential buildings were analyzed. The measurement 
target was a residential building built with the same construction method, and it was divided into three cases of 
small, medium, and large sizes, and 24 units were measured for each case.  
As a result, the s/v ratio of the large floor area was 1, but the s/v ratio of the small floor area was 1.1. The S/V ratio 
tends to decrease as the floor area increases, and the area of the target building showed an s/v ratio close to 1, 
ranging from 1.02 to 1.11. This means that the larger the floor area, the smaller the effect of the airtightness 
expression. In the case of a small floor area, since the change in the value of ACH50 is relatively large, it is 
necessary to consider setting detailed standard for ACH50 according to the floor area. When the area is decreased 
to less than 100 m2 or increased to more than 200 m2, the change rate value is significantly different from 0.8 to 
1.5, so it is necessary to evaluate the airtightness results considering the s/v ratio change rate by floor area. 
 

KEYWORDS 
 
ACH50, Air permeability, floor area, s/v ratio, Correlation 
 
1 INTRODUCTION 

 
Airtightness are presented through various expressions according to the standards and 
measurement methods of each country to compare the airtightness of buildings of different 
sizes.  
Airtightness in a building is expressed as the air leakage rate for the area and volume of a 
building at a reference pressure difference, and is mainly expressed as ACH50, air permeability. 
ACH50 and air permeability are airtightness expressions calculated by dividing the air leakage 
rate by the volume and the envelope area, respectively. They are values calculated using 
dimensions such as airflow rate, volume, area, they can be converted to each other.  
Due to the characteristics of the area and volume used in the two expressions, the rate of 
change of ACH50 and air permeability according to the size of the building appears different. 
In particular, the larger the size of the building, the larger the difference occurs. In small-sized 
buildings, ACH50 and air permeability are almost the same (AIRAH, 2017; Kyung-Hwan, J 
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et al., 2016), but in large-sized buildings, ACH50 expressed by volume is lower than air 
permeability, which seems to indicate tighter air tightness. 
In this study, to analyze the correlation between ACH50 and air permeability, airtightness 
measurements were conducted on residential houses with the same construction technique in 
Korea, and correlations were derived by analyzing airtightness measurement data according to 
floor area. 
 
2 AIRTIGHTNESS EXPRESSION 

 
2.1 Airtightness expression according to the building geometry 

 
Airtightness is expressed in various ways depending on the reference pressure difference and 
building geometry. To compare airtightness in buildings of different shapes and sizes, the 
airflow rate is divided into envelope area, volume, and floor area. 
ACH50 and air permeability are commonly used airtightness expressions around the world. Air 
change rate (ACH50) is the air leakage rate (m3/h) at 50Pa divided by the volume (m3) of the 
building. Air permeability is the air leakage rate (m3/h) at 50Pa divided by the envelope area 
(m2) of the building. ACH50 indicates how many times the air in a room is leak out when a 
pressure of 50 Pa is applied to the building envelope, also expressed as n50. Air Permeability 
refers to the amount of leakage through the building envelope and is also represented by q50 ( 
ISO9972, 2015). 
 
2.2 Features of ACH50 and Air permeability 

 
ACH50 and air permeability are expressed as volume and envelope area divided by the same 
airflow rate, respectively. Due to the characteristics of area increasing as a square and volume 
increasing as a cube, differences occur as the size of the building increases (Figure 1). Figure 
2 shows the variation of the s/v ratio as dimension increases. For example, if the shape of a 
building is assumed to be a cube, a cube with a length of 1 has an s/v ratio of 6, which means 
that the area is much larger than the volume, but at a length of 6, the envelope area and the 
volume become equal, and exceeds 6, the s/v ratio becomes less than 1, which means that the 
volume appears larger. The envelope area and volume of a small building are approximately 
the same, so the s/v ratio for small building appears to be close to 1 (AIRAH, 2017; Kyung-
Hwan, J et al., 2016). However, since the s/v ratio decreases as the size of the building 
increases, converting ACH50 and air permeability to the same ratio will cause a difference 
from the actual value, so it is necessary to evaluate the result by considering the correlation 
between the two expressions. 
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Figure 1: Area and volume change with dimensions 

 

Figure 2: S/V ratio by dimension 
 

3 FIELD MEASUREMENT OF AIRTIGHTNESS IN RESIDENTIAL BUILDINGS 

 
3.1 Descriptions of residential buildings 

 
The target building is a residential building in South Korea, constructed of reinforced concrete 
and completed in 2017. 274 units were measured and classified into small, medium, and large 
types according to floor area for analysis. To utilize the same number of data, we used 24 data 
points determined by random sampling. An overview of the target building is shown in Table 
1.  
 

Table 1: Descriptions of residential buildings 

Classification Small type Medium type Large type 

Building site Incheon, South Korea 
Construction Reinforced concrete structure, Flat slab 
Building use Multi-unit dwelling 
Number of stories 2 Basements, 42~44 stories 
Number of test unit 24 24 24 
Floor area(m2) 101.76 ~ 102.21 134.56 ~ 137.56 173.18 

 
3.2 Airtightness results according to the floor area 

 
Airtightness is measured according to ISO 9972, and ACH50 and air permeability are calculated 
from the airflow rate (Q) at 50Pa, the volume (V) of the unit, and the envelope area (S) of the 
unit. As shown in Figure 3, the ACH50(1/h) for the small type ranged from 1.49 to 3.32, with 
an average of 2.42. The ACH50 for the medium type ranged from 1.31 to 2.77, with an average 
of 1.79.  The ACH50 of large type ranged from 0.87 to 2.37, with an average of 1.58. As shown 
in Figure 4, the air permeability(m3/h·m2) of the small type was measured between 1.32 and 
3.07, with an average of 2.19. The air permeability of the medium type ranged from 1.24 to 
2.63, with an average of 1.70. The air permeability of the large type ranged from 0.86 to 2.33, 
with an average of 1.56. 
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Figure 3: ACH50 by floor area 

 
Figure 4: Air permeability by floor area 

 
For both ACH50 and air permeability, the large type had the lowest values, with values 
decreasing as the floor area increased (Figure 5). When comparing the rate of change of ACH50 
and air permeability according to floor area, the change of ACH50 is more rapid, and the 
difference is more noticeable for small. The difference between AHC50 and air permeability 
for each floor area was 11% for the small type, 5% for the medium type, and 2% for the large 
type. The small type has a higher airtightness value than the other two types, which is due to 
the relatively small volume and envelope area of the small type, although the Q of the small 
and medium types are similar. 
 

 
Figure 5: Change rate of ACH50 and air permeability by floor area 

 
4 CORRELATION ANALYSIS BETWEEN ACH50 AND AIR PERMEABILITY  

 
4.1 Correlation of ACH50 and Air permeability 

 
To analyze the correlation between the two variables, ACH50 and air permeability, a scatter 
plot was used to analyze the correlation. ACH50 and air permeability are linearly related, with 
correlation coefficients of 0.99 for small type, 1.00 for medium type, and 1.00 for large type, 
indicating a strong positive correlation (Figure 6). 
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Figure 6: Correlation of ACH50 and air permeability 

4.2 Analysis of ACH50 and Air permeability by floor area 

 
ACH50 and air permeability are calculated as airflow rate divided by volume and envelope area, 
and the ratio of ACH50 to air permeability is equivalent to the s/v ratio, which is surface area 
divided by volume. As the floor area increases, the floor area ratio tends to decrease, which is 
shown in Figure 2 because the volume increases more rapidly than the area above a certain 
dimension. The average s/v ratio for small is 1.11, medium is 1.05, and large is 1.02, with ratios 
closer to 1 as the floor area increases (Figure 7). 
 

 
Figure 7: s/v ratio by floor area 

 

To identify the changes in ACH50 and air permeability according to the floor area, we analyzed 
the s/v ratio according to the floor area (Figure 8). Assuming a hexahedron, the height was fixed 
at 3 meters for residential buildings, and the floor area ranged from 50m2 to 1000m2. We 
considered three different floor types: 1:1, 1:2, and 1:5. 
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Figure 8: Change rate of s/v ratio by floor area 

 
The s/v ratio tended to decrease as the floor area increased, with the closer to square the lower 
the ratio. The s/v ratio ranged from 1.23 to 1.43 for 50m2 and 0.79 to 0.84 for 1000m2, with a 
ratio of 1 between 100m2 and 200m2. The data applied to the residential building does not have 
a wide range of floor area, so the change of ACH50 and air permeability ratio, which have the 
same meaning as s/v ratio, shows a value like 1. When the area is decreased to less than 100 m2 
or increased to more than 200 m2, the change rate value is significantly different from 0.8 to 
1.5, so it is necessary to evaluate the airtightness results considering the s/v ratio change rate 
by floor area.  
 

5 CONCLUSIONS 

 
This study analyzed the correlation between ACH50 and air permeability, which is used to 
compare the airtightness of buildings of different sizes. ACH50 and air permeability were 
analyzed by classifying the measured data of residential buildings into small, medium, and large 
according to floor area. ACH50 and air permeability showed a strong positive correlation with 
the s/v ratio tending to decrease as the floor area increased, with the closer to the square shape 
showing a lower ratio. 
The s/v ratio will have a value greater than 1 when the floor area is less than 100 m2 and a value 
less than 1 when it is greater than 200 m2. The area range in the target building is between 
100m2 and 200m2, and the s/v ratio of the large type is closer to 1, but this is due to the small 
floor area of the target building, and it is necessary to consider the relationship between floor 
area and s/v ratio when converting the two expressions to evaluate the actual airtightness. 
ACH50 is an expression of airtightness expressed by volume, and as the size of the building 
increases, it is more affected by volume, and the airtightness value changes more rapidly 
compared to air permeability and seems to have a better quality of airtightness. However, since 
airtightness is related to the flow of leakage rate through the envelope, the openings caused by 
each component present in the envelope must be considered. Therefore, it is more reasonable 
to evaluate the airtightness by air permeability, which has a smoother change in airtightness 
value and can consider the effect of leakage rate through the envelope. In this study, the 
correlation between envelope area and volume was considered to evaluate the airtightness 
according to the floor area, and further consideration of each component that affects the airflow 
rate required for airtightness evaluation is needed. 
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ABSTRACT 

 

The need for airtightness control is a reality given its impact on buildings’ energy use and IAQ. For the past few 
years, this fact has resulted in energy performance regulations being established in many countries in Europe and 
North America. However, compliance proof is not always required, and on-site testing is often avoided. In this 
sense, predictive models have become useful in the decision-making process and to estimate input values in energy 
performance simulation tools. In Spain, maximum envelope permeability values were introduced recently, but 
pressurization tests rarely undergo. The most common approach to prove compliance is by means of reference 
values, which were proved to be inaccurate. This paper presents a predictive model for airtightness, which offers 
an alternative procedure for airtightness estimation. The model was developed from an airtightness database which 
included a representative sample of the residential building stock in Spain. A General Linear Model was considered 
to assess significant variables related to the climate zone, the age of the building, typology, building state, 
construction system, and dimensions. As a result, a predictive model that explains 42.9% of the variability of the 
response is presented, containing 12 main effects and 2 interactions. Overall, even if some limitations were 
identified, the relevance of the model proposed is warranted from the statistical point of view by the significance 
of the coefficients and the validity of its residual analysis. 

 

KEYWORDS 

predictive model; airtightness; blowerdoor; dwellings; database; statistical analysis  

  
1 INTRODUCTION 

The evaluation of airtightness is crucial for determining the energy performance of buildings 
and setting priorities for retrofitting strategies since airtightness is the main building 
characteristic that affects air infiltration (Dick 1950; Shaw 1907; Sherman and Chan 2004). 
This entails not only measuring airtightness but also detecting sources of leakage and the 
variables that affect overall performance. 
When large datasets are available, statistical relationships among the variables can be 
determined and tools to analytically estimate the airtightness level from building 
characteristics can be developed. Predictive models are helpful to consider airtightness in 
energy performance (EP) simulation tools with the aim of controlling costs and time in the 
decision-making process before building construction or retrofitting actions.  
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The interest in approaches to analytically quantify airtightness has grown significantly 
(Bramiana, Entrop, and Halman 2016; Chan, Joh, and Sherman 2013; Khemet and Richman 
2018, 2021; Krstić et al. 2014; Mcwilliams and Jung 2006; Pan 2010) despite the fact that 
airtightness estimation cannot substitute on-site testing (Relander, Holøs, and Thue 2012). 
The aforementioned models were created using built stocks with regionally distinct 
construction typologies, features, and configurations. This seems to be a shortcoming that 
prevents airtightness predictive models from being easily reproducible or exported to different 
contexts. This is also the scenario in Spain since previous predictive models (Fernández-
Ag. era et al. 2016, 2019; Ibanez-Puy and Alonso 2019; Montoya et al. 2010) focused on 
specific regions and typologies. 
1.1 Context in Spain 

Spain and other Mediterranean countries with mild climates have only recently raised 
awareness for airtightness control. This can be explained given the traditional role of air 
infiltration as a source of air renewal in dwellings without controlled ventilation systems. 
However, the scenario has changed for the past few years, and the need for energy-efficient 
buildings led to mandatory controlled ventilation systems and airtightness control. 
In 2019, regulations (CTE) introduced for the first time whole envelope airtightness limits 
depending on the volume-envelope area ratio of the dwelling (Ministerio de Fomento. 
Gobierno de España 2019). This requirement is only applicable for new and retrofitted 
dwellings for private use with a floor area greater than 120 𝑚2. To prove compliance, 
pressurization tests can be performed, but reference values can also be used. The airtightness 
result obtained by either method is then introduced in the official EP calculation tool 
LIDER/CALENER (HULC) in order to verify the requirements established by regulations. 
In reality, designers and practitioners typically prefer the analytical approach, and tests rarely 
undergo. Therefore, accurate estimation turns crucial. In this sense, a comparison of the 
results obtained from the analytical approach were compared to values obtained from 
pressurization tests performed in a representative sample of existing dwellings (382 
observations). The model suitability was evaluated by means of a correlation analysis (Poza-
Casado et al. 2022). A lack of linear association between the values of the CTE model and the 
test values was found concluding that the analytical approach is unsuitable to estimate the 
airtightness of existing dwellings. 
Even though on-site testing is the only reliable method to determine airtightness, a precise 
estimate is key to address accurate energy performance calculation, as well as to set priorities 
and choose strategies for building design and renovation of existing buildings. 
The authors developed a predictive model from representative experimental data to estimate 
the level of airtightness of the built stock in Spain (Poza-Casado et al. 2022). This approach is 
applicable at a national level and aims at understanding the factors that most impact 
airtightness in dwellings. This paper presents an adjusted model based on it, which introduces 
new significant variables and improves the variability of the response. 
2 METHODS  

2.1 Sample and airtightness testing 

For the development of the model proposed, the INFILES national airtightness database 
(Feijó-Muñoz et al. 2019) was used. The database included existing dwellings, which were 
considered representative of the national residential built stock. Each case was tested and fully 
characterised including identification information, configuration, construction of the 
envelope, and building systems. The airtightness of the cases assessed was measured by 

Peer Reviewed Paper

80 | P a g e



means of fan pressurisation tests, commonly known as blower-door tests, according to the 
International Standard ISO 9972 (ISO 2015). 
2.2 Statistical model development 

A General Linear Model (GLM) was considered as in Equation (1). In this way, categorical 
and quantitative variables with significant influence on the response variable were included. 
Both the main effects of the explanatory variables and first-order interactions among them 
were assessed.  

 
 𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖

𝑝

𝑖=1

+ ∑ 𝜏𝑖𝑗(𝑋𝑖𝑋𝑗)

𝑖<𝑗

+ 𝜀 (1) 

where: Y is the response variable to be predicted, Xi with i=1,…,p are the explanatory variables, i are the main effects of 

the explanatory variables on the response, ij are the first-order interactions among variables Xi and Xj, and  are the 
random independent homoscedastic normal perturbations. For the qualitative explanatory variables, the usual 

decomposition in dummy indicator variables has been considered. 

Outlier detection and elimination were performed and then a stepwise procedure was 
considered. This procedure starts with the model containing all variables and then an iterative 
procedure is performed ensuring that all variables in the final model are significant. Residual 
analyses were also performed at each step to check the GLM assumptions of linearity, 
homoscedasticity, independence and normality. 

Due to the asymmetry exposed by n50 (Poza-Casado et al. 2022:7–8)., we considered log(n50) 
as response variable Y in model (1). As for possible explanatory variables Xi to be included in 
the predictive model, variables related to location, age of the building, building typology, 
state, building systems, and dimensions were considered. First-order interactions among these 
variables were also considered. Table 1 contains a list of the variables initially considered, 
detailing which ones had a significant impact on the response variable. These significant 
variables are fully described below. 

Table 1: Variables considered classified according to their type and their significance in the GLM model. 
Variables marked with * were introduced in the improved model. 

Type of variable Variables in the final model Variables dismissed in the final 

model 

Location Climate zone (CTE) City 
Winter severity climate 
Summer severity climate 
Simplified climate zone 

Age of the building Period of construction Year of construction 
Decades of construction  
Applied regulations  

Type of building Typology 
Number of bathrooms* 

Position within the building 
Height 
Number of floors 
Property developer 
Number of rooms 
Layout of the floorplan 

Building state Retrofitting state Improvement of thermal bridges 
Identified cracks 
Closed balconies 
Integrated balconies 
Kitchen refurbishment 
Bathroom refurbishment 
Improvement of the envelope 

Building system False ceiling Envelope layer composition 
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Window permeability 
Window material 
Shutter position 
Heating system* 
 

Outer cladding 
Insulation of the envelope 
Air chamber 
Windows opening system 
Double window 
Shutter type 
Partitioning system 
Cooling system 
Ventilation system 
Adventitious openings 
Ductwork 
Kitchen hood exhaust 

Dimensions Share of windows 
Share of opaque envelope 
 

Floor area 
Volume 
Envelope area 
Compacity 
Ceiling height 
Share of wet rooms 
Windows joint length 
Window area 
Share of joint length 

The relationship among variables and significance of the assessed variables on airtightness 
results were addressed through statistical analysis. The following variables were significant 
and, therefore, considered in the model proposed: 

- Climate zone: climate was considered according to DB HE1 (Ministerio de Fomento. Gobierno 
de España 2019) regarding winter (zones A to E and α and summer severity (1-4). Climate 
severity combines degree-days and solar radiation in each location. From the international 
perspective, these zones would have the following equivalence in the Köppen-Geiger climate 
classification (Agencia Estatal de Meteorología (AEMET) 2011): A3 = Csa, B4 = BSk-Csa, C1 
= Csb-Cfb, C2 = Csa, C3 = BSk, D2 = Csb, α3 = BSh. 

- Period of construction: the age of the building is related to Energy Performance Regulations 
(EPR) over time. This fact was assessed by considering cases built before and after the first 
national regulations that established measures related to energy performance were implemented 
in 1980 (Ministerio de Obras Públicas y Urbanismo. Gobierno de España 1979). 

- Typology: dwellings were classified as single-family or multi-family buildings given the impact 
that different construction systems and envelope features may entail. This variable is key in 
Spain, where multi-family housing prevails. 

- Number of bathrooms: this variable considers the number of bathrooms of the dwelling, which 
are often associated with pipes and systems with an impact on the airtightness of wet rooms. 

- Retrofitting estate: dwellings tested could be in their original state, or the envelope could have 
been retrofitted by their owners to a variable extent (windows replacement, external/internal 
insulation layer, etc.). 

- False ceiling: the presence of this element can lead to the concealment of construction 
imperfections and, thus, leakages. A simplified characterisation was addressed considering 
dwellings with no false ceiling (FC0), dwellings with false ceiling only in corridor, kitchen and 
bathroom (FC1), and dwellings with false ceiling in all the rooms (FC2). 

- Window permeability: the air permeability of windows was assessed according to UNE-EN 
12207 (AENOR 2017) and classified as Class 0 (not tested windows), Class 1 (up to 50 
𝑚3 ℎ 𝑚2⁄ ), Class 2 (up to 27 𝑚3 ℎ 𝑚2⁄ ), Class 3 (up to 9 𝑚3 ℎ 𝑚2⁄ ), or Class 4 (up to 3 
𝑚3 ℎ 𝑚2⁄ ). It must be noted, though, that this information was not always available and could 
be just estimated from visual inspection. 
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- Window material: the impact of window frame material was considered (aluminium, PVC, 
wood, steel). The most representative material was considered when more than one type of 
window was found. 

- Shutter position:  shutters are widely used in Spain, and they have an important impact on the 
envelope airtightness since they constitute a discontinuity of the envelope. Rolling shutters were 
classified regarding their position: non-integrated shutters, external shutters, internal shutters, 
and no shutters, according to Figure 1. The most common solution is external shutters integrated 
into the inner layer of the envelope, whereas non-integrated shutters make reference to cases 
that originally had no shutter, and it is added constituting no additional leakages. 

P.01 P.02 P.03 P.04 

    
Non-integrated Internal External No shutter 

Figure 1: Shutter position classification. 

- Heating system: this variable refers to the way in which the dwelling is heated, considering no 
heating system, heating units (e.g. radiators), underfloor heating, ducts, or other systems.  

- Share of windows: it is the sum of the area of doors and windows related to the total envelope 
area. This parameter is closely related to 𝐴ℎ in the model proposed by Spanish regulations. This 
is a quantitative variable [𝑚2]. 

- Share of opaque envelope: it is the sum of areas of the opaque thermal building envelope with 
heat exchange with the outdoor air related to the total envelope area of the dwelling. This 
parameter is closely related to 𝐴0 in the model proposed by Spanish regulations. This is a 
quantitative variable [𝑚2]. 

3 PREDICTIVE MODEL RESULTS 

All analyses in this section: descriptive study, model estimation, variable selection and model 
validation, were performed with IBM SPSS software (IBM Corporation 2019). 
3.1 Descriptive study 

The outlier detection procedure mentioned in the previous section resulted in the elimination 
of 8 observations that had anomalous log(𝑛50) values possibly due to measurement errors. 

Therefore, in the final model 392 observations are considered. Table 2 contains a descriptive study of the 
explanatory variables in the final model while  

Table 3 gives a more detailed descriptive study of the initial response variable n50 and the 
final transformed response variable log(𝑛50) and Figure 2 shows histograms of these two 
variables. 

Table 2: Descriptive study for the explanatory variables in the final model. Variables marked with * were 
introduced in the improved model.   

Variable Value N % 

Retrofitting state 
Original 271 69.13% 
Retrofitted 121 30.87% 

Climate zone A3 33 8.42% 
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B4 85 21.68% 
C1 47 11.99% 
C2 85 21.68% 
C3 112 28.57% 
D2 16 4.08% 
α3 14 3.57% 

Period of construction 
Before 1980 219 55.87% 
Since 1980 173 44.13% 

Window permeability 

Class 0 or 1 46 11.73% 
Class 2 196 50.00% 
Class 3 117 29.85% 
Class 4 33 8.42% 

Window material 

Steel 5 1.28% 
Aluminium 263 67.09% 
Wood 54 13.78% 
PVC 70 17.86% 

Shutter position 

P.01 19 4.85% 
P.02 290 73.98% 
P.03 21 5.36% 
P.04 62 15.82% 

False ceiling 
FC0 85 21.68% 
FC1 245 62.50% 
FC2 62 15.82% 

Typology 
Multifamily 317 80.87% 
Single-family 75 19.13% 

Number of bathrooms* 

0 3 0.76% 
1 159 40.56% 
2 166 42.35% 
3 43 10.97% 
4 or 5 21 5.36% 

Heating system* 

No heating  55 14.03% 

Underfloor heating 8 2.04% 

Ducts 36 9.18% 
 

Other systems 8 2.04% 
Heating units 285 72.70% 

Share of windows Mean  5.18 
Std. Dev.  2.04 

Share of opaque envelope Mean  25.07 
Std. Dev.  17.52 

 

Table 3: Descriptive study for the variable n50 and the final transformed response variable log(n50). 

  N Minimum Maximum Mean 

Standard 

deviation 

Lower 

quartile Median 

Upper 

quartile 

n50 392 1.1930 39.4217 7.2238 4.2981 4.3371 6.2763 9.1672 
Log (n50) 392 0.18 3.67 1.8291 0.5463 1.4672 1.8368 2.2156 
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Figure 2: Histograms for the variable n50 and the final transformed response variable log(n50). 

3.2 Predictive model 

The improved predictive model contains 12 main effects and 2 interactions. The ANOVA 
table corresponding to this model is shown in Table 4. This table shows the variability of the 
response variable explained by each of the explanatory variables and interactions included in 
the model and whether this explained variability is statistically significant or not.  
As a final caution, notice that we are not claiming that the variables that have been dropped in 
the selection procedure do not have any influence on airtightness. Their effect, as usual in 
multivariate statistical studies, may already be collected in the model by the variables that are 
already present in it. 
Table 4: ANOVA table showing the variability of the response explained by each of the variables and interaction 

and its statistical significance. Variables marked with * were introduced in the improved model. 

Source 

Type III Sum of 

Squares 

Degrees of 

freedom Mean Square F-value p-value 

Corrected model 49.997a 32 1.562 8.412 0.000 
Intercept 18.359 1 18.359 98.845 0.000 
Retrofitting state 1.120 1 1.120 6.030 0.015 
Climate zone 9.226 6 1.538 8.279 0.000 
Period of construction 2.612 1 2.612 14.063 0.000 
Window permeability 4.688 3 1.563 8.412 0.000 
Window material 1.985 3 0.662 3.563 0.014 
Shutter position 1.841 3 0.614 3.304 0.020 
False ceiling 3.172 2 1.586 8.540 0.000 
Typology 1.227 1 1.227 6.606 0.011 
Heating system* 1.832 4 0.458 2.465 0.045 
Number of bathrooms* 2.844 4 0.711 3.828 0.005 
Share of windows 2.904 1 2.904 15.634 0.000 
Share of opaque envelope 0.553 1 0.553 2.976 0.085 
Period of construction * 
Share of opaque envelope 

2.541 1 2.541 13.678 0.000 

Typology * Share of opaque 
envelope 

1.112 1 1.112 5.985 0.015 

Error 66.681 359 0.186   
Corrected Total 116.677 391    
a. R2 = .429 (Adjusted R2 = .378) 

Table 5 contains the i and ij coefficients of the equation of the final GLM model appearing 
in Equation (1)  that can be used for predicting airtightness, together with the significance 
level of each coefficient. As usual in many studies, the convention used here is that p-values 
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between 0.10 and 0.05 showed weak significance, p-values between 0.05 and 0.01 showed 
strong significance, and p-values less than 0.01 show very strong evidence of significance.  

Table 5: Equation of the final GLM predictive model for airtightness. 

Parameter Coefficient Parameter Coefficient 

Intercept 0.273 Shutter position. P04 0a 
Retrofitting state. Original 0.137** False ceiling. FC0 -0.313*** 
Retrofitting state. Retrofitted 0a False ceiling. FC1 -0.264*** 
Climate zone. A3 0.346** False ceiling. FC2 0a 
Climate zone. B4 0.545*** Typology. Multifamily 0.412** 
Climate zone. C1 0.273 Typology. Single-family 0a 
Climate zone. C2 0.630*** Heating system. No heating 0.074 
Climate zone. C3 0.053 Heating system. Underfloor 

heating 
-0.041 

Climate zone. D2 0.575*** Heating system.  Ducts 0.261*** 
Climate zone. α3  0a Heating system. Other systems 0.173 
Period of construction. Before 1980 -0.329*** Heating system. Heating units 0a 
Period of construction. Since 1980 0a Number of bathrooms. 0 0.610** 
Window permeability. Class 0 or 1 0.596*** Number of bathrooms. 1 0.347*** 
Window permeability. Class 2 0.322*** Number of bathrooms. 2 0.183 
Window permeability. Class 3 0.255*** Number of bathrooms. 3 0.090 
Window permeability. Class 4 0a Number of bathrooms. 4 or 5 0a 
Window material. Steel 0.071 Share of windows 0.045*** 
Window material. Aluminium 0.074 Share of opaque envelope 0.003 
Window material. Wood 0.298*** Period of construction. Before 

1980 * Share of opaque 
envelope 

0.010*** 

Window material. PVC 0a Period of construction. After 
1980 * Share of opaque 
envelope 

0a 

Shutter position. P01 0.195* Typology. Multifamily * Share 
of opaque envelope 

-0.009** 

Shutter position. P02 0.144** Typology. Single-family * 
Share of opaque envelope 

0a 

Shutter position. P03 -0.123   
a. This parameter is set to 0 as it corresponds to the reference class of the variable. 
* stands for p-value ≤ 0.1, ** for p-value ≤ 0.05 and *** for p-value ≤ 0.01 

Figure 3 contains the residual analysis for this final GLM model. The graph shows that the 
main hypotheses of the model (linearity and homoscedasticity) can be assumed since no 
curvature or other shape is observed in the graph. Moreover, a single observation studentized 
residual appears outside the [-3,3] interval, which is completely compatible with the absence 
of significant outliers in the model. 

 
Figure 3: Residual analysis for the final GLM model proposed. 
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4 CONCLUSIONS 

A GLM to predict the envelope airtightness was presented based on real test results obtained 
from a representative sample of existing dwellings in Spain. The methodology used to 
develop the model, although based on widespread strategies, offers added value regarding the 
origin of representative data, full characterization of the cases, standardised procedures, and 
the assessment of both quantitative and qualitative interactions. 
The model allows the identification and analysis of factors with a significant impact on the level 
of airtightness. The variables that were found significant are in line with previously developed 
models: climate conditions, the age of the building, dimension-related characteristics, building 
systems, type of building, and conservation state. It considers, in addition, variables that refer 
to the singularities of the Spanish national built stock such as the effect of the position of rolling 
shutters, or the role of the share of the envelope to outdoors in the case of multi-family 
buildings. The improved model added the number of bathrooms and the heating system to 
obtain a better fit.  
The R2 value of this model is 0.429 so the model can explain 42.9% of the variability of the 
response, which slightly improves the R2 value of the original model, which was 0.385. It 
should be noticed that, although this value may seem not too high, the relevance of the model 
is warranted by the significance of the coefficients and by the validity of its residual analysis. 
In spite of identified limitations, the model is robust, and it provides valuable knowledge 
regarding the airtightness of dwellings and the factors that impact the most its performance. 
Therefore, it is intended as a useful tool although it cannot be seen in any way as a substitute of 
on-site testing. 
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ABSTRACT 

 
In the United States, the realm of building enclosure design and commissioning is separate and distinct from the realm 
of mechanical design and commissioning. This paper will illustrate how and why these disciplines have been 
historically separated and outline the consequences of this division and describe the opportunity that a closer 
relationship between the two represents in terms of costs and environmental impact.  
 
Building Enclosure Commissioning (BECx) is a mature process designed to ensure a building’s exterior and its 
environmental separating materials and assemblies meet an Owner’s Project Requirements (OPR) in terms of 
durability and air tightness. The results of BECx efforts are both predictable and measurable. How can the BECx 
process better dovetail with the work of mechanical design and commissioning to inform mechanical design in terms 
of system type and size? 
 
Today, mechanical systems continue to be designed and evaluated largely independent from a building’s predicted or 
actual air leakage parameters. Given the significant carbon impact associated with the construction of new buildings, 
durability is a paramount value in the fight against climate change. Similarly, mechanical systems, in addition to 
providing the environmental conditions necessary for human comfort and health, also present an enormous energy 
draw and carbon contribution at the global level. While the importance of building air tightness and mechanical 
efficiency are symbiotically interlinked in terms of their function and importance, there is a fundamental practical and 
cultural divide in the practice of designing, constructing, and evaluating these systems. This divide represents a void 
of understanding as well as an enormous opportunity for cooperation among the design and commissioning 
professionals responsible for a building’s enclosure and its mechanical systems.  
 
State-of-the-art BECx processes include testing and metrics such as whole building air tightness protocols that reveal 
the actual air leakage of a constructed building. These tests can be conducted to include and exclude mechanical 
systems, thereby providing a wealth of information for the benefit of both designers and owners.  
 
This paper first summarizes the existing BECx process by which building air tightness and durability can be 
predictably achieved and measured. It goes on to discuss ways the result of these efforts can been incorporated into 
mechanical design and commissioning efforts. Case studies from the authors’ work together on a set of elementary 
schools in Massachusetts substantiate the assertion that a tight range of predicted results can be reliable in terms of 
design projections.  
 
The paper will conclude with recommendations for a model with which the correlation of projected enclosure leakage 
rates can inform both the initial equipment as well projected energy cost of mechanical systems. When available and 
considered, this information can inform decision making models to dramatic effect: Because first and operational costs 
of mechanical equipment are variables that are dependent on equipment size, type, and efficiency, owner’s equipped 
with accurate predicted mechanical performance are empowered to understand the impacts of their decisions in terms 
of payback duration, cash flow modelling, carbon impacts, and lifecycle costs.  
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1 INTRODUCTION 

 
Understanding and addressing the mechanisms by which air is exchanged through a building 
enclosure is complex, challenging, and decidedly worthwhile effort (de Sola, Symonds 2019). 
Building Enclosure Commissioning (BECx) is a process designed to ensure a building’s exterior 
enclosure and its environmental separating materials and assemblies meet an Owner’s Project 
Requirements (OPR) in terms of durability and air tightness. The enclosure commissioning 
process relies upon a set of belt-and-suspenders tools and processes resulting in qualitative and 
quantitative assurances of a building’s quality of construction in addition to its measured air 
tightness. In the US, for reasons we will touch upon in this paper, the relationship of the output 
measurements and feedback of the enclosure commissioning process have stood largely 
independent from the methods and analyses employed by mechanical engineers to specify and 
size the mechanical systems that will serve a given building and its users. In other words, there is 
a significant pool of reliable data readily available to impact mechanical design and the predicted 
function of mechanical equipment that is significantly underutilized.  
 
A frequently cited statistic among building scientists asserts that the heating and cooling of 
buildings accounts for as much as 40 percent of the total energy consumed in the US. This is an 
enormous factor in terms of the total environmental impact of energy production as well as the 
cost of energy born by buildings. It stands to reason that even small improvements to such a 
major source of consumption can have a significant global impact. One of the places to look is in 
the category of air leakage and its direct impact on energy usage. How much energy is literally 
flying out our collective windows, doors, and holes in the wall? A salient statement on Oak 
Ridge Laboratory’s Energy Savings and Moisture Transfer Calculator website (Oak Ridge, 2023) 
offers clear perspective: “In aggregate, infiltration accounted for greater energy losses than any 
other component of the building envelope, including fenestration and is responsible for over 4 % 
of all the energy used in the United States.”  
 
Our paper theorizes that incorporation of enclosure commissioning-based building performance 
data into mechanical design informs the selection and can result in reduced size of specified 
mechanical equipment. The resulting changes to smaller, more efficient equipment will, in turn, 
meaningfully reduce the global demand on energy and should therefore become a standard 
industry practice.  
 
A problem arises with such a proposition: designing a system to measured values requires that 
measured values are available. Mechanical systems are specified in the design phase well in 
advance of a building’s construction and completion where tools are available to measure it. Any 
proposed process would therefore necessarily rely upon predicted vs measured values. The 
question becomes, can the BECx process itself provide reasonable assurance to mechanical 
designers and building owners that high-performance values can safely be used for the purposes 
of selecting and sizing mechanical systems? For the effort to have meaning, the mechanical 
systems in question would need to become meaningfully smaller and more efficient. However, 
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smaller systems come with several corresponding risks: if the assumptions regarding a building’s 
leakage and thermal resistance are not achieved in the field, undersized systems would: 
 

• operate outside of efficient parameters  
• operate at unsustainable internal loads and wear out quickly 
• fail to reach design temperatures, resulting in occupant discomfort 

 
In fact, several of these eventualities could become true over time. For high-performance 
predictions to be credible and reliable, a robust set of data would first need exist in the form of a 
statistically significant set of measured results from comparable projects in similar environments 
utilizing a BECx or similar protocol.  
 
Additionally, to be considered sufficiently reliable for mechanical engineers to place stock in 
predicted high performance levels, there is another critical factor to consider: durability. It is one 
thing for a building to demonstrate a high level of performance near its date of completion; it is 
another thing all together that this performance will endure over time. Therefore, in addition to 
the introduction of commissioning data assessing performance to the realm of mechanical 
design, so must predictions of durability.  
 
To address the attendant issues surrounding a need to improve the relationship between 
enclosure and mechanical systems, we will first look at the BECx process to unravel the focal 
points of the effort including air barriers and durability, and review the tool set used to achieve 
qualitative and quantitative assessments of building enclosures. We will then provide an 
overview of the current thinking used by mechanical designers and commissioning agents as it 
pertains to high performance buildings. Following this, we will describe three constructed 
projects featuring the BECx process and discuss their results to demonstrate how a growing body 
of similar results could be relied upon to inform mechanical design. Finally, we will broach the 
divide that separates enclosure design and commissioning from HVAC design and 
commissioning.  
  
2 BECX: FOCUS AND PROCESS 
 

2.1 An Overview of Air Barriers  

Long and cold winters combined with severe building envelope failures stemming from early 
efforts to mitigate energy loss motivated Canada to invest in the research of building envelope 
assemblies as well as developing testing and verification processes to vet them. Canada’s 
experiential and researched findings have flowed into the U.S. over the last three decades and now 
recognition of the importance of an air-tight exterior assembly for reducing a building’s heating 
and cooling loads, as well as increasing indoor air quality, is becoming mainstream in the U.S. 
 
Conceptually, an air barrier is like the placement of a balloon around all sides of a building, 
including the foundation; it is designed to fully encapsulate a building to eliminate the migration 
of air across its envelope. When functioning as designed this layer—often taking the form of a 
membrane only 20 - 60 mils thick—can affect dramatic reductions in the energy required for space 
heating and cooling. The function of an air barrier can be performed by numerous materials and 
assemblies including glass, metal, sealants, foams, as well as a variety of plastic and rubberized 
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sheets applied in sheets or by spray. Designing and specifying these materials and assemblies is 
only the beginning; numerous decisions and actions must be performed correctly in order for an 
air barrier system to function as intended: 
 

• The air barrier materials—including its primers, sealants, and transition materials—
must be compatible with those of its substrate, penetrating fasteners, and adjacent 
assemblies.  

• When the air barrier is an applied sheet or membrane, it must be installed over clean 
and dry substrate under conforming weather conditions—usually dry conditions, not 
too hot, and not too cold. 

• Air barriers must not be overexposed to dust, UV light, accidental mishandling, or field 
conditions that would otherwise degrade a full life expectancy. 

• Air barriers must be correctly installed—not just over opaque wall conditions, but also 
where they connect to windows, skylights, storefronts, curtainwalls, louvers, vents, 
HVAC equipment, electrical and plumbing penetrations, the mechanical fasteners of 
the roof, brick ties, z-girt systems, and lintels, among other conditions. 

• Air barriers must span and appropriately flex over movement joints between floors, 
differentially supported areas of the structure, and expansion joints, they must connect 
continually and without defect across major adjacent assemblies (e.g., roof-to-wall, 
wall-to-foundation, foundation-to-floor slab, etc.) 

 
Studies have shown substantial energy savings resulting from tightening a building’s exterior 
enclosure. Uncontrolled air flow into or out of a building can create performance problems 
including energy consumption, uncontrolled moisture concentration, and poor indoor air quality. 
Similarly, the addition of insulation in a balanced wall assembly can significantly increase 
occupant’s thermal comfort as well as greatly reduce the costs associated with building heating 
and cooling expenses. Savings ranging from 20% to 40% are commonly associated with 
comparatively tight and well-insulated buildings against their leaky and uninsulated counterparts. 
With a high-performance exterior, HVAC units can be sized smaller as there is less risk of under 
sizing them. HVAC units are also capable of more precise control of the internal environment as 
there is less uncontrolled air flow in and out of the building. This, in turn, leads to higher rates of 
occupant comfort. 
 
2.2 How Tight Is Tight Enough? The Development of Leakage Rate Standards 
 

As we become increasingly aware of the need for functional air barriers in our buildings as well 
as the problems deficient installations may pose, efforts to codify and measure standards for air 
barrier systems have followed. Among the most influential voices to raise awareness of the value 
and establish standards for air tightness requirements is the U.S. Army Corps of Engineers 
(USACE). In May of 2012, in collaboration with the Air Barrier Association of America 
(ABAA), USACE issued a new Engineering and Construction Bulletin outlining requirements 
for building airtightness as well as building air leakage testing for both new and renovated 
building projects. The group also instituted a standard for air leakage for whole buildings: 0.25 
cubic feet per minute (CFM) with a pressure differential of 75 pascal (1.57 PSF). (Zhivov, A., 
Bailey, et. al. 2012) The table below shows the minimum standards adopted by some of these. 
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Table 1: Standards and Requirements for Air Leakage 

*Standard for Energy Efficiency in New Construction developed by Natural Resources Canada 
**50 Pascal, 2 Point Option, IECC Climate Zone 5-7  
Table References: Genge, C. 2014; USGBC, 2018; USGBC LEED BD+C Homes Air Infiltration 2018 

 

While the standards for permissible leakage vary widely, they are increasingly becoming more 
stringent. This is reflective of both the increasing understanding of the importance of airtightness 
as well as the growing body of evidence of test results demonstrating that extremely tight 
construction is both feasible and practical, even for large buildings. 
2.3 Enclosure Durability 
 

The required service life of a building is among the most important factors for an owner to address. 
An example of a framework is provided in Table 2. 

Table 2: Durability Standards by Building Type 
Classification Service Life Requirement Examples 

Temporary 5 years Annex Facility, Swing Space 
Short  25 years Big Box Stores, Strip Malls  

Medium 50 Years Airports, Hospitals, Data 
Centers  

Long 75- 100 Years Schools, College, Residence  
Permanent No End of Use Monument Museums, Court Houses, 

Government University  
  
Durability should be considered at micro-and macro-level assessment of the mechanisms of 
deterioration in the context of their placement is necessary. Detailed and specified materials and 
assemblies must be evaluated against environmental conditions; for example: heat, cold, moisture, 
UV exposure, storms, flooding, and salinity. Similarly, animals and insects can cause harm.  
 
Easily accessible, low cost, and maintainable materials and assemblies may be appropriate for 
some low priority regions. Where difficult or impossible to access materials and assemblies are 
placed in a high priority region, the durability factor approaches the service life of the OPR. For 
example, mid-wall performance components, which are inaccessible without removal of the wall 
assembly, must have a durability greater than that of the OPR.  

 

2.4 Overview of Building Enclosure Commissioning 
 

In North America, a robust process designed to steward a building from inception through 
construction and occupancy is the Building Enclosure Commissioning (BECx) as outlined 
in ASTM E2813 − 12 Standard Practice For Building Enclosure Commissioning ASTM E2947 – 
16 Standard Guide For Building Enclosure Commissioning and CSA Z320 :11 Building 

Standard  Requirement CFM@75 Pascal/ ft2 

2009 IECC  International Energy Conservation Code .55 
2012 IECC .25 
R-2000* .13 
LEED IV Multi-Family ** .09 
Passivhaus .05 
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Commissioning. The process features third party design review during the design 
process, includes submittal reviews, the development of mockup and building testing protocols, 
construction observation, and post-occupancy support. Buildings utilizing this process perform 
demonstrably better than those that don’t.  
 
A performance mockup that provides an opportunity to construct and test a given assembly in 
context can provide opportunities to improve both its design and execution. The mockup is tested 
for air, water, thermal, and structural performance. This can be performed in the laboratory or as 
a free-standing, fully enclosed mockup on the site. 
  
Objectives of Building Envelope Commissioning are driven by building type, performance 
requirements, expected life cycle, geographic and climatic considerations, desired energy 
efficiency, and budgetary constraints, which all may vary considerably between projects.  As 
there is much literature describing the tasks that comprise the BECx process, identifying these 
tasks is beyond the scope of this paper.  However, to effectively compare BECx between typical 
and extreme climates, it is necessary to discuss the key action items common to most BECx 
programs.  While the precise tasks and their frequency differ from project to project, basic 
practice generally follows a similar series of steps categorized into five phases: Pre-Design; 
Design; Pre-Construction; Construction, and; Operations and Maintenance (O&M). 
 
A full-service Building Exterior Commissioning (BECx) process, as detailed in NIBS 3-2012 
(NIBS 2012), has demonstrated the most impressive and reliable results. Evan Mills, PhD, a 
researcher at Lawrence Berkeley National Laboratory, called the BECx process “the single most 
cost-effective strategy for reducing energy, costs, and greenhouse gas emissions in buildings 
today.”  (Sullivan, C. 2013)     
 

2.5 Tools For Verifying Air Barrier Performance: Complexity and Challenges 

 

In the U.S., projects have adopted a number of tools and techniques to decrease the probability of 
deficiencies in the performance plane. Of these, the process involves a qualified third party 
engaged at the beginning of the design process and serving through the construction process as 
an envelope auditor. The BECx process is intended to be comprehensive and typically includes 
the following key steps: 
 

• Exterior envelope design reviews during the design and shop drawing documentation 
phases 

• Development of BECx specifications 
• A role in the contractor and subcontractor selection process 
• Review of shop drawings 
• Design and definition of the exterior functional performance testing protocol for 

mockups and field tests 
• Contractor quality assurance and quality control auditing  
• Site observation visits 
• Deficiency logging 
• Warranty and maintenance monitoring and audits 
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The BECx approach is sound and affordable relative to potential energy savings and reduced costs 
of repairs and maintenance; it is currently the best available option for owners to reduce the risks 
of a problematic exterior envelope. There remain numerous opportunities for problems to occur, 
however. For example, budgetary limitations limit the site visits made by the specialized 
consultants, engineers and/or architects, which decreases the possibility of identifying envelope 
issues as they occur and increases the potential for defects in the performance plane to be concealed 
behind permanent cladding systems; not every issue can reasonably be caught. The potential for 
issues to occur, even with consistent auditing, is a compelling reason to include a comprehensive 
mockup and field-testing protocol. A sensible deployment of recognized ASTM and AAMA 
protocols, for example: AAMA 501.1, AAMA 501.2, ASTM E1186, ASTM E783, and ASTM 
E1105, can identify hidden deficiencies during construction.  

 
Whole Building Air Testing: Accumulating data from Whole Building testing are helping the 
industry to understand the types of envelope issues that persist, even under the highest quality 
standards. Kevin Knight and colleagues at the Building Envelope Technology Access Centre 
(BETAC) at Red River College in Manitoba, Canada, have advanced their airtightness testing 
program by means of laboratory testing as well as the study of previous whole building air testing. 
Their efforts have produced the following observations (Proskiw, G, Knight, et.al, 2016) 
 
Leaks are common at: 
 

• Exhaust and make-up air fans with one-way dampers 
• Roof/wall intersections, especially on walls running perpendicular to roof deck flutes 
• Unintentional bulkhead leakage into attic spaces 
• Overhead doors, mainly at base and sides, not between sections 
• CMU/floor slab intersections 
• Curtain wall/floor slab intersections 
• Unsealed walls above ceiling lines 
• Ductwork and pipe penetrations 
• Doors and windows (both broken and unbroken) 
• Underground steam lines 

 
Additionally, test results have prompted debate regarding the inclusion, exclusion, or partial 
inclusion of the mechanical system during the test, as has the idea of a pressure neutral result to 
simulate real world conditions. Knight and his colleagues have drawn a sensible conclusion to 
the question. The recommendation from the group is that two distinct sealing schedules be 
required for the mechanical system: 

o Envelope Tests – Evaluate the integrity of the building envelope 
▪ Mechanical system is sealed 

o Energy Tests – Evaluate the impact of air leakage on energy performance 
▪ Mechanical system is unsealed.  

Whole building air testing, in the aggregate, can inform institutional Owners about the 
propensities of their buildings. The more data that is available, the more useful the tests become. 
While specific issues may be inaccessible, knowledge of their existence can prepare an Owner 
on what to watch as well as a sensible maintenance protocol. The data can establish institutional 
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benchmarks both helping measure new projects against previous standards as well helping 
inform design decisions—appropriate HVAC sizing being among the most recognized. 
 
3 MECHANICAL DESIGN CONSIDERATIONS 

 
3.1  Mechanical Design for New Construction 

 
In the northeast of USA, general “rule of thumb” industry practices for the effect of building 
envelopes on mechanical equipment peak heating loads is shown in Table 3. As shown in this 
table, the results of improved building envelopes is staggering. Compared to older building 
envelope design practices, new high performance building envelope designs can support an 
approximately 400% smaller mechanical peak heating load.  
 

Table 3: Building Envelope Design’s Effect on Heating Load Design “Rule of Thumb” 
General Design 

Practices 

Peak Heating 

Load  

(Btu/ft²hr) 

Peak Heating 

Load  

(W/m²) 

  

“Old” Designs 40 126   
“New” Designs 20 63   
High Performance  10 32   
Passive House <10 <32   

 
These approximations should be viewed as general guidelines and not as a replacement for 
calculating peak heating loads. When performing these calculations, it is important to take into 
account the climate in which the building is being constructed, building envelop values, building 
air tightness, and anticipated internal heat loads which will be variable depending on the space 
type.  
 
One of the largest changes to the design engineering industry, aside from building envelope 
improvements, is the topic of mechanical heating fuel switching, aka electrification. The rise of 
this topic coincides with growing social and environmental pressures to reduce the impact of 
climate change paired with industrial advancements such as heat pump technology. At first 
glance, designing a new construction building with a fully electrified mechanical heating system 
appears easy. Buildings can be designed with multiple configurations of infrastructure depending 
on building size, orientation, and usage. Electricity purchased for the building can be 100% 
renewable, and the “green” features can command premium rents from tenants. However, most 
electrical grid infrastructure was not designed or sized to support fully electrified buildings. As 
the demand for electricity increases, grid electrical infrastructure sizing will become more of an 
issue which could cause significant delays in the construction of new buildings if they are forced 
to wait until grid electrical infrastructure upgrades are completed. 
 
The question then becomes, how can the anticipated total energy load of a building be reduced to 
mitigate or lessen the effect of these electrical grid issues? This is not a new question and most of 
the new construction industry already acknowledges the importance of building envelopes and 
their effects on the overall energy consumption of a building. This is evident in the emergence of 
“Passive House” and comparable design techniques. If the building envelope is designed and 
constructed to a low degree of heat loss tolerances, mechanical heating, cooling, and ventilation 
systems do not need to be as robust compared to standard design practices. 
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Herein lies the importance of mechanical commissioning and building envelope commissioning, 
as well as the marriage of HVAC and enclosure work. With significant emphasis on mechanical 
systems and envelopes performing to very high standards, efforts to ensure quality control are 
critical. Especially when it comes to building envelope as once the building is built, there will be 
very few options to correct mistakes without significant financial and schedule implications. 
Waiting to until a building is complete and performing a full building blower door test to see 
how a building performs without additional building commissioning efforts can be very risky. If 
tests come back with air leakage above acceptable levels, corrective actions for the building 
envelope may not be feasible and building mechanical systems may struggle to maintain heating 
loads. Similarly with mechanical systems, there will be high expectations of performance. With 
decreases sizing of mechanical equipment, the room for error in system performance is 
diminished.  
 
3.2 Mechanical Design for Existing Buildings 

 
“Around 80% of the buildings we have today will exist in 2050…” (Grainger, 2022). This is 
unmistakable throughout Europe and cities worldwide. That said, the buildings may exist, but 
building envelopes will inevitably degrade over time and mechanical equipment will need to be 
replaced. Due to the large capital expense required to repair building envelopes and replace 
mechanical infrastructure, considering sustainability is paramount. These sustainability 
considerations should include both energy efficiency and maintainability of systems. 
 
When designing for replacement of mechanical systems, several questions must be considered. 

• Why is the system being replaced? 
o Is it due to age, reliability, maintainability, operation, energy consumption, etc.? 
o Are there any changes to building codes, energy consumption limits, or Greenhouse 

Gas equivalent (GHGe) emission limits? 
• Does the current system meet the building’s requirements?  

o Have there been changes to space use that would require more or less systems 
capacities? 

o Are there significant heating, cooling, ventilation complaints? If so, where? 
• Does the building owner or tenant want to make changes to the building that would affect 

the current system’s effectiveness? 
o Is there a planned renovation that would change space usage? (e.g., office converted 

to labs) 
• Do the existing generation, distribution, and/or terminal units need to be replaced? 

o Will new generation (e.g., water heater) equipment supply the correct temperature 
fluids to the terminal units? 

o Will the terminal units need to be replaced to receive lower temperature hot water? 
• Will new system controls need to be added? 
• Is the existing electrical infrastructure adequate to support a fuel switch (e.g., fossil fuel to 

electricity)? 
• Will the electrical grid be able to serve an increased electrical load? 
• How will the building envelope affect system performance? 
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Most of these questions can be answered by the design engineer and building owner with an 
acceptable level of certainty except for building envelope performance. Without performing 
existing building envelope commissioning and associated repairs, assumptions regarding 
building envelope performance will need to be made. These assumptions will normally by based 
on initial design criteria, tenant feedback, and visual observations. Due to these uncertainties and 
assumptions, many design engineers will just replace the system in-kind, but if fuel switching is 
also desired, replacement in-kind and considerations for downsizing of equipment may not be an 
option. This may lead the design engineer to oversize the replacement system to ensure that 
acceptable indoor conditions are met. In turn, this oversizing of equipment places additional 
stress on existing electrical infrastructure which may require costly electrical infrastructure 
upgrades.  
 
A more thorough method of addressing uncertainty in building envelope performance is via the 
building envelope commissioning process. Through this process, critical information on building 
envelope performance is gathered and taken into consideration by engineering design 
professionals. Key testing components of this process are: 
 

• Blower Door Testing ASTM E779 to identify total building air leakage. 
• Fenestration Testing such as ASTM 783 to identify local air leakage. This can be combined 

with ASTM E1176 smoke detection to help source issues.  
• Thermal Imaging Investigation ASTM C1153 to identify areas of concern for thermal 

bridging and heating/cooling energy loss. An additional benefit of this testing process is 
identifying areas of concern for water leakage into a building. 

 
With this information, levels of certainly can be increased and the design engineer can make 
more accurate peak heating load calculations resulting with more appropriately sized mechanical 
infrastructure.  
 
4 CASE PROJECTS AND VALUES 
 

In the course of their collaboration over more than 10 years, the companies of this paper’s 
authors have performed mechanical and enclosure commissioning on well over 20 institutional 
buildings together. As a result, a growing body of both qualitative and quantitative data to 
substantiate a basis of standards and predictability for our subject building types, specifically, K-
12 academic buildings in Massachusetts, USA is available to us. Additionally, while our body of 
results for whole building air testing is still relatively small— the test is still gaining traction as a 
routine practice—the results have been both impressive and consistent. We now recognize that 
extremely tight high-performance academic buildings are not only possible but can be routinely 
achievable based upon the BECx process that we have consistently adopted for the vast majority 
of these projects. As a result, we have adopted an ambitious standard for air tightness, .1 CFM at 
75 PA, that is specified as a performance requirements for all new academic projects supported 
by the state of Massachusetts. This rate represents just 25% of the allowable air leakage as 
dictated by the current building code for the state.  
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Table 4: Air Tightness Standards by Building Type 
Case  Building Type Measured Air Leakage Rate 

at 75 PA 

1 Elementary School .06 
2 Library .06 
3 University Academic Building .09 
4 Elementary School 1.2* 

*Project was constructed during the COVID pandemic; several of the BECx activities were not completed.  
 
5 CONCLUSIONS 
 

Building exterior enclosures are among the most critical, expensive, and energy consumptive of 
a building systems to construct. They represent an enormous carbon footprint, and they 
contribute mightily to overall energy usage. It is no trivial matter to make good decisions on this 
topic given both micro and macro considerations. 
 
Governmental and other institutional / portfolio owners are challenged to evaluate the status of 
buildings with value-based and actionable terms. The escalating attention on energy efficiency, 
climate change, geo-political stability / national self-sufficiency, energy costs, and the 
increasingly competitive appeal of sustainable resources has placed additional focus and weight 
on high-efficiency and robust high-performance options for both enclosure and HVAC 
components.  
 
Evaluating decisions for new and existing building stock in value-based terms requires data and 
the collaboration of multiple disciplines. Two of the most relevant of these to energy use are for 
enclosure and HVAC system design and evaluation. 
 
We understand from the extensive studies performed on buildings over the years that among the 
pathways for energy loss, convective heat and cooling loss via air leakage is the most significant 
source of thermal transfer; buildings with the highest preponderance of leaky conditions are 
perform the worst in terms of thermal and energy efficiency.  
 
The incorporation of measured air leakage and durability data into HVAC models can result in 
more efficient mechanical systems with low risk based upon the consistent results of the BECx 
processes outlined above.  
 
We are optimistic that new means of calculating loads based on these inputs will become 
normalized over time as the data from tests such as Whole Building Air Testing becomes 
standardized and that increased reliance on such data will result in significant energy savings 
with benefits to both owners and the environment.  
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ABSTRACT 

 
In this work, we propose a method to couple the behaviour models developed with Python in a previous paper with 
the dynamic thermal simulation software EnergyPlus, an advanced code used in research and design. The proposed 
coupling method is applied to the thermal model of an office building situated in the humid tropical climate of 
Reunion Island after calibrating and validating it with measured temperature and relative humidity data.   
Then, this resulting coupled model is compared with a typical design office energy model where behaviours are 
based on typical, deterministic scenarios. The comparison focuses on the power level of the ceiling fans employed, 
the level of opening use and the calculation time. The results obtained by coupling with the new behavioural 
models are better than in the conventional deterministic scenarios, providing a more faithful reproduction of user 
actions in the design phase. 
 

KEYWORDS 
 
Tropical climate, mixed-mode buildings, users behaviours modelling, operable windows, the power level of ceiling 
fans 
 
  
1 INTRODUCTION 

 
Buildings in humid tropical climates are witnessing a significant upsurge in their energy 
demands, primarily attributed to the use of cooling systems known for their substantial energy 
consumption. In low-energy buildings in such climates, occupants can employ both passive 
solutions, such as natural ventilation through windows, and low energy-consuming alternatives 
(in this study, we focus solely on using ceiling fans) to achieve thermal comfort, particularly 
during the hottest months. However, compared to other climatic zones, there needs to be more 
specific knowledge regarding occupant comfort and behaviour in this context. This leads to 
difficulties in the design phase for engineers who need to estimate the future operation of a 
building. 
 
In a previous research paper (Payet, 2022), two deterministic methods based on machine 
learning supervised classification techniques (decision tree and random forest) and a 
probabilistic graphical model (bayesian network) were investigated to model occupant 
behaviour regarding windows and ceiling fans. In both cases, the random forest method 
obtained the highest performances. These techniques, explained in detail in (Payet, 2022), use 
historical measured data as explanatory variables for the variable to model (for example, in our 
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case, the power level of ceiling fans). The whole methodology elaborated is described in detail 
in this previous paper. 
 
In this work, we present a novel approach to integrate the developed behaviour models with 
dynamic thermal simulation software, coupling Python and EnergyPlus, an advanced code used 
in research and design. The proposed coupling method is applied to the thermal model of a case 
study after calibrating and validating it with measured temperature and relative humidity data.   
 
The first part of this paper provides an overview of existing methods for coupling behaviour 
models with dynamic thermal simulation software. Subsequently, the proposed coupling 
methodology is detailed, from the case study's presentation to the coupling method's integration, 
before discussing the results obtained in the last part. 
 
2 STATE OF THE ART  

 
Existing tools offer solutions of varying complexity to incorporate user behaviour into 
simulations (Sun, 2017; Darakdjian, 2017)  
 
Direct modelling involves inputting user data into software modules but cannot create detailed 
occupancy profiles and conditioned behaviours. 
 
Code customisation enables users to add personalised scripts to the source code, facilitating the 
incorporation of user behaviour into simulations (Sun, 2017). For EnergyPlus, the EnergyPlus 
Runtime Language of the Energy Management System is used (BigLadder, 2020). Another 
approach involves customising the core code of the software itself, offering significant 
flexibility but requiring proficiency in the underlying programming language. 
 
Co-simulation offers a collaborative approach, combining the strengths of different simulation 
tools through information exchange at each time step. This method allows users to harness 
multiple tools’ capabilities without extensive programming knowledge. Co-simulation can be 
achieved using functions like "External Interface" in EnergyPlus or by using communication 
intermediaries such as the Building Controls Virtual Test Bed (BCVTB) (Nihar, 2019; Kwak, 
2016; Jia, 2020; Langevin, 2014) 
 
A recent intermediary solution available since version 9.3 of EnergyPlus is the PythonPlugin 
interaction method. This new approach is positioned between code customisation and co-
simulation. It allows engineers to write code within the EMS using Python, a widely used 
language known for its extensive functionalities and various libraries. This integration offers a 
significant advantage over the EnergyPlus Runtime Language, which has more limited 
capabilities. 
 
To our knowledge, this last method chosen for this work has not yet been implemented in the 
existing literature to simulate occupant behaviour. Table 1 compares the different methods for 
integrating occupant behaviour into the dynamic thermal simulation. 
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Method Ease of implementation Flexibility 

Direct modelling ++++ + 
Code customisation ++ ++ 
Customisation of Core code  + +++ 
Co-simulation ++ ++++ 
Python plugin +++ ++++ 

 
 
3 METHODOLOGY  

 
3.1 Case study and associated building model  

 
The case study “Ilet du Centre” is a 310 m² design office, part of a residential building, exposed 
to the humid tropical climate of Reunion Island, a French island in the Indian Ocean. The office 
has two floors divided into several open-plan areas, with several offices organised side by side. 
There is a meeting room, a server room and two individual offices. 
 
The 28 users can regulate temperature by generating crossed air flows, thanks to many manually 
adjustable and full-height louvre-type openings. They can also activate ceiling fans to reduce 
the temperature felt on the hottest days when air temperatures are high, and there is not enough 
natural airflow. There is no mechanical air conditioning system except for the server and 
meeting rooms.  
 
Using specific power sub-meters, ceiling fans and electrical outlets were recorded between 
2020 and 2022. In addition, air temperature and relative humidity, as well as the opening of 
windows using magnetic contacts, were monitored. The outdoor temperature, humidity, wind 
and solar radiation were recorded using a weather station. 
 
From these actual measured data, we could calibrate a thermal model of the case study and then 
validate it to overcome modelling errors unrelated to occupant behaviour. 
 

 

 
The calibration was performed manually using an iterative procedure in which various 
parameters are adjusted until the simulation results align with the measured data (Royapoor, 
2015). Validation occurs when this iterative process is finished, and normalised metrics are 
used to determine the level of real-world representation achieved by the model. 
 
Acceptable values for these metrics are provided by the American Society of Heating, 
Refrigerating, and Air-Conditioning Engineers Guideline 14 on Measurement and Energy 

Figure 1: BEM model, view of the North façade (left) and South 
façade (right) displayed without shading 

Table 1: Comparison of existing user behaviour integration 
methods in dynamic thermal simulation 
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Demand (ASHRAE), the Federal Energy Management Program (Of EnergyEfficiency & 
Renewables Energy), and the International Performance Measurement and Verification 
Protocol recommended in France by ADEME and the Ministry of Sustainable Development. 
Hourly and monthly thresholds must be verified.  
 
However, these normalised threshold values were developed to validate building models based 
on measured energy data and do not enable objective comparisons when they relate to 
temperatures in °C or K. The existing literature offers limited guidance on validating building 
models using hourly temperature and humidity measurements (Baba, 2022), as in our case 
study, where indoor conditions were measured over a year using recording sensors. 
To address this gap, we supplemented the existing normalised metrics, expressed as 
percentages, with the calculation of Mean Bias Error (MBE) and Mean Absolute Deviation 
(MAD), expressed in degrees Celsius (as described by Baba (2022)). 
 
Following the method of O'Donavan et al. (O'Donavan, 2019) and to adjust the building 
parameters and avoid uncertainties related to user presence and their behaviours on controls, 
the model was calibrated during an unoccupied week (S1). Various adjustments on solar 
shading and thermal inertia were made during this week. 
 
Internal load data (including the power demand of electrical outlets, ceiling fans, and window 
opening schedules) measured over 2020 were then integrated into the latest calibrated version. 
From this point, hourly validation metrics were then calculated based on indoor temperature 
and humidity data over different occupied weeks: a summer week (S2), a winter week (S3) and 
a mid-season week (S4). Metrics were also calculated for each month of the year 2020. 
 
The hourly validation values obtained from indoor temperature data are:  
0.05 % ≤ NMBEh ≤ 5.3 % 
- 3.6% ≤ CV(RMSE)h ≤ 6.6 
- 1.8 ◦C ≤ MADh ≤ 2.8 ◦C 
- 0.01 ◦C ≤ MBEh ≤ 1.2 ◦C 
 
As the values obtained were below the normalised thresholds, the model was considered 
validated based on indoor temperature data. 
 
Once the building model was validated, the entries related to the use of ceiling fans and 
windows were modified in two ways: a case integrating the behaviour models developed using 
the PythonPlugin method and a case typically found in design office-type simulation (noted 
BE), where assumptions are made from expert knowledge. 
  

3.2 Implementing random forest behavioural models in EnergyPlus with the Python 

Plugin method (case noted as “RF”) 

 
This first case concerns the coupling of the Random Forest-based behavioural model with our 
BEM model. 
The primary objective of the implemented method (noted as “RF” for Random Forest (Payet, 
2022)) is to dynamically adjust the opening of windows and the use of ceiling fans in a thermal 
zone at each time step of an EnergyPlus simulation. This adjustment is based on data from the 
previous time step (Tn), ensuring the simulation accurately reflects real-time conditions. The 
process involves transmitting simulation outputs, such as indoor temperature and relative 
humidity, to the Python-coded behaviour models (one for windows and one for ceiling fans). 
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These models then estimate new control levels, subsequently updated in EnergyPlus to simulate 
the next time step (Tn+1). 
 
For implementing the method on the EnergyPlus side, the Python module must be specified in 
the description file of the building model. On the Python side, a specific library allows us to 
create the link between the two software. 
 
One notable advantage of this method is its user-friendly interface. Designers can seamlessly 
integrate the method into EnergyPlus, launching the simulation tool without additional 
technical complexities. This approach simplifies the workflow for designers, allowing them to 
incorporate occupant behaviour dynamics into their simulations effectively. 
 
 
 

3.3 Comparison with a typical design office model (noted as “BE”) 

 
The second case we conducted is based on a more conventional way of designer model 
behaviours in BEM models. This second case is a reference point to compare with the newly 
implemented method results of 3.2. 
We conducted a simulation representing a typical design office scenario (noted as “BE”), where 
assumptions were formulated based on expert knowledge and no longer from the behavioural 

models developed in 3.2. 
We have tried to make assumptions that reflect the standard practices employed by field 
professionals. 
Concerning the ceiling fans, we assumed they were operated at full power during daytime hours 
in the summer period from January to the end of March, as well as during November and 
December. We estimated a reduced use of the ceiling fans during the transitional seasons (30% 
of use) and no use at all during the winter period from May to September. A power ratio of 5 
W/m² was applied to calculate their impact. 
 
Regarding the windows, we assumed the occupants would open them throughout the year 
during occupancy hours. 
 
4 RESULTS AND DISCUSSION  

 
The outputs of both the BE and RF simulations were analysed and compared with the actual 
data measured on “Ilet du Centre” in 2020. 
 

Figure 1: Simulation process with integration of the windows opening model  
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In Figure 3, depicting the annual evolution of power demand for ceiling fans, it can be observed 
that the RF simulation more accurately replicates the triggering/extinction cycles of the ceiling 
fans compared to the BE simulation, which represents behaviours in the form of regular steps. 
 

 
 
 

Nevertheless, discrepancies emerge as the simulated power levels during January and March 
are often below the maximum values observed in the measurements. 
 
This can be attributed to the original nature of the behaviour models developed, which provide 
discrete classes rather than continuous values. To incorporate these models into the simulation, 
the results were transformed into single values by calculating the expected value using the 
median values of each class (as described in (Payet, 2022)). As a result, even if the highest class 
of ceiling fan use is estimated at a given time, the associated value will never reach the upper 
limit of that class. 

 
Various methods were tested to transform the original classes (such as calculating the expected 
value using the maximum and minimum values of the classes), but they yielded less accurate 
simulation results. 
 
However, during the mid-season and summer periods in November and December, the 
simulated data from RF aligned much more closely with the measured data. 
 
The use of the windows (Figure 4) simulated by RF follows the same trend as for the ceiling 
fans. It aligns more closely with the measured data compared to the results of the BE simulation. 
 

Figure 3: Comparison of the hourly average power level of the ceiling fans obtained 
by the BE method (in orange) and the coupling method (in green) with the actual 

measured data (in blue) for the year 2020 
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The values of the various metrics calculated for each of the simulations are summarised in Table  

  
BE RF 

Calculation time 4 min 43s 2 h 21min 
Indoor temperature MBE (°C) -0,59 0,19 

NMBE (%) -2,4% 1,7% 
CV(RMSE) 

(%) 

5,7% 5,2% 

MAD (°C) 4,89 4,53 
RMSE (°C) 1,43 0,80 

Indoor humidity MBE (%) 3,03 3,42 
NMBE (%) 5,5% 4,9% 
CV(RMSE) 

(%) 

11,5% 8,6% 

MAD (%) 29,39 24,07 
RMSE(%) 7,95 5,95 

Use of windows (opening factor) MBE (%) -0,12 -0,01 
NMBE (%) -59,3% -5,0% 
CV(RMSE) 

(%) 

207,7% 45,8% 

MAD (%) 0,85 0,55 
RMSE(%) 0,43 0,10 

Power level of ceiling fans  MBE (W) -65,86 9,03 
NMBE (%) -142,8% 19,6% 
CV(RMSE) 

(%) 

480,2% 178,3% 

MAD (W) 774,80 661,54 
RMSE (W) 221,55 82,28 

 

Table 2: Comparison of the different simulations 

Figure 4: Comparison of the hourly open factor for the level of windows use obtained 
by the BE method (in orange) and the coupling method (in green) with the actual 

measured data (in blue) for the year 2020 
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The obtained scores validate the observations made from the behaviour evolution curves, where 
the RF simulation outperforms the BE simulation. In the BE simulation, the average deviation 
(MBE) over the year is 66 W, while the RF simulation demonstrates a significantly lower 
deviation of only 9 W compared to the measured data. 
 
5 CONCLUSION 

 
We have introduced a novel approach to integrate user behaviour models into the EnergyPlus 
dynamic thermal simulation software using the recently developed PythonPlugin method. In 
this way, the use levels of louvres and ceiling fans are updated at each simulation time step of 
the simulation, based on data calculated at the previous time step in the BEM model. 
 
To determine the performance of this method, we tested it on the Ilet du Centre building model, 
which had been calibrated and validated using temperature and humidity data for 2020. This 
step was necessary to eliminate modelling errors unrelated to user behaviour as far as possible. 
Once the building model was successfully validated, user behaviour was incorporated through 
two methods: a simulation based on assumptions derived from expert knowledge and a 
simulation incorporating random forest-based behavioural models. 
 
A comparison between these two cases revealed that the method of coupling the building model 
with behavioural models allowed for more accurate replication of user actions compared to 
conventional practices employed by engineering and design firms. 
 
Finally, it is worth noting that despite the evident advantages of the proposed coupling method 
during the design phase, it does result in relatively long simulation times (over 2 hours in our 
case study), which may pose challenges for some projects. To mitigate this issue, we replaced 
the random forest technique with decision trees in the developed behavioural models, achieving 
satisfactory simulation results while reducing computational time. 
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ABSTRACT 

Comfort modelling is a critical scientific barrier to reaching better thermal satisfaction in buildings. It allows 
designers to combine different cooling systems better to target comfortable low-energy buildings in hot and 
tropical climates. Increasing computer performance offers new perspectives to use more refined thermo-
physiological models against traditional normative ones. Also, new types of coupled cooling alternatives arise and 
set a need for adequate comfort assessment models. The proposed article presents a methodology for better 
understanding human discomfort based on sensory response in hot conditions. It is an entry point to develop better 
and calibrate more generic bio-heat models for comfort prediction in the building industry. This study is part of a 
48-month project called CoolDown funded by the French Nation Research Agency. It presents the first four months 
of field measurement. Preliminary results already give first insights into how relative humidity is predominant in 
hot climates when overreaching 68% and how temperature range is significant in occupant satisfaction when 
relative humidity is on the high side. 

KEYWORDS 

Thermal comfort, field survey, tropical climate, mixed-mode cooling, thermo-physiological models, bioheat 
model. 

1 INTRODUCTION 

In the current context of global warming, severe problems of overheating buildings in hot and 
humid climates arise. As a result, when natural ventilation (NV) is insufficient to target comfort, 
these hot periods lead to an overuse of air conditioning (AC), increasing energy consumption 
and electricity demand globally. However, alternative and original solutions exist to answer 
both comfort performance and energy savings in hot seasons. They are known as mixed-mode 
or hybrid cooling solutions and are aimed at drastically reducing AC energy use. They use 
ceiling fans coupled with either natural ventilation or air conditioning depending on the 
extremeness of climatic conditions. Nevertheless, although these mixed-mode solutions are 
gaining popularity nowadays, their use remains marginal in the Architecture Engineering and 
Construction (AEC) industry, especially in temperate and tropical climates. The lack of 
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quantitative and qualitative user experience feedback and knowledge of the actual comfort 
performance of combined active and passive systems partly explains this lack of interest by 
designers. Indeed, the normative approach to building comfort modelling, based on 20th-century 
research, highlights the dichotomy between analytical models (resulting from laboratory 
studies) and empirical models, such as the adaptive model (resulting from on-site surveys). This 
thus opposes air-conditioned buildings to naturally ventilated buildings. These two typologies 
are respectively governed by Fanger’s PMV-PPD and the Adaptive Model, without foreseeing 
any real possibility of combining the two systems, or at least, without giving any clear 
prerogative as to the use of this, or that model in mixed-mode cooled buildings. (Yao et al., 
2022). Both models have their field of application, advantages and disadvantages. On the one 
hand, the analytical model is based on all the environmental and individual variables without 
considering the notion of adaptability, thus, considering a passive user in the face of his comfort. 
On the other hand, the adaptive model hides them by focusing on the outside temperature alone. 
The case of mixed cooling then raises the question of combining the best of both worlds of air-
conditioned and naturally ventilated buildings. The choice of the comfort model then becomes 
the priority question for understanding the transitions between the coupled cooling modes and 
the adaptability of the end user in such buildings. This study focuses on a more detailed 
approach accounting for a more dynamic way to assess thermal comfort based on physiological 
measurements on subjects working in a mixed-mode (MM) cooled building in la Réunion, an 
outermost French territory in a tropical climate. The cooling solutions consist of naturally 
ventilated and air-conditioned spaces, both coupled with high-performance ceiling fans. It aims 
at presenting the deployed methodology and preliminary results of a first summer campaign. 
This study is part of a French National Agency (ANR) funded CoolDown project focusing on 
mixed-mode cooling alternatives. 

2 COMFORT MODELING IN BUILDINGS: TOWARD A PHYSIOLOGICAL 

APPROACH 

The most commonly used thermal comfort models in the AEC industry are dedicated to uniform 
static environments. They are based on a right-here/right-now approach of body exchanges with 
its environment. They consider the human body to be a one-time physical body that does not 
react to varying environmental conditions and accounts neither for short/long term 
acclimatisation nor energy storage and dissipation mechanisms or adaptation of any kind. This 
dynamic should be considered in comfort modelling in NV and MM buildings as indoor 
ambient conditions is non-steady by nature. Furthermore, the human body does not detect the 
environmental condition directly. It is only made possible by thermoreceptors located in the 
outer skin layer. This skin layer is a strategic part of most common thermo-physiological 
models composed of two systems. They generally consist of a passive system representing all 
the human body’s tissues and is the site of heat exchanges in the body and an active system 
which simulates physiological mechanisms such as shivering, cutaneous blood flow and 
sweating. Therefore, it becomes necessary to calculate the skin temperature to estimate the 
thermal sensation perceived by an individual in a given environment. This can be established 
through a thermoregulation model of the human body. Several complex thermoregulatory 
models exist to simulate the physiological responses of the human body and predict its skin and 
core temperatures (Fiala et al., 1999; Stolwijk, 1971; Tanabe et al., 2002; Salloum et al., 2007; 
Wissler, 2018). Some more simplified ones can also be found in the literature and are partially 
used in the AEC industry for specific applications (Urban comfort, Ashrae Elevated Air Speed 
Method) (Gagge, 1986; Walther, 2018; Walther, 2018; Ashare Standard, 2020). 
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El Kadri (2020) developed a thermoregulation model based on neurophysiology, the NHTM 
(Neuro Human Thermal Model). Its passive system is based on Wissler’s one developed for 
NASA (Wissler, 2018). The active system is based on signals from the skin and central 
thermoreceptors. Moreover, this model is individualisable; it can simulate several types of 
populations. The NHTM is coupled with Zhang's model (Zhang, 2003), which calculates 
sensation and thermal comfort in heterogeneous unsteady environments. In addition to 
calculating thermal comfort, the NHTM can estimate the health risks due to the exposure of 
individuals to thermal stress. This can be done by calculating core temperature and water loss 
through transpiration, sweating and evaporation. 
Skin temperature plays an essential role in monitoring the thermoregulatory system of the 
human body. The skin is the physiological bridge between the human body and its environment. 
This sensory organ is therefore used as an indicator of thermal comfort. 
Peripheral (skin) temperature was assessed as an index to estimate individual thermal sensation. 
The autonomic thermoregulation system uses peripheral blood vessels to maintain the 
temperature balance of the human body. In hot environments, cutaneous blood vessels dilate, 
allowing heat release. Thus, the skin temperature changes according to the blood flow.  Field 
measurements must be carried out in labs or actual buildings to quantitatively estimate its 
influence on thermal sensation. Lan et al. (2014) reported thermal comfort levels during sleep 
for different air temperatures using mean skin temperature and responses to subjective thermal 
comfort questionnaires. Liu et al. (2013) studied the variations of mean skin temperature as a 
function of the skin surface in stable and unstable thermal environments. 
A statistical analysis of the data collected according to different measurement methods, carried 
out by Yao et al. (2007), showed that the Burton model (3 points) obtains similar results for the 
average skin temperature compared to the other methods, for example, Colin/Houdas (10 
points), Hardy/DuBois (12 points), Stolwijk/Hardy (10 unweighted points), and 
Mitchell/Wyndham (15 unweighted points). Due to its simplicity and convenience, Burton's 
model is quite suitable for in situ measurements for relatively long periods. 
Burton minimises the number of sensors to three: on the heart chest side, the left forearm, and 
the right shin. He applies weighting coefficients to it to calculate the average skin temperature 
(Tsk), such as: 
 

Tsk = 0.14*Tforearm + 0.5*Tchest + 0.36 + Tshin  (1) 
 

Various technologies have recently been used to measure skin temperature, such as resistance 
thermometers, thermocouples applied to the skin’s surface or infrared thermometers (Li et al., 
2017). In the case of continuous measurements over a long period, the choice of thermocouples 
applied to the skin’s surface is the least restrictive way to equip the participants. 

3 MATERIALS AND METHODS 

Three five days-long campaigns were organised during one working week from the 13th of 
February to the 31st of March 2023. 

3.1 Buildings 

Two buildings in Saint-Pierre in La Réunion, France, were selected to serve as demonstrators 
in this study. La Réunion is an outermost French territory in the Indian Ocean, governed by 
tropical climate conditions (Type Aw and As as from the Köppen Geiger classification). The 
average annual daytime temperatures [7 a.m. to 6 p.m.] do not drop below 23°C for Saint-Pierre. 
During the hot period, a daily temperature amplitude of 24 to 34 degrees Celsius with a relative 
humidity higher than 75% is expected. The design of buildings is thought to provide comfort, 
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avoiding space overheating. The first demonstrator “Ilet du Centre” building (IDC), is a large 
double floor open space office building built in 2008. As an experimental construction operation 
in a dense urban context, it was subject to a bioclimatic design primarily based on natural cross 
ventilation with louvres openings and double protection facades acting as fixed shadow devices. 
It is described by Payet et al. (2022). The second demonstrator, “CoArchitectes” (COA), is the 
first floor of an old basic concrete residential house on the city’s seaside. It has been recently 
renewed and extended as an office building. It does not benefit from natural cross ventilation 
in all spaces, and two third of the building has indeed single-sided openings. Those spaces are 
therefore equipped with AC units and ceiling fans for the hottest period of the year. May it be 
poorly insulated, solar impact on this building is limited by a second floor and very dense 
nearby vegetation. 

3.2 Subjects  

Twenty-one subjects (named SUi with iϵ[1:21]) (eleven females, ten males), aged from 25 to 
52 (age mean: 35.2 ± 9.1), participated in the experiments. Their sensibility to cold and hot 
conditions was auto-evaluated by answering a questionnaire developed by CSTB; a sensitivity 
score was calculated to describe the panel. Based on the scores obtained from this group of 
participants, half can be considered “sensitive” to hot conditions, and the other half is “not very 
sensitive”. For the sensitivity to cold conditions, three categories can be defined: “not very 
sensitive” (2 participants), “moderately sensitive” (7 participants) and “very sensitive” (11 
participants). These sensitivity levels can be used to analyse the results by sensitivity groups.  
The subjects are office workers. The studied population comprises architects, engineers and 
landscape designers working in their profession to reduce the impact of the AEC industry. By 
that means, they are sensitised to the AEC industry’s environmental impact and have a basic-
to-good understanding of comfort components and their impact on energy use and carbon 
emission in buildings. SU1-8 were located in the IDC building, whereas SU9-21 was in the 
COA building. 

3.3 Physiological measures 

The physiological responses measured were skin temperatures and core temperature. 
Skin temperatures were measured by using stainless steel thermo buttons data logger 22L 
(ProgesPlus, France) at three localisations on the body (chest side of the heart, on the left 
forearm and on the right shin). Core temperature was measured using the same materials and 
placed under the armpit. The temperature acquisitions were made with a time step of 5 minutes. 
The average skin temperature (Tsk) was calculated according to Equation 1. 

3.4 Comfort surveys 

During the surveys, subjects were prompted to report their comfort status every 2 hours through 
a local executable written in French (Figure 1). The right side of the questionnaire concerns 
subject clothing and essential operable building elements such as sunshade deployment, doors 
and windows opening. Subjects could report any additional nuisance, such as noise, dust or 
glare and provide any comment in a free field. The left side of the questionnaire concerns 
comfort and air movement evaluation, such as thermal sensation (7-point scale), thermal 
comfort (6-point scale), satisfaction (4-point scale), acceptability (4-point scale), and preference 
(3-point scale). All results are gathered in tabulated format to speed up the data process and 
avoid transcription mistakes. 
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Figure 1: Screenshot of the Cooldown project comfort application for comfort survey(in French) 

3.5 Environmental measures 

Indoor climatic conditions were recorded at two different levels, at the space level and the 
subject level. 
The micro-climate around the participants was monitored using one hygro-button data logger 
for the air temperature (MC_T) and relative humidity (MC_RH). This sensor was pinned on the 
subject’s top piece of the garment (at the chest level). These acquisitions were made with a time 
step of 5 minutes. 
Air temperature and relative humidity were acquired with the PULSE box developed by CSTB 
every 10 minutes. 
Environmental parameters for all spaces, such as dry bulb temperature, globe temperature, air 
velocity, and relative humidity, were recorded with various equipment, as in Table 1. All 
environmental parameters data are pre-processed to obtain a mean at 5 minutes time-step. For 
example, the environmental data from the PULSE box being acquired at a time step of 10 
minutes, the value lying between two measured values corresponds to the average between 
these two values. 

The meteorological data were extracted from the Mereen platform developed by CSTB, which 
combines solar radiation from satellite observations with classical weather station data, all at 
an hourly time step base. Results presented in this paper do not yet consider all granulometry 
of measurement at this early stage of the study. 
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Table 1: List of environmental parameters measure equipment 

Supplier Model Probes Measurements Timestep 
DeltaOhm HD32.1 – Thermal 

Microclimate Data 
Logger 

Combined temperature and relative 
humidity probe. 
Globe temperature probe Ø 150mm 
Omnidirectional hot wire probe 
(0°C…80°C) 

Tdb, Tg, Va, RH 15 s 

Testo 400 C02 probe with Temperature and 
relative humidity sensors 
Globe temperature probe Ø 150mm 
TC type K  
Hotwire thermo-anemometer   

Tdb, Tg, Va, RH 
 

15 s 

Kimo VT 110 / VT 115 Hotwire thermo-anemometer Va, Tdb 15 s 
Campbell 
Scientific + 
Testo 

CR1000 Combined temperature and relative 
humidity probe. 
Globe temperature probe Ø 152mm 
Thermal anemometer 

Tdb, Tg, Va, RH 
 

1 s 

 

4 RESULTS & DISCUSSION 

4.1 Quality of the data 

The database was obtained by synchronising the data from the different sources of 
measurements. It contains 935 lines, corresponding to the 935 questionnaires obtained from the 
20 participants over the three campaigns, and allowing the statistical analysis of the data to 
correlate all the environmental data, physiological and declarative data.  
Due to the constraints of in-situ experimentation, some missing values exist in the database, 
depending on the sensors. The temperatures measured by the PULSE box showed a mean 
difference of 0.5°C with the temperature acquired with the comfort stations. The relative 
humidity recorded with the PULSE box showed a mean difference of 3.6% with the measures 
made with the comfort stations. These mean differences being sufficiently low compared to the 
uncertainty of the sensors, the missing values from the comfort stations were completed with 
the values of the PULSE boxes. 
The number of missing values remaining after the database cleaning is 55 for the indoor 
temperature and indoor relative humidity measurements and 30 for the skin temperatures. 

4.2 First results 

The meteorological data indicate that the mean outside temperature during the three campaigns 
and the hours of response to the questionnaires was 28.5°C (min: 23°C, max: 31°C), and the 
mean relative humidity was 64.7% (min: 44.8%, max: 88.84%). Most of the time, the wind 
came from the southeast at a mean speed of 6.5 m/s (min: 0 m/s, max: 13.4 m/s). 
The indoor temperatures in the IDC building were between 25.4°C and 29.4°C (mean: 28.3°C), 
and in the COA building, between 23.9°C and 31.3°C (mean 29.3°C) during the campaigns. 
The indoor relative humidity in the IDC building was between 51.5% and 81.8% (mean: 
59.8%), and in the COA building, between 50% and 82.5% (mean of 67.1%). Windows were 
opened 85% of the time. 
Regarding the responses to the questionnaire, 50% of the time, the subjects had a neutral 
thermal sensation, 30% slightly warm, 11% warm, and around 3% for the other choices. Only 
subjects in the COA building were declared “hot” when none of the subjects in the IDC building 
did. 
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The respondents declared they were satisfied 62% of the time, just satisfied 29%, just 
unsatisfied 7% and unsatisfied 2%. As for the thermal sensation, only occupants of the COA 
building chose the “unsatisfied” response. The same analysis can be made for comfort and 
acceptability. This result is consistent with the indoor conditions, which were hotter and more 
humid in the COA building than in the IDC one. The exact number of responses for each subject 
and each category of thermal sensation, comfort, acceptability and satisfaction is shown in 
Figure 2. 

a) 

 

b) 

 
c) 

 

d) 

 
Figure 1: Number of votes for each subject and for each category of thermal sensation (a), comfort (b), 

acceptability (c) and satisfaction (d) 

The four levels of satisfaction with the thermal environment are shown in Figure 3 as a function 
of the average values of air temperature and relative humidity. For each level, dissatisfaction 
increases with relative humidity. Confidence ellipses for the extreme satisfaction and 
dissatisfaction levels are constructed using the values of standard deviations of temperature and 
relative humidity. The correlation coefficient between temperature and relative humidity is used 
to calculate the angle of the confidence ellipse.  
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Figure 3: Evolution of the satisfaction level as a function of the temperature and relative humidity inside the 

buildings 

Figure 3 shows that as dry as the air remains, the air temperature does not influence the level 
of satisfaction itself. On the contrary, a threshold value for relative humidity (68%) seems to 
condition the panel's dissatisfaction index. 
Figure 4 shows the evolution of the skin temperature as a function of the microclimate 
temperatures and relative humidity. The results show that the main parameter influencing the 
skin temperature is the air temperature around the participants. The relative humidity is less 
linked to the skin temperature. 

 
Figure 2: Evolution of the skin temperature as a function of the temperature and relative humidity given by the 

individual microclimate 

5 CONCLUSIONS 

This paper aims to present an overview of the methodology used in the ANR project CoolDown. 
Thus, the results presented in this paper are preliminary and do not show the whole set of data 
acquired. 
These first results allow us to identify a trend regarding the strong influence of relative humidity 
on thermal satisfaction. A threshold value for relative humidity (68%) in this range of air 
temperatures seems to condition the panel's dissatisfaction index. 
The skin temperature measurement is a good indicator of the ambient temperature around the 
subjects. This first set of declarative, physiological and environmental data constituted from the 
three campaigns will serve as entry data to build and optimise a thermal comfort prediction 

119 | P a g e



model, which will be validated with the data from a second set of experimental campaigns while 
testing the optimised hybrid cooling solutions, identified during the CoolDown project. 
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ABSTRACT 
 
Over time with thermal and energy regulations, buildings are increasingly insulated and airtight to control better 
the heat exchanges between the indoor and outdoor environments. The primary function of the mechanical 
ventilation system is to ensure healthy air by diluting odours and humidity with fresh air. However, in many 
situations, windows opening can be much more effective in terms of thermal comfort, air quality, or release heat 
loads due to a higher air change rate than the mechanical ventilation system itself. On the contrary, opening the 
windows can be counterproductive and, in particular, leads to overconsumption of energy because it is not 
necessarily obvious whether it is appropriate to open or close a window. In addition, opening a window can 
improve air quality and generate additional energy consumption, leading to a complex decision process. 
This presentation presents a coaching tool developed to help occupants to know whether it is a good option to open 
or close  their windows. The objective of this coach is to consider the three components: thermal comfort, indoor 
air quality (IAQ) and energy consumption. The coaching tool is based on environmental data monitored thanks to 
3 sensors in its first version: indoor and outdoor air temperature and indoor CO2 concentration. The outside air 
temperature is first used to calculate the outdoor running temperature based on the last three days of measuring 
data. This running outdoor temperature is used to define the adaptive comfort temperature range. The indoor air 
temperature is then compared to both instantaneous outdoor air temperature and adaptive comfort temperature 
range to check if the thermal potential (heating or cooling) is in accordance with the thermal need of the indoor 
environment. In parallel, the IAQ is monitored thanks to the CO2 concentration sensors and compared to different 
ranges to define whether opening the window might be necessary to bring cleaner air into the room. All these data 
are integrated into a rule-based algorithm to determine the coaching advice, which might take three states: Open, 
Close or Free. The last one means open or close will neither improve nor deteriorate the indoor environment quality 
(IEQ). One of the challenges of this tool is to be autonomous in energy for at least one season. Energy consumption 
of the tool, frequency of computation of the algorithm and advice displayed to the user are other bottlenecks 
developed in parallel with the algorithm’s performance. 
 
A testing campaign with five prototypes was run at the end of summer 2022 in an office building at Le Bourget-
du-Lac (73) in France. Some first feedbacks are presented in Figure 1 within the upper graph, the measured data: 
indoor air temperature in orange, outdoor air temperature in green, the bandwidth of adaptative thermal comfort 
in red, and CO2 concentration in blue. In the lower graph, the status of the windows is presented in yellow, and the 
advice from the coach is in blue. Unfortunately, in this first period, the outdoor conditions were inappropriate for 
testing the coach at full capacity. 
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Figure 1 - 1st test of the coaching in a summer week 

 
In parallel, a second version of the prototype has been developed and is shown in Figure 2. This second version 
will help in qualifying the algorithm during the summer of 2023. 
 

 
Figure 2: V2 of Wind’Ose prototype 

More extended feedback on this coaching tool is necessary to quantify its impact on the three components: Thermal 
Comfort, IAQ and energy consumption. 
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ABSTRACT 
 
Due to global warming, severe problems of buildings overheating during summer in temperate and hot climates 
arise. Thus, there is an increasing use of air conditioning. However, alternative passive and soft cooling systems 
exist to address comfort and energy savings issues, such as natural ventilation or ceiling fans, that consume less 
energy. Although they are well-known today, their use remains under-enhanced. CoolDown project, funded by the 
French National Research Agency (ANR), aims to define the tools and methodology to optimise the successive 
use of passive, soft and active systems to maximise comfort for occupants while minimising energy consumption 
in summer, hot seasons or heat waves. The methodology of this project is hereafter presented to achieve two mainly 
two types of outputs: (1) the definition of metrics to quantify the building potential and performance from thermal 
comfort and energy perspectives, and (2) the development of tools and algorithms to optimise the coupling of 
building passive and active cooling systems, both in the design and operation phases. 
 

KEYWORDS 
 
Summer comfort, Mixed mode buildings, Hybrid Cooling Solution, IEQ, Multi-criteria optimised control 
strategies, Performance Guarantee 
  
1 INTRODUCTION 

 
In the current context of global warming, severe problems of buildings overheating during 
summer in temperate and hot climates arise. As a result, these hot periods lead to an increase in 
the use of air conditioning and, thus, to an increase in energy consumption and peak electricity 
demand at the global scale. However, alternative and original so-called combined passive and 
soft cooling solutions exist to address both comforts in hot climates and energy savings issues, 
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such as natural ventilation and ceiling fans that consume much less energy. Furthermore, the 
COVID-19 crisis highlights the importance of building ventilation with clean air in the 
foreground of natural ventilation. Some cooling solutions combining passive and low energy 
(soft) solutions with active, more energy-consuming systems can reduce energy consumption 
drastically. Nevertheless, although those mixed-mode solutions begin to be well-known today, 
their uses remain underwhelming in the building field, especially in temperate and tropical 
climates. To overcome this issue, 5 main scientific and technical barriers have been identified. 
The first Scientific and Technical Barrier (STB1) lies in a need for knowledge of the actual 
performance and the impact of the passive and soft cooling solutions and especially their 
combined uses with active systems (STB2). Moreover, in this notion of performance, both the 
energy and the comfort aspects are important issues. However, if the quantification of the 
energy consumed through an indicator is quite easy to reach, it is challenging to quantify and 
ensure thermal comfort in diverse hot climates considering a mixed-mode cooling solution 
combining passive, soft and active systems (STB3). Indeed, considerations of comfort are 
different in according to the cooling system and the occupant habits. It has been notably shown 
that the occupants’ comfort expectancy is much higher when using Air Conditioning (AC) than 
for Naturally ventilated (NV) buildings. Mixed mode cooling solution being at the edge of those 
AC and NV ones, comfort should be quantified in accordance. Two other challenges appear 
then. First, if the energy performance guarantee is largely studied in the state of the art in heating 
conditions, energy performance guarantee in cooling conditions (STB4) remains less 
investigated, especially in the presence of natural ventilation and use of ceiling fans providing 
a consequent air velocity. Second, considering comfort in the verification protocols (STB5) is 
usually not considered in those works. Finally, the economic and environmental aspects also 
need to be considered to ensure the potential and consistency of optimised solutions. 
The objective of this article is to present the methodology which will be developed during the 
CoolDown project. Its overarching objective is to define tools and methodology to optimise the 
successive and combined use of passive, soft and active solutions to maximize controlled 
comfort for occupants while minimising energy consumption in summer, hot seasons or heat 
waves to face the climate change impact in the Architecture and Engineering Industry (AEC) 
industry with a focus on existing office buildings. 
 
 
2 STATE OF THE ART  

 
As mentioned hereabove, the current context of global warming leads to a drastic increase in 
air-conditioning use and, consequently, energy consumption. Natural ventilation and ceiling 
fans showed their efficiency as alternative solutions, but their cooling potential tends to be 
reduced with higher outdoor air temperatures, especially during heat wave periods. Therefore, 
natural ventilation by itself, even coupled with ceiling fans, may not be sufficient to ensure the 
comfort of occupants throughout the year. In this context, there is an intermediate solution, 
defined as mixed cooling (MM: mixed mode cooling) according to the definition of (Brager, 
2006). This solution, called changeover, is defined as cooling by air conditioning and natural 
ventilation operating in a differentiated manner on a seasonal or daily basis. In addition, the use 
of ceiling fans (0.5-2.0 m/s) makes it possible to lower the perceived temperature and 
consequently delay the turning of the air conditioners and raise the setpoint temperatures of the 
latter. It is then possible to have a cascade sequence of different solutions (Natural Ventilation, 
Natural Ventilation + Fan, Fan + Air Conditioning). Unlike naturally ventilated and air-
conditioned buildings, the mixed-mode building does not have a dedicated comfort model. 
More generally, two families of comfort models are today represented in standards and 
literature. The first contains models based on steady-state heat balance equations, such as the 
one-node (Fanger, 1970) or the two-nodes (Gagge, 1986) thermal regulation models. They 
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make it possible to calculate the PMV (Predicted Mean Vote) or SET (Standard Effective 
Temperature) indices and give a prediction of the comfort felt by the user after a physiological 
reaction caused by thermal stress (Gao et al., 2015). To do this, they require a multitude of input 
parameters (radiant and air temperature, airspeed, relative humidity, clothing, metabolism, etc.). 
The second contains models from satisfaction surveys in a heterogeneous selection in terms of 
building and location. These are the models of comfort zones on the psychometric diagram, 
initiated by (Givoni, 1992) and the American (based on the RP-884) and European (based on 
the SCAT) adaptive models. They put in linear relation the indoor climatic conditions of 
comfort with outdoor running mean temperature. There are also regional variations in the 
Chinese (GB/T 2000), Dutch (ISSO74) and Indian (IMAC) standards. These adaptive models 
emerge from the observation that the thermal sensation votes from the PMV, initially validated 
in laboratory conditions, were different from the real votes in naturally ventilated buildings 
where the occupants benefit from a great opportunity for adaptation to restore their comfort. A 
dichotomy is thus established between comfort model type and building cooling modes in the 
standards governing comfort in the AEC industry. It should be noted that in the standards, as in 
the literature, the recommendations are in line with the use of Fanger’s PMV-PPD (Predicted 
Mean Vote, Predicted Percentage Dissatisfied) model in air-conditioned buildings and the 
Adaptive Model (AM) in naturally ventilated buildings. However, the most common standards, 
ANSI/ASHRAE Standard 55 (USA), ISO 7730-2009 and EN 16798 (Europe, ex EN 15251) do 
not mention any real guide for the evaluation of comfort for this type of mixed-mode cooling 
(Kim et al., 2019; Carlucci et al., 2018). This is particularly true in hot and humid climates 
which lack research in the field as mentioned (Rodriguez and D’Alessandro, 2019). EN 16798 
or IMAC (India) do offer an openness towards the use of the adaptive model for mixed-mode 
buildings but specifies that it is only valid if no air conditioning system is in operation, which 
rules out the simultaneous use of fans and air conditioners. Our project will then address this 
question of the suitable metrics for quantifying the comfort in the presence of a mixed-mode 
cooling strategy in a large diversity of climates.  
At a different comfort complexity level, a new neurophysiological human thermal model based 
on thermoreceptor responses, the NHTM model, has been developed by (El Kadri et al., 2020) 
to predict regulatory responses and physiological variables in asymmetric transient 
environments. The passive system is based on Wissler’s model (Wissler, 2018), which is more 
complex and refined, it simulates heat exchange within the body and between the body and the 
surroundings. The active system is composed of thermoregulatory mechanisms, i.e., skin blood 
flow, shivering thermogenesis, and sweating. The skin blood flow model and the shivering 
model are based on thermoreceptor responses. The sweating model is that of (Fiala et al., 1998) 
and is based on error signals. This latter has also been used to improve the Gagge model (Vellei 
et al.,2020). In this project, this model will be implemented, and the results will be compared 
to the other classic thermal comfort models previously mentioned.  
Afterwards, those suitable comfort metrics would be used to feed the mixed-mode cooling 
control strategies. In the literature, some authors have already proposed intelligent solutions to 
control cooling systems by combining alternatively an active energy-consuming air-
conditioning and a passive natural ventilation device (Emmerich et al., 2006), (Zhai et al., 
2011), (Hu et al., 2014), (Chen, 2019). However, the aspect of occupant comfort and the 
simultaneous use of the different cooling systems should have been considered in those works. 
Our project is to go further by associating simultaneously the passive, soft and active cooling 
systems with a double objective of both energy and comfort. To reach the flexibility of the 
control algorithm, the chosen method will be fuzzy logic. One advantage of this technique 
resides in the fact that it allows modelling the user behaviour of a system instead of the system 
itself. Given that, it requires global concepts to describe approximate variables instead of 
precise numerical values. It provides then a large flexibility of the control algorithm. Some 
authors have already shown the efficiency of the fuzzy logic for ventilation control (Dounis et 
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al., 1996), (Eftekhari et al., 2003), (Homod et al., 2014). Our methodology will be built on those 
works.  
Once the mixed-mode control strategies are defined, they will be tested, and the following 
required stage will consist in the ability to guarantee their performance according to energy and 
comfort issues. Guarantee the energy performance in buildings is a research topic more and 
more investigated in the recent years.  As shown in the two successive IEA EBA Annex #58 
dealing the intrinsic thermal performance of an envelope and #71 focusing on the performance 
in-use. To estimate the intrinsic performance which is a key point to ensure the quality of the 
on-site work compared to the design phase, methodologies (co-heating (Bauwens et al., 2014), 
ISABELE (Thebault et al., 2018), SEREINE, QUB (Ahmad et al., 2020)) are developed to 
quantify the heat loss of an envelope through conduction and the infiltration flowrate (Jay et 
al., 2020). This is particularly interesting to estimate the active systems’ energy needs, whether 
hot or cold (Jay et al., 2021). All these methods focus on the energy use performance only. They 
do not consider the impact of comfort and quantify the relevance of natural ventilation or ceiling 
fans in the final energy consumption and their impact of the comfort. 
 
3 METHODOLOGY  

 
To define tools and methodology to optimize the combined use of passive, soft and active 
solutions, CoolDown workplan is articulated around 4 pillars (Figure 1). First one will focus on 
occupant acceptability and comfort followed by some occupant surveys. Second pillar will 
focus on active cooling systems with the development of a methodology to fine tune their sizing. 
Third pillar aims at optimizing the combined use of passive, soft and active cooling systems in 
term of sizing and control strategies. Fourth pillar targets to develop methodology for 
guaranteeing the actual performance of the hybrid cooling strategies considering occupants’ 
acceptability and energy use. Last but not least, the work developed in this project will be 
supported by five (5) office buildings in real different climate areas (2 in Auvergne-Rhônes-
Alpes, 1 in Centre, 2 in La Réunion). These buildings will be used throughout the project, first 
as a use case for the technical CoolDown development and then for alternative solution 
implementation to get real feedback on their efficiency. 
 

 
Figure 1: CoolDown methodology 

3.1 Occupant acceptability and comfort 
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The acceptability of the occupants regarding the passive, soft and active cooling solutions is 
likely to be carried out by using a survey on a sample of a thousand people representative of 
the mainland and French outermost tropical population, by means of a telephone survey. This 
sampling will include a sample of occupants of non-equipped and equipped buildings. It will 
also integrate oversampling in regions experiencing recurrent episodes of high heat to 
anticipate future behavior induced by the effects of climate change. 
Several experimental campaigns will be carried out in demonstrator buildings to obtain a 
first set of data corresponding to the initial state of the occupant’s comfort. Twenty 
occupants' thermal comfort will be assessed using objective physiological measurements 
(skin temperature and heart rate) and declarative sensory questionnaires about their perceived 
thermal comfort. For each campaign, physiological and sensory responses will be recorded 
for one week for each participant, in a real occupied demonstrator in La Réunion. Their 
environment will also be monitored (temperature, humidity, radiation). This data set will 
contribute to building and optimising a thermal comfort prediction model, which will be 
validated with the data from a second set of experimental campaigns testing the optimized 
hybrid cooling solutions as described in Figure 2. 

 
 

3.2 Optimal solutions design and control strategies through coupling models 

 
The project will target the optimization of the combined use of passive, soft and active cooling 
systems in term of sizing and control strategies. Better knowledge of active cooling system 
behaviour, flexibility, and complementarity regarding additional passive and soft modes are 
also studied. To do so, this task will combine numerical and laboratory experimentations with 
implementing and validating a hybrid cooling numerical model. To develop it as accurate as 
possible, numerical barriers appear through the choice and the coupling of the passive, soft and 
active cooling system sub-models. Furthermore, considering the metrics defined in the first 
axis, the mathematical optimization of the hybrid system sizing and control strategies will also 
be a major challenge.   

Figure 2: occupant acceptability surveys and model development process 
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3.3 Performance evaluation tools for cooling solutions  

 
Fourth pillar of CoolDown lies on performance assessment of the cooling solutions to ensure 
that the CoolDown solutions are efficient and to characterise their cooling potential and real 
performance. First, a work focuses on choosing and defining indicators to this end, then 
develops or adapting methodologies to measure and quantify these indicators. A two steps 
approach is foreseen. First indicators and methodologies are studied for standalone solutions 
including natural night ventilation, solar aperture, thermal inertia, and fans. Then, work is 
carried out on global methodologies and common indicators for the CoolDown solutions mixing 
different cooling modes. The target is to keep light monitoring strategies to replicate these 
methodologies at a large scale.  
 
3.4 Case study to be used 

 
Development and tests done in the other pillar of the project will be supported by four real 
occupied offices situated in different climate areas: Savoie (73), Indre et Loiret (37) and La 
Réunion (974). These buildings will first feed the other tasks as test cases thanks to the available 
monitored data and buildings characteristics to build on numerical models of these use cases. 
Following the results from Finally, each development will be implemented in at least one of the 
demonstrators to qualify its feasibility or quantify its impact. 
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4 CONCLUSIONS 

 
Centred on three different challenges of an innovative cooling solution among the comfort 
evaluation, the control and the performance guarantee, the CoolDown project will address 
efficiency and energy performance cooling strategies. Specifically, the objective of this project 
is to implement a cooling solution leading to energy savings by limiting the use of the air 
conditioning while providing optimal thermal comfort. To do so, three cooling modes will be 
employed with passive, soft and active systems. The passive mode will mainly be linked to 
natural ventilation through dedicated large openings. Concerning the soft solution, it will be 
reached by using fans (mainly ceiling fans in tropical climates). And finally, the active cooling 
will consist of an air conditioning system. Based on both comfort and energy considerations, a 
successive mode control strategy will be implemented to maximize the efficiency and 
performance of building cooling. 
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SUMMARY 
 
International Energy Agency (IEA) Annex 78 was launched in 2018. The title of the Annex is “Supplementing 
Ventilation with Gas-phase Air Cleaning, Implementation, and Energy Implications.” The objective of the Annex 
is to bring researchers and industry together to investigate the possible energy benefits of using gas-phase air 
cleaners (partial substitute for ventilation) and establish procedures for improving indoor air quality or reducing 
the prescribed ventilation rates by gas-phase air cleaning; a test method for air cleaners that considers perceived 
air quality ratings is also included in the activities with the potential of developing a new standard.  
 

KEYWORDS 
Air Cleaning; Gas-phase; Energy; Standard; Clean air delivery rate 
  
1 INTRODUCTION 

 
Ventilation accounts for approximately 20% of the global energy use for providing an 
acceptable indoor environment. The requirements for ventilation in most standards and 
guidelines assume acceptable quality of (clean) outdoor air. Worldwide, there is an increasing 
number of publications related to air cleaning and there is also an increasing sale of gas phase 
air cleaning products. This puts a demand for verifying the influence of using air cleaning on 
indoor air quality, comfort, well-being, and health. It is thus important to learn whether air 
cleaning can supplement ventilation with respect to improving air quality i.e., whether it can 
partly substitute the ventilation rates required by standards. Finally, the energy impact of using 
air cleaning as supplement of ventilation needs to be estimated. This topical session will provide 
an introduction to the objective/scope, activities, and intended outputs of the annex. 
 
2 MAIN ACTIVITIES 

 
The annex comprises five subtasks, and their activities are described in the following sections. 
2.1 Subtask A: Energy benefits using gas phase air cleaning 

The subtask aims at quantifying the energy performance of using air cleaning as part of the 
ventilation requirements. The baseline for calculating the energy benefits is the energy used to 
heat/cool the required ventilation air and the electrical energy to drive the fans. Possible 
energy reduction by decreasing the amount of outside air by use of air cleaning will be 
studied. The subtask will also establish a metric of assessing air cleaner efficiency in relation 
to energy: CADR/kWh where CADR is the clean air delivery rate 
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2.2 Subtask B: How to partly substitute ventilation by air cleaning. 

This subtask will analyse how air cleaning can partly substitute for ventilation. Existing 
standards for IAQ-Ventilation and for testing air cleaners will be investigated. Measurement of 
perceived air quality and chemicals will be studied. 
2.3 Subtask C: Selection and testing standards for air cleaners.  

The main criteria for establishing required ventilation rates are based on perceived air quality. 
This subtask focuses on the need for standard testing procedures for air cleaners.  
2.4 Subtask D: Performance modelling and long-term field validation of gas phase air 

cleaning technologies 

The subtask will include activities like review of available models for predicting the 
performance of gas phase air cleaning technologies and perform long term field experiments 
to validate the selected gas phase air cleaning technologies.  
2.5  Subtask E: Gas Phase Air cleaning Technologies 

 
3 INTENDED OUTPUTS AND TARGET AUDIENCE 

 
All subtasks will provide input to the final deliverables A-E  
A: Energy benefits using gas phase air cleaning: A method for predicting the energy 
performance of gas phase air cleaning technologies and the possible reduction of energy use 
for ventilation. This will be of interest for consultants, manufacturers, government building 
codes in the goal to design and operate near zero energy buildings 
B: How to partly substitute ventilation by air cleaning: A validated procedure for 
supplementing (partly substituting) required ventilation rates with gas phase air cleaning.  
This will be of interest for standards and guidelines setting requirements for indoor air quality 
and ventilation. This will also be of significant interest for manufacturers of air cleaning 
technologies 
C: Selection and testing standards for air cleaners: A test method for air cleaning technologies 
that besides chemical measurements include perceived air quality as a measure of 
performance. This will be of interest for standard bodies writing test standards (ISO TC142/ 
CEN TC 195 and ISO TC 146) and related certification bodies.This will also be of significant 
interest for manufacturers of air cleaning technologies. 
D: Performance modelling and long-term field validation of gas phase air cleaning 
technologies: A report on the long-term performance of air cleaning and model for the 
performance of gas phase air cleaning technologies.This will also be of significant interest for 
manufacturers, consultants, standard writing experts.  
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SUMMARY 

1 INTRODUCTION 
Indoor air pollution is a significant concern due to its adverse effects on human health and productivity. With 
people spending most of their time indoors, exposure to indoor air contaminants can lead to various health issues, 
including respiratory problems, cardiovascular diseases, and even an increased risk of lung cancer and premature 
mortality. Additionally, poor indoor air quality can result in short-term symptoms like headaches, eye and throat 
irritation, fatigue, and asthma, impacting workplace productivity and absenteeism. To address these challenges, 
this study explores the potential of advanced air cleaner technology as an alternative to increased ventilation rates 
in buildings, focusing on an office environment. 

2 BACKGROUND 
The study begins by highlighting the sources of indoor air pollution, including outdoor pollutants from fossil fuel 
burning and waste incineration, as well as indoor sources such as cleaning products and biological activities. To 
enhance indoor air quality, traditional approaches involve using supply air filters in ventilation systems and 
reducing indoor pollutant sources while increasing outdoor air ventilation. However, this study investigates 
different air filtration methods, including central HVAC filters, room air cleaners, and combined active chilled 
beams with filters, to effectively remove both particulate and gaseous pollutants (Pope and Dockery , 2006), 
(Manisalidis et al., 2020). 

3 DESIGN AND BUILDING MODEL 
The research adopts a representative building model of a typical office room located on a middle floor of a high- 
rise building. The room has specific dimensions, and its surfaces are considered adiabatic, except for the south- 
oriented facade with a window. Shading devices are incorporated to block incoming solar radiation when it exceeds 
a certain threshold. The study includes hourly profiles for occupancy, appliances, and lighting to represent user 
behavior and internal heat gains. The building's heating and cooling system is designed to maintain a comfortable 
indoor air temperature within a specific range. 

4 SYSTEM MODELS 
Four different HVAC system configurations are implemented and evaluated in the study: 
Reference case: A typical office ventilation system with a heat recovery unit, a heating coil, and supply and return 
fans. The system delivers outdoor air to the office room and maintains a specific air temperature. 

 
4.1 System-based filter 
A filter is integrated at the system level, allowing for lower outdoor air flow rates by filtering and recirculating 
return air from the room. This configuration reduces the need for larger ducts and offers potential energy savings. 
Room-based filter: A filter is placed at the room level, and air is filtered within the room using a small fan. 
Although this approach is less efficient in terms of fans, it offers localized air cleaning benefits. 
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Beam-based filter: A filter is incorporated into an active chilled beam unit, where room air is filtered by the device 
integrated into the beam. This system provides efficient recirculation of air through induction, resulting in energy 
savings. 

5 RESULTS 
The study presents the results of the four HVAC system configurations, focusing on their total primary energy use. 
Comparing the cases, the integration of a filter in the beam unit resulted in primary energy savings of 
approximately 26% compared to the reference case. The room-based and beam-based filter systems have similar 
energy demands for space heating, while the reference case requires slightly more energy due to the lack of air 
recirculation. For space cooling, the room-based and beam-based filter systems have higher energy demands, while 
the reference case has the lowest energy demand due to higher outdoor air supply. The system using filters has the 
lowest energy demand for the heating coil, while the reference case has the highest. 

6 CONCLUSION 
The study concludes that air cleaning technologies, such as portable air cleaners or combined chilled beams with 
air cleaners, can be effective solutions for mitigating indoor air pollution and improving air quality in specific 
rooms. However, it emphasizes the importance of considering energy performance when selecting air cleaners and 
ventilation systems for indoor environments. The appropriate choice of air cleaner and ventilation system can 
significantly impact energy efficiency and indoor air quality. The integration of filters in the HVAC system, 
particularly in active chilled beam units, demonstrates notable energy savings. Overall, the research provides 
valuable insights into optimizing indoor air quality while maintaining energy efficiency in office buildings.Please 
use the spell-check and grammar check before submitting your summary. 
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SUMMARY 
This manuscript discusses the energy-saving benefits of gas-phase air cleaning in Nordic buildings. Ventilation 
systems are crucial in creating a healthy and comfortable indoor environment. These systems account for around 
30% of building heat losses in cold climate regions. Indoor emissions from materials, occupants, and outdoor 
pollutants are key to ensuring acceptable indoor air quality levels. Therefore, this study focuses on using gas-phase 
air cleaning technologies in low-energy centralized air handling units. By simulating the heating performance of 
a typical residential and office building in central Sweden, we examine the impact of indoor air recirculation rates 
and air changes per hour on heating demand and indoor gaseous air pollution concentration. The results indicate 
that indoor air recirculation can reduce heating demand by approximately 10% for residential buildings and 20% 
for office buildings while maintaining acceptable indoor air quality. 
 

KEYWORDS 
Gas-phase air cleaning, Energy-saving benefits, Nordic buildings, Indoor air quality, Heating demand  
  
1 INTRODUCTION  
Meeting indoor air quality requirements and reducing indoor pollutants are crucial for ensuring a healthy and 
comfortable indoor climate for building occupants [1]. Heating, ventilation, and air-conditioning (HVAC) systems 
play a vital role in achieving these goals, but their configuration depends on factors such as building type, resident 
requirements, and climate conditions [2]. The transformation of the building sector towards zero-energy buildings 
that prioritize occupants' health, comfort, and productivity aligns with the United Nations' Sustainable 
Development Goals [3]. Ventilation accounts for approximately 9% of total primary energy use in some countries, 
with residential buildings in the U.S. consuming 30% of their energy for ventilation, heating, cooling, and domestic 
hot water needs [4]. However, increasing building airtightness has increased the significance of ventilation energy 
use, as well as the concern for carbon dioxide emissions [4, 5]. In order to reduce energy use to heat the ventilated 
air in cold climates, strategies such as improving building envelope airtightness, heat recovery, and preheating 
outdoor air have been implemented [6, 7]. However, these strategies can lead to increased concentrations of 
pollutants and the need for air-cleaning technologies. Integrating air cleaners into ventilation systems can improve 
indoor air quality and energy efficiency [8]. 
Nevertheless, optimization is required to balance parameters such as filtration pressure losses, fan power demand, 
and heating or cooling requirements [9]. The impact of ventilation rates, filter performance, and air exchange 
effectiveness on indoor air quality and energy usage in buildings has been studied [10].  
This study aims to investigate the impact of recirculation rates on the energy usage of centralized air handling units 
(AHU) and buildings' heating demand in the central Swedish climate. 
 
2 METHOD 
To conduct our analysis, we used the TRNSYS software to perform annual transient simulations and assess 
variables. Additionally, a MATLAB code analyzed TVOC and CO2 concentrations based on the building 
requirements modeled in TRNSYS. The study covered both residential and office buildings. Furthermore, we 
assessed the impact of implementing gas-phase air cleaners without a heat recovery system. More details can be 
found in an article by Nourozi et al. [11]. 
 
3 RESULTS AND DISCUSSIONS 
Residential buildings with a heat recovery ventilation (HRV) system showed lower heating energy demand than 
those without. Recirculating indoor air had no significant effect on heating demand, with the energy requirement 
remaining unchanged. However, without heat recovery, the heating demand decreased by 3% increments for each 
20% increase in the recirculation rate. In office buildings, the heating energy demand decreased with higher 
recirculation rates due to higher air change rates per hour (ACH). A 20% increase in the recirculation rate resulted 
in an approximately 8% reduction in energy demand. Gas-phase air cleaning and increased recirculation rate 
reduced heating demand for buildings without heat recovery. The effectiveness of heat recovery systems can vary 
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based on heat recovery efficiency and different building types. Real-time monitoring of air pollutants can optimize 
recirculation schedules. 
Indoor CO2 concentration was mainly influenced by outdoor concentration, with the occupancy rate having a minor 
effect. The recirculation rate had a negligible impact on indoor CO2 concentration when outdoor concentration 
outweighed indoor sources. 

 
Figure 1: Impact of recirculation rate on TVOC and CO2 concentration for different ACH values [11]. 

To conclude, using air cleaners as an extension to the building ventilation system can lead to energy savings and 
improved indoor air quality. Additionally, increasing the recirculation rate during rush hours in the mornings and 
evenings maintained CO2 concentrations within acceptable ranges. In buildings without effective ventilation 
systems, gas-phase air cleaning and increased recirculation can be valuable strategies to optimize energy efficiency 
and indoor air quality. 
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ABSTRACT 
 
Gas-phase air cleaners can be used to either reduce occupant dissatisfaction for the same outdoor air flow rate or 
to reduce the outdoor air flow rate for the same resulting occupant satisfaction based on its clean air delivery rate 
(CADR). The latter lowers the required ventilation rate for the same indoor air quality and can thus lead to a 
reduction in energy use for preheating/cooling and from transporting the outside air. However, there is no current 
method or metric for determining the energy benefit of installing a portable air cleaner. This study aimed to 
establish a framework and metric for assessing air cleaner efficiency in relation to energy use. The investigated 
gas-phase air cleaner (GPAC) represented a stand-alone (portable) unit equipped with an active carbon filter. In 
order to evaluate the proposed metric human subject experiments were conducted to investigate the effect of a gas-
phase air cleaner on perceived air quality. The purpose of the experiment was to determine the CADR as a function 
of the percentage of subjects dissatisfied. The experiments were complemented by building energy simulations 
which were used to estimate the annual energy use for heating, cooling, and transporting the outside air (fan 
energy). A CADR of approximately 50% (12 L/s) was identified when the pollution source was only represented 
by building emissions and a CADR of approximately 30% (9 L/s) was found when both bio-effluents and building 
emissions represented the pollution source. The proposed indicator, clean air efficiency (CAE), can be used to 
compare different solutions used for providing clean air into the space. Based on the results shown for an air 
handling unit (AHU) and a stand-alone GPAC for Copenhagen, Denmark - dominated by a high heating load - the 
GPAC was a viable solution, i.e. higher CAE, only if the AHU was not equipped with a heat exchanger. The GPAC 
was also more efficient if both bio-effluents and building emissions were present as pollution sources. 
 

KEYWORDS 
 
KPI, air cleaner, ventilation, energy use, CADR 
  
1 INTRODUCTION 

 
Gas-phase air cleaning can be used to improve the Indoor Air Quality (IAQ) by removing 
gaseous pollutants with negligible effect on indoor CO2 concentration (Zhang et al. 2011). They 
can be characterized by their clean air delivery rate (CADR), a measure for clean air delivery 
efficiency (Afshari et al. 2021).  
A gas-phase air cleaner (GPAC) can be used to either reduce occupant dissatisfaction for the 
same outdoor air flow rate or to reduce the outdoor air flow rate for the same resulting occupant 
satisfaction based on its CADR. The former would lead to an improved air quality in polluted 
buildings (Bogatu, Kazanci, and Olesen 2021). The latter lowers the required ventilation rate 
for the same IAQ and thus reduces the energy use for preheating/cooling and from transporting 
the outside air (Bogatu et al. 2021; IEA EBC 2019).  
Although air cleaners can be compared as a function of their ability to delivery clean air, i.e. as 
a function of their CADR, there is no current method or metric for determining the reduction in 
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energy use obtained by installing a stand-alone air cleaner. This study aims to establish a 
framework and metric for assessing air cleaner efficiency in relation to energy use. The metric 
could potentially be used for comparing the effectiveness of an air cleaner relative to another 
method, e.g. all-air system, for transporting clean air into the space. 
 
2 METHODS 

 
In order to evaluate the proposed metric, human subject experiments were used to investigate 
the effect of a gas-phase air cleaner on the perceived air quality. The purpose of the experiment 
was to determine the CADR as a function of the percentage of subjects dissatisfied. The 
experiments were complemented by building energy simulations which were used to estimate 
the annual energy use for heating, cooling, and transporting the outside air (fan energy). The 
investigated GPAC represented a stand-alone (portable) unit equipped with an active carbon 
filter. 
 
2.1 Clean air delivery rate 

 
In the experiments, two scenarios were investigated, one where either both bio-effluents and 
building emissions or only building emissions were used as pollution sources (Hu 2023). Three 
human subjects were used as sources for bio-effluents and old linoleum as building emissions. 
The room temperature was 23 °C and the relative humidity (RH) was 50%. Experiments were 
made for outdoor air supply rates of 2.5, 4.0, 7.0, and 10.0 L/s per non-adapted person as 
recommended in EN 16798:1-2019 (CEN 2019). When human subjects were used as emissions 
sources and the air cleaner was employed, an outdoor air supply rate of 4 L/s per person was 
used while the number of stand-alone air cleaners was varied between one and three.  
Two rounds of experiments were made, one with and one without the air cleaner. When in use, 
the air cleaner operated at the highest setting. During the experiments a panel of 37 subjects 
were asked to rate their acceptability through a whole-body exposure by entering the polluted 
rooms. Their characteristics and those of the subjects used for bio-effluent generation can be 
seen in Table 1. Their acceptability was rated using a continuous scale divided into two parts, 
from clearly not acceptable (-1) to just not acceptable (-0.01) and from just acceptable (0.01) to 
clearly acceptable (1).  

Table 1. Human subject characteristics 

Column Title Sensory assessment panel Subjects used for bio-effluent generation 

Total 37 3 
Gender* 23 males, 14 females 2 male and 1 female 

Age (mean ± SD) [years] 25.3±3.3 25±3.3 
*Sex considered binary, assigned at birth. 
 
Prior to the experiment subjects were asked to get sufficient rest. They were not allowed to 
consume alcohol, garlic and spicy food in the evening, night before, or during the day of the 
experiment. Subjects were not allowed to consume caffeine within less than one hour prior to 
the experiment. Participants were asked to use odourless products during the course of the 
experiment and were asked to shower the prior evening. During the experiment, the three 
subjects used for generating bio-effluents entered the room one hour earlier before the panel 
assessed the indoor air quality. 
For each air flow rate and round (with and without air cleaner), the percentage of subjects 
dissatisfied (PD), in %, was calculated as follows (Wargocki 2004):  
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 𝑃𝐷 =
exp(−0.18−5.28∙𝐴𝐶𝐶̅̅ ̅̅ ̅̅

1+exp(−0.18−5.28∙𝐴𝐶𝐶̅̅ ̅̅ ̅̅ )
∙ 100  [%] (1) 

 
Where 𝐴𝐶𝐶̅̅ ̅̅ ̅̅  represents the mean acceptability rating made by the panel. The clean air delivery 
rate (CADR) was then determined as the percentage decrease in outdoor air flow rate for which 
the same PD was obtained with the air cleaner employed. 
 
2.2 Energy use for heating, cooling, and ventilation 

 
The annual energy use for heating, cooling, and transporting the outside air was estimated using 
a building energy model developed in IDA ICE (EQUA Simulation AB 2013) of an office space 
with an area of 19.8 m2 and total volume of 53.46 m3 (Bogatu et al. 2021). The office space had 
the same area and volume as the room employed in the experiments and was conditioned by an 
air-handling unit (AHU) consisting of an air-to-air counterflow heat exchanger (HEX), pre-
heating and cooling coils, and supply and return fans. Two sets of simulations were made, one 
with and one without the HEX. A HEX effectiveness of 85% was assumed when the HEX was 
operating. The simulations were made using the IWEC2 climate data for Copenhagen, Denmark 
(IWEC 2001). 
Except for an external wall having a 5 m2 window, the office was assumed to be part of a multi-
storey office building and thus surrounded by identical spaces. An external blind shaded the 
upper part of the window when the incident solar radiation on the outside of the glazing 
exceeded 100 W/m2. A high level of airtightness was assumed and thus infiltration was zero. 
The internal heat gains consisted of two occupants (1.1 met), appliances with a long-wave 
radiation fraction of 0.5, and lighting with a convective fraction of 0.5. The occupants, 
appliances, and lighting amounted to a total internal heat load of 35.7 W/m2. All internal heat 
gains were active on weekdays from 9:00 to 12:00 and 13:00 to 16:00.  
A constant air volume (CAV) ventilation was used for conditioning the space. The AHU supply 
air temperature setpoint was 16 °C. Outside occupancy the air flow rate was set to 0.15 L/(s∙m2) 
while during work hours (9:00 to 16:00) the maximum air flow rate was 21 L/s or 28 L/s 
depending on the building type analysed, very low polluting (VLP) or low polluting (LP) (CEN 
2019), respectively. An ideal heater and ideal cooler which operated only from 09:00 to 16:00 
were installed in the office space to further condition the indoor thermal environment and 
maintain it between 20 °C and 26 °C. 
In the simulations, the effect of a stand-alone air cleaner was analysed by reducing the 
maximum air flow rate proportional to the assumed clean air delivery rate (CADR). The annual 
energy use was determined for three CADRs (0%, 30%, and 50%) when the air cleaner was 
assumed to remove both bio-effluents and building emissions and one CADR of 50% when the 
air cleaner was assumed to remove only building emissions.  
 
2.3 Air cleaner energy use 

 
The annual air cleaner energy use was estimated from the power of the air cleaner and the total 
working hours. The total number of working hours during the simulation was 1560, assuming 
six work hours per day. At the setting used in the experiments for which the CADR was 
determined, the GPAC consumed 22 W. The same primary energy use factor of 1.9 was used 
for the electricity as in the simulation study (Bogatu et al. 2021). 
 
2.4 Clean air efficiency 

 
The clean air efficiency (CAE) is proposed as a key performance indicator (KPI) for comparing 
the efficiency of the AHU for heating, cooling, and transporting outdoor air and the efficiency 
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of the stand-alone air cleaner for recirculating and cleaning the same amount of air. The CAE 
in L/s per kWh was calculated as the ratio between the CADR [L/s] and the energy used for 
providing that amount of clean air [kWh]: 
 
 𝐶𝐴𝐸 =

CADR

𝐸𝑛𝑒𝑟𝑔𝑦𝑢𝑠𝑒
     [L/s per kWh] (2) 

 
3 RESULTS 

 
3.1 Clean air delivery rate 

 
Figure 1 shows the relationship between the PD and the outdoor air flow rate (q) for the two 
scenarios analysed in the human subject experiments. As observed, no matter the pollution 
source, the air cleaner reduced the dissatisfaction rate for the same outdoor air flow rate. 
Moreover, Figure 1b shows that the outdoor air flow rate can be reduced if the air cleaner is 
employed for the same resulting dissatisfaction rate. The figure also shows that increasing the 
number of GPAC units did not improve the perceived air quality. 
 

  
a) building emissions only b) bio-effluents and building emissions 

Figure 1. Relationship between PD and outdoor air flow rate for the two scenarios analysed where the pollution 
source consisted of both bio-effluents and building emissions or building emissions only (PD: percentage of 

subjects dissatisfied, q; outdoor air flow rate). 

From Figure 1a, where only building emissions were used as pollution source, it can be seen 
that a CADR of 50% (12 L/s) was obtained for a PD of 20% (Category II) which is the target 
Category for office buildings (CEN 2019). However, when both bio-effluents and building 
emissions were present as sources (Figure 1b), a PD of 20% was not achieved and the CADR 
varied as the number of air cleaners was increased, with an average value of 30% (9 L/s).  
 
3.2 Energy use of AHU and air cleaner 

 
Figure 2 shows the primary energy use of the AHU as a function of the CADR for the scenarios 
where the air cleaner removed both bio-effluents and building emissions obtained by Bogatu et 
al. 2021. Heating energy and the energy use for transporting the outside air (AUX) decreased 
as the CADR increased, while the cooling energy increased. Nevertheless, a linear relationship 
was found between the heating, cooling, and AUX energy use and CADR. 
The heating energy use decreased when the HEX was operating. The HEX did not influence 
the cooling energy use, although it led to an increase in the AUX energy as the pressure drop 
in the AHU increased. The cooling energy use was however lower for the LP building type 
since the maximum required air flow rate was higher. Although not shown in the figure, as the 
resulting air flow rate was slightly lower when the air cleaner removed only building emissions 
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for the same CADR (50%), the energy use for heating and transporting outdoor air decreased 
while cooling increased (Bogatu et al. 2021). 

 

 

 
Figure 2. AHU primary energy use for heating, cooling, and transporting the outside air (AUX). 

Assuming the GPAC ran at the highest setting for all working hours, its total energy use was 
estimated to be 3.3 kWh/m2. This meant that the total energy use would increase by 3.3 kWh/m2 
in the scenarios where the GPAC was operating. However, at the medium setting (10.6 W) the 
total energy use would increase by only 1.6 kWh/m2. 
  
3.3 Clean air efficiency 

 
The resulting CAE is shown in Figure 3 depending on the source of pollution. In the figure, the 
CAE of the AHU represented by bars is compared to the CAE of the GPAC represented by 
horizontal lines. The calculation was made for a CADR of 50% (12 L/s) when the air cleaner 
removed only building emissions and a CADR of 30% (9 L/s) when the air cleaner removed 
both building emissions and bio-effluents, as reported in section 3.1. The CAE values are given 
relative to the total annual AHU energy use (AHU), AHU fan energy use (AHUAUX), i.e. AHU 
energy use without considering the energy use for heating and cooling the supplied air, energy 
used by the GPAC at high setting (GPACHIGH), energy use by GPAC at medium setting 
(GPACMED).  
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From the figure it can be seen that the CAE increases as less energy is used for supplying the 
respective clean air, 9 L/s in case of removal of both bio-effluents and building emissions and 
12 L/s in case of removal of building emissions only. Thus, if the bar is higher than the 
horizontal line, the AHU should operate as less energy is used for heating, cooling, and 
transporting the outside air than for operating the GPAC. 
 

 

 
Figure 3. Clean air efficiency (CAE) relative to the total annual AHU energy use (AHU), AHU fan energy use 
(AHUAUX), energy used by the GPAC at high setting (GPACHIGH), and energy use by GPAC at medium setting 

(GPACMED) by scenario. 

For the investigated space and scenarios, the results show that the GPAC should be operated 
only when a HEX is not included in the AHU. When the GPAC removes only building 
emissions it may only lead to energy savings if the GPAC could be operated at a medium 
setting. The GPAC is never more efficient than simply supplying outdoor air if the energy use 
for heating and cooling the outdoor air is not taken into account as shown by the AHUAUX bars. 
 
4 DISCUSSION 

 
The experiments showed that the CADR of the gas-phase air cleaner (GPAC) varied depending 
on the pollution source, namely both bio-effluents and building emissions or only building 
emissions. Moreover, increasing the number of GPACs for the same room volume did not 
improve the perceived air quality. This requires further consideration as the room size and 
number of people were not varied. Thus, for a higher building volume and occupancy where 
spatial distribution may also influence particle, odour, and volatile organic compound (VOC) 
distribution, multiple air cleaners may be required to achieve a uniform indoor air quality. 
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Moreover, the air cleaner was only tested at the maximum setting. Further investigation is 
required if the same perceived air quality may be obtained at a lower setting or if the fan speed 
is varied between settings instead of running continuously, i.e. an improved control. 
From the comparison made for Copenhagen, Denmark between the stand-alone air cleaner and 
the AHU, it was found that the GPAC could only save energy if employed in buildings where 
the AHU is not equipped with a HEX according to the clean air efficiency (CAE). In the 
simulations a constant supply air temperature setpoint of 16 °C was used while the space was 
equipped with ideal heater and cooler to cover the remaining load. An optimal control of the 
supply air temperature and the source for the room-side conditioning systems may further 
influence the energy use and thus the CAE.  
Higher energy savings would be achieved if the energy use of the air cleaner could be decreased 
for the same resulting perceived air quality. The energy use varies though as a function of 
climate while primary energy factors vary as a function of the grid energy mix. These factors 
would thus influence the CAE of both the AHU and the GPAC. A higher electricity primary 
energy factor would make the GPAC less efficient while the primary energy use of the AHU 
would be further influenced by the source for heating and cooling and their respective primary 
energy factors. A warmer climate would reduce the effectiveness of the HEX (Bogatu et al. 
2021) and would thus make the GPAC a viable solution.  
 
5 CONCLUSIONS 

 
From the experiments a CADR of approximately 50% (12 L/s) was identified when the 
pollution source was only represented by building emissions and a CADR of approximately 
30% (9 L/s) was found when both bio-effluents and building emissions represented the 
pollution source. The assessed indicator, clean air efficiency (CAE), can be used to compare 
different solutions used for providing clean air into the space. Based on the results shown for 
AHU and stand-alone GPAC for Copenhagen, Denmark - dominated by a high heating load - 
the GPAC was competitive only if the AHU was not equipped with a heat exchanger. The 
GPAC was also more efficient if both bio-effluents and building emissions were present as 
pollution sources. 
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ABSTRACT 
 
Improving the knowledge on uncertainty for fan pressurization measurement is of first importance. It allows to 
assess the reliability of the measurement, which is essential when comparing the results with benchmarks or 
standards, but it also gives a better understanding, and thus a chance of improving, the measurement procedure. In 
this context, recent studies on alternative regression techniques highlights the importance of identifying and 
quantifying the sources of uncertainty. This paper investigates the integration of two new aspects in the 
measurement procedure: an uncertainty source related to the inhomogeneity of pressure difference along building 
envelope, and the autocorrelation of successive pressure difference measurement due to wind fluctuations. Those 
are integrated in the framework of uncertainty calculation and are then applied to a series of 30 tests conducted in 
repeatability conditions in an apartment in Brussels. Results show the relatively low impact of those additions to 
the determination of building characteristics (𝑛, 𝐶𝑒𝑛𝑣 and 𝑞50) and their large impact on both results variability 
and uncertainty assessment. 
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1 INTRODUCTION 

 
Fan pressurization test provides the user with a metric related to the capacity of a building to 
avoid undesired airflows between inside and outside. Furthermore, it is a good indicator of the 
care taken in the implementation and execution during construction. This test is of first 
importance, given the importance of air leakage on the energy consumption and occupant’s 
comfort. An indication of the quality of the measurement should always be provided alongside 
with the test result, since, as expressed in the guide to the expression of uncertainty in 
measurement: “without such an indication, measurement results cannot be compared, either 

among themselves or with reference values given in a specification or standard” (JCGM, 
2008). 
 
Research on the quantification of fan pressurization uncertainties started in mid-90’s with 
(Sherman and Palmiter, 1995). They already mentioned the inadequacy of an OLS (Ordinary 
Least Square) method to conduct the linear regression required in the post-processing of the 
data. Recently, (Delmotte, 2017) suggests using WLOC (Weighted Line of Organic 
Correlation) as an alternative to OLS. Since then, multiple studies (Kölsch and Walker, 2020; 
Prignon et al., 2020) showed that using WLOC results in a lower uncertainty of the obtained 
metric, and a better reliability of the calculated uncertainty.  
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In the WLOC method, each airflow and pressure difference measurements is weighted by its 
uncertainty. Consequently, while it is not relevant for the OLS method, the WLOC method 
requires to determine and estimate the different sources of uncertainty. This paper aims at 
integrating inhomogeneity and autocorrelation in the existing framework for uncertainty 
analysis. The impact of these new additions is then observed on a series of 30 tests realized in 
repeatability conditions presented in a previous study (Prignon et al., 2019). Although this paper 
brings the knowledge about uncertainty in fan pressurization test one step further, it does not 
pretend to draw up an exhaustive list of uncertainty sources. 
 
The paper is presented as follows. The methodology section illustrates the framework for 
uncertainty analysis and describes different sources of uncertainty considered in this study, 
including two new integrated concepts. The methodology section although provides 
information about the dwelling used for the repeatability study, and the methodology for result 
analysis. The results of the repeatability study are presented and discussed in the result and 
discussion sections respectively. Lastly, the paper concludes with a summary of the findings, 
their limitations and the further work needed in this domain of research. 
 
 
2 METHODOLOGY 

 
When a measured quantity (𝑦) is a function (𝑓) of multiple input quantities (𝑥𝑖), one can simply 
define the measurement function with (1):  
 
 𝑦 = 𝑓(𝑥1, 𝑥2, … , 𝑥𝑛) + 0 (1) 

 
Compared to what is generally found in the field of airtightness measurement, this measurement 
function includes a “plus zero” term that does not alter the value of 𝑦. However, in the 
uncertainty calculation, this term accounts for the fact that the model approximates reality 
(Mittaz et al., 2019). 
 
The uncertainty of the measured quantity, 𝑢(𝑦), is obtained from the measurement function 
using the propagation law (2):  
 
 

𝑢(𝑦) = √∑ 𝑐𝑖
2𝑢𝑐

2(𝑥𝑖)
𝑛
𝑖=1 + 2 ∑ ∑ 𝑐𝑖𝑐𝑗  𝑢𝑐(𝑥𝑖)𝑢(𝑥𝑗)𝑟(𝑥𝑖, 𝑥𝑗)𝑛

𝑗=𝑖+1
𝑛−1
𝑖=1   (2) 

 
In this equation, 𝑐𝑖 and 𝑐𝑗 are the sensitivity coefficients, 𝑢(𝑥𝑖) is the standard uncertainty 
related to the input quantity 𝑥𝑖 and 𝑟(𝑥𝑖, 𝑥𝑗) is the correlation coefficient linking input quantities 
𝑥𝑖 and 𝑥𝑗. 
 
2.1 Measurement functions for fan pressurization test 

 
The fan pressurisation test aims to determine the building characteristics (𝑛 and 𝐶𝐿) based on 
multiple measurements of pressure difference – airflow couples (∆𝑝 ; 𝑞𝑒𝑛𝑣). This measurement 
is made of five different steps, and each of them lead to a different measurement function. In 
this section, uncertainty trees (figures 1 to 3) are used to illustrate the measurement functions 
and the sensitivity coefficients at each step. 
 
First step is to determine the pressure difference induced by the fan on both sides of the building 
envelope. In practice, two pressure probes placed inside and outside the building measure a 
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pressure difference (∆𝑝𝑚), which is the sum of the pressure difference induces by the fan (∆𝑝𝑓) 
and by other effects (∆𝑝0) as such as wind pressure and stack effect. It is not possible to 
determine which part of the total pressure difference recorded is attributed to ∆𝑝0 and ∆𝑝𝑓 while 
the fan is working. Therefore, ∆𝑝0 is measured before (∆𝑝0,1) and after (∆𝑝0,2) the test, and is 
assumed being constant during the test. Then, the pressure difference induced by the fan 
measured at the location of the pressure probes (∆𝑝𝑓) is assumed equal to the pressure difference 
induced by the fan along the whole building envelope (∆p). Figure 1 illustrates this step with 
the uncertainty tree related to the pressure difference measurement.  
 

 
Figure 1: Uncertainty tree for the determination of pressure difference along building envelope. 

  
Second step is the determination of airflow through building envelope openings. Since the mass 
of air inside the building is assumed constant in steady-state conditions and the pressure 
difference is considered small compared to atmospheric pressure, temperature ratio is used as 
a proportionality coefficient between airflow through the fan (𝑞𝑚) and the building envelope 
(𝑞𝑒). Note that, in this study, the uncertainty in temperature measurement is assumed equal for 
𝑇𝑖 and 𝑇𝑒. Figure 2 shows the uncertainty tree for the second step. 
 

 
Figure 2: Uncertainty tree for the determination of airflow through building envelope. 

 
Steps one and two provides 𝑞𝑒 and ∆𝑝, and the combined uncertainty of each. Third step 
consists in average a series of single point measurements made at the same pressure difference, 
in order to reduce the uncertainty. Since each measurement is recorded with the same 
instrument and in a short period of time, those are expected to be correlated. This is particularly 
true for the pressure difference that is highly impacted by wind direction and speed. In the 
literature authors generally use a conservative but unrealistic assumption where the uncertainty 
of the average is equal to the uncertainty of a single measurement (Prignon et al., 2019). This 
study suggests an alternative between that conservative assumption and the unrealistic 
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hypothesis of uncorrelated measurements: taking into account that variables are autocorrelated. 
The uncertainty of the average of 𝑁 fully uncorrelated measurements is given by the variance 
of the observations divided by 𝑁. In case of autocorrelated variable, an effective sample size 
𝑁𝑒𝑓𝑓 depending on the level of autocorrelation is considered instead of 𝑁 in the calculation. 
This takes into account the fact that a measurement made at time 𝑡 depends on a series of 
measurements made before this one (depending on the level of autocorrelation). For a detailed 
calculation of 𝑁𝑒𝑓𝑓, the reader should refer to (Warsza, 2013) or (Zhang, 2006).  
 
The fourth step consists in fitting the series of couples (∆𝑝 ; 𝑞𝑒) determined at multiple pressure 
difference with linear regression model. In this study, two different regression techniques are 
investigated: OLS (generally used) and WLOC (alternative suggested in previous studies). The 
reader should refer to previous works (Delmotte, 2017; Prignon et al., 2020) for an extended 
description of those methods and their mathematical expressions. Those regression techniques 
provide following values as a result: 𝑛, ln(𝐶𝑒𝑛𝑣), 𝑢(𝑛), 𝑢(ln(𝐶𝑒𝑛𝑣)) and 𝑟(𝑛, ln(𝐶𝑒𝑛𝑣)).  
 
Building regulations or specifications generally refer to quantities based on the airflow at 50 Pa 
(𝑞50), which is deduced in the fifth step. While 𝑛 and 𝑢(𝑛) are directly extracted from the 
regression technique, the determination of the second building characteristics (𝐶𝐿) referred to 
in the power law is more complicated. To avoid the complexity of dealing with 𝑛 and 𝐶𝐿 
correlation, this study determines 𝑞50 directly based on 𝑛 and ln(𝐶𝑒𝑛𝑣) and does not analyse 
the behaviour of 𝐶𝐿. Figure 3 shows the measurement function and the uncertainty tree for this 
last step. 

 

 
Figure 3: Uncertainty tree analysis for the determination of airflow at 50 Pa. 

 
One may be interested in uncertainty in the combination of pressurization and depressurization, 
or in derived quantities rather than 𝑞50. For both cases the methodology is similar to what was 
previously showed: define a measurement function that includes the new terms (e.g., building 
volume for 𝑛50). This will also include a new source of uncertainty which must be propagated 
to the final value. Regarding its lack of interest in a methodological standpoint, those steps are 
not included in this study. 
 
2.2 Sources of uncertainty 

 
Based on previous section, 9 uncertainty terms divided in three types are included in the process 
of fan pressurisation measurements (Table 1). 
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Table 1: Uncertainty terms and type for fan pressurization measurement protocol. 

Uncertainty term Type of uncertainty 

𝑢(𝑇𝑚)  Measurement uncertainty 
𝑢(∆𝑝𝑚), 𝑢(∆𝑝0,𝑚) Measurement uncertainty 
𝑢(𝑞𝑚)  Measurement uncertainty 
𝑢(0∆𝑝)  Assumption uncertainty (plus-zero term) 
𝑢(0𝑞𝑒

)  Assumption uncertainty (plus-zero term) 
𝑢(0𝑞50

)  Assumption uncertainty (plus-zero term) 
𝑢(𝑛)  Combined uncertainty from regression 
𝑢(ln(𝐶𝑒𝑛𝑣))  Combined uncertainty from regression 

 
Values for the five terms coming from measurement uncertainty are provided in Table 2. Those 
are the uncertainty considered in this study, based on the experiment presented in (Prignon et 
al., 2019), and calculated based on data provided by the manufacturer. 

Table 2: Measured quantity and measurement uncertainty for the three measured variables. 

Measured quantity Measurement uncertainty 

Airflow rate – 𝑢(𝑞𝑚) [m³/h] √(
max(0.04∗𝑞𝑚 ; 1.70)

√3
)

2

  

Pressure difference – 𝑢(∆𝑝𝑚) and 𝑢(∆𝑝0,𝑚) [Pa] √(
max(0.01∗∆𝑝𝑚 ; 0.15)

√3
)

2

+ (
0.1

√12
)

2

  

Temperature – 𝑢(𝑇𝑚) [°C] √(
0.5

√3
)

2

+ (
0.1

√12
)

2

= 0.29  
 
The uncertainties due to assumptions are included in the uncertainty analysis through the “plus 
zero” terms in the measurement functions. This study considers two assumptions related to the 
determination of pressure differences, which should be included in the 𝑢(0∆𝑝) term. Although 
those hypotheses are often mentioned and discussed in the literature, to the authors’ knowledge 
only one of them was quantified (H1 hereunder). In this paper, in addition to the previously 
quantified, one additional hypotheses-related uncertainty component is investigated and 
quantified (H2). 
 
H1: the zero-flow pressure during the test is defined as the arithmetic mean of the zero-flow 
pressure measurements conducted before and after the test. This hypothesis was extensively 
discussed in (Prignon et al., 2021, 2019). Those studies show that the uncertainty strongly 
depends on the standard deviation of the zero-flow pressure measurements (𝜎∆𝑝0

) and can be 
approached with (3): 
 
 

𝑢(∆𝑝0,𝑎) =
0.11 + 0.98 ∗ 𝜎∆𝑝0

1.35
 (3) 

 
Although 𝜎(∆𝑝0) is easy to obtain during a fan pressurisation measurement, one could consider 
a conservative value of 1.5 Pa for 𝑢(∆𝑝0,𝑎) in the absence of more information. 
 
H2: the pressure difference between inside and outside the building is homogeneous along the 
building envelope. This hypothesis is a large approximation and is expected to lead to 
consequent uncertainties, especially at low pressure measurements. This study suggests a 
simplified way to quantify this uncertainty term, based on the methodology for uncertainty 
calculation in the context of climatic chambers. In that field of expertise, the uncertainty due to 
the inhomogeneity of temperature is defined as the maximum difference observed between two 
different locations in the chamber, divided by √3 (Nakahama, 2007). 
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To transpose this method for fan pressurization test requires first to determine the distribution 
of pressure differences along the façade. To that extent, let’s consider a simple one-story 
building with a flat roof. Depending on the façade and the wind direction, the minimum and 
maximum pressure coefficient are 𝑐𝑝,𝑚𝑎𝑥 = 0.5 and 𝑐𝑝,𝑚𝑖𝑛 = −0.9 (ASHRAE, 2009). Those 
coefficients are then used to compute the minimum and maximum wind pressure, 𝑝𝑤, with (4): 
   
 

𝑝𝑤 =
𝑐𝑝 ∗ 𝑣𝑤

2 ∗ 𝜌

2
 (4) 

 
Where 𝑣𝑤 is the wind speed [m/s] and 𝜌 is the air density [kg/m³]. Assuming a constant air 
density of 1.244 kg/m³, the related uncertainty is deduced from the difference in pressure 
coefficients along the facade and the wind speed following (5):  
 
 𝑢(∆𝑝0,𝑢) = 0.36 ∗ (𝑐𝑝,𝑚𝑎𝑥 − 𝑐𝑝,𝑚𝑖𝑛) ∗ 𝑣𝑤

2  (5) 
 
In this study, the wind speed is known for each test, and 𝑢(∆𝑝0,𝑢) can then be computed 
individually. Without those information, the user can use the Beaufort scale to define a wind 
speed based on observations, and compute 𝑢(∆𝑝0,𝑢). H1 and H2 can be combined with (6): 
 
 

𝑢(0∆𝑝) = √(𝑢(∆𝑝0,𝑎)
2

+ 𝑢(∆𝑝0,𝑢)
2

+ 2 ∗ 𝑟∆𝑝0,𝑎 ;∆𝑝0,𝑢
∗ 𝑢(∆𝑝0,𝑎) ∗ 𝑢(∆𝑝0,𝑢))  (6) 

 
In this study, the average of 30 repeated test (see section 2.3) showed an average value of 
𝑢(∆𝑝0,𝑢) = 1.6 Pa. Since ∆𝑝0,𝑎 and ∆𝑝0,𝑢 are computed for each test, it was possible to deduce 
𝑟∆𝑝0,𝑎 ;∆𝑝0,𝑢

= 0.48. This value seems logical since both terms are largely impacted by wind 
speed. 
 
Note that this work does not investigate the uncertainty related to the assumptions 𝑢(0𝑞𝑒

) and 
𝑢(0𝑞50

). The uncertainty terms 𝑢(𝑛) and 𝑢(ln(𝐶𝑒𝑛𝑣)) are directly deduced from the linear 
regression process, which is not described here.  
 
2.3 Repeatability testing 

 
To study the impact of those new variables in the fan pressurization measurement protocol, 
those modified protocols were applied on a series of 30 tests conducted in repeatability 
conditions. Those tests were performed on a newly constructed apartment within a period of 15 
days in October 2017. The apartment was a masonry construction of 228 m³ located on the 
second floor of a 3-storey building in Brussels. Only two perimetral walls were exposed to the 
outside. During the tests, a weather station (Ahlborn FMD 760) placed on the roof above the 
apartment measured the outside air temperature, wind speed and wind direction every 10 s. The 
wind speed varied from 0.0 to 3.8 m/s during the tests (with an average of 1.3 and a standard 
deviation of 0.8). A thermometer (Testo 417) was used to measure the inside air temperature 
before each test. For more details about the tested dwelling, the reader could refer to a previous 
paper (Prignon et al., 2019). 
 
For each test five different cases are investigated. First is obtained using OLS method, which 
is not impacted by the source of uncertainty considered in previous section. Other cases are 
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obtained applying WLOC method considering different sources of uncertainties as presented in 
Table 3. 

Table 3: Five cases investigated and their integrated aspects in the uncertainty calculation 

Integrated aspects WLOC-1 WLOC-2 WLOC-3 WLOC-4 

Measurement uncertainty X x x x 
𝑢(∆𝑝0,𝑎)   x x x 
𝑢(∆𝑝0,𝑢)    x x 
Autocorrelation    x 

 
 
3 RESULTS 

 
3.1 Uncertainty in the plus zero term 

 
The two uncertainties related to specific assumptions described previously (H1 and H2) were 
computed individually for each test. Considering normally distributed data, Table 4 provides 
average and 95% confidence intervals for those two sources of uncertainty based on the 30 
repeated tests.  

Table 4: average and 95% confidence interval for 𝑢(∆𝑝0,𝑎) and 𝑢(∆𝑝0,𝑢) for the 30 tests conducted in 
repeatability conditions. 

Uncertainty 

source 

Average 

[Pa] 

95% CI 

[Pa] 

𝑢(∆𝑝0,𝑎) 1.1 [0.0 ; 2.1] 
𝑢(∆𝑝0,𝑢) 1.6 [0.0 ; 4.2] 

 
Based on those values, one can use (6) and previously mentioned information in order to deduce 
a value of 2.34 Pa for 𝑢(0∆𝑝). 
 
3.2 Effective sample size due to autocorrelation 

 
Autocorrelation is computed individually at each measurement. Figure 4 provides the 95% 
confidence interval of the effective sample size (𝑁𝑒𝑓𝑓) at each pressure difference step for 
pressurization (red) and depressurization (blue) based on the 30 repeated tests.  
 

 
Figure 4: Mean and 95% CI for effective sample size in pressurization (red) and depressurization (blue). 
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3.3 Impact on building characteristics and uncertainty calculations 

 
Following figures illustrate the values, the observed uncertainty (dash blue) and the calculated 
uncertainty (red full) of 𝑛, ln(𝐶𝑒𝑛𝑣) and 𝑞50 in pressurization and depressurization for each 
investigated case. Note that the exact values are given in tables in appendix. 
 
For 𝑛 and ln(𝐶𝑒𝑛𝑣), same observations are found and illustrated in Figure 5 and Figure 6 
respectively. The observed uncertainty is lower for WLOC-2 and WLOC-3 than for other cases. 
WLOC-2 and WLOC-4 are the cases where the calculated uncertainty is the more reliable (i.e., 
smaller difference between observed and calculated uncertainty). Note that the uncertainty 
calculated with WLOC-3 largely overestimates the observed uncertainty. This was expected 
since two new terms increase the uncertainty, without considering the reduction due to the 
autocorrelation aspect. 
 

 
Figure 5: average (black dot), observed uncertainty (blue dashed line) and calculated uncertainty (red full line) 

for 𝑛 for the 5 investigated cases based on 30 repeated fan pressurization tests. 
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Figure 6: average (black dot), observed uncertainty (blue dashed line) and calculated uncertainty (red full line) 

for ln(𝐶𝑒𝑛𝑣) for the 5 investigated cases based on 30 repeated fan pressurization tests. 

Figure 7 shows that the observations made for 𝑛 and ln(𝐶𝑒𝑛𝑣) are not translated to 𝑞50. In that 
case, the most reliable uncertainty calculation is for WLOC-3 while other are found performing 
equivalently.  
 

 
Figure 7: average (black dot), observed uncertainty (blue dashed line) and calculated uncertainty (red full line) 

for 𝑞50 for the 5 investigated cases based on 30 repeated fan pressurization tests. 

 
 
4 DISCUSSION 

 
The results presented in section 3.2 have three main outcomes. First, the uncertainty observed 
on 𝑛 and ln(𝐶𝑒𝑛𝑣) are lower when using WLOC methods than when using OLS method. This 
is in line with existing literature and is confirmed in this study since it is found for all cases of 
WLOC, whatever the uncertainty sources considered (WLOC 1 to 4). Second, the fit between 
observed and calculated uncertainties for flow exponent and flow coefficient are found good 
for WLOC – 2 and WLOC – 4, and poor for WLOC – 3. Consequently, the inclusion of the 
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new suggested uncertainty term 𝑢(∆𝑝0,𝑢) should always be considered when taking into 
account the autocorrelation of pressure difference measurement (WLOC – 4) since the 
conservative assumption 𝑁𝑒𝑓𝑓 = 1 used in previous studies induces and overestimation of the 
uncertainty. Third, the trends observed for 𝑛 and ln(𝐶𝑒𝑛𝑣) hereabove are not transferable to 
airflow at 50 Pa. It was showed in previous research that the improvement using WLOC found 
for airflow exponent and air leakage coefficient is not seen at 50 Pa (Prignon et al., 2020), but 
is well found at higher and lower pressure differences. This can be explained either by a problem 
in the calculation of the correlation between 𝑛 and 𝑙𝑛(𝐶𝑒𝑛𝑣), or by the fact that this is not an 
exhaustive list of uncertainties. Other sources of uncertainty could be considered in the 
framework including, but not limited to, the location of the pressure probe, the impact of wind 
on airflow measurement and the deterioration of the equipment over time. The calculation for 
inhomogeneity of pressure difference along the envelope (section 2.2) could be adapted to 
consider the location of the pressure probe. However, this would require to study the pressure 
fields around the building.  
 
Those observed trends are case specific. While the methodology – including the formulae - 
should be transferable to other cases, specific attention should be paid to using the suggested 
values of this paper when applying this to building of different shapes and sizes. This is 
especially true for buildings where the stack effect plays a large role in the ∆𝑝0 measured. 
 
 
5 CONCLUSION 

 
This study investigates how the integration of two new aspects in the framework of uncertainty 
analysis impacts the fan pressurization test regarding the calculated and the observed 
uncertainties of 𝑛, ln(𝐶𝑒𝑛𝑣) and 𝑞50. The study demonstrates that the use of WLOC should be 
preferred over OLS, but the choice of sources of uncertainty should be carefully conducted. It 
also provides methods to integrate the inhomogeneity of envelope pressure difference and the 
autocorrelation of pressure difference measurements in the uncertainty analysis. These results 
brings the scientific community one step further in the uncertainty analysis for fan 
pressurization measurements.  
 
Although the study provides strong and useful results, two limitations inherent to the 
methodology should be mentioned. First, the conclusion are driven by a set of tests conducted 
on one specific building. Although those trends are expected to be found for other buildings, 
this generalization work is still to be done, especially when considering the values found in this 
study for 𝑢(∆𝑝0,𝑢) and 𝑁𝑒𝑓𝑓. Second, by definition the repeatability testing consider only 
precision errors since bias errors are expected to repeat from one test to another. Consequently, 
this study does not consider the bias errors that could be included in the fan pressurization test. 
In addition, the repeatability testing does not include the uncertainty related to a change in the 
operator since all tests are performed by the same person. This is expected to have a strong 
impact on the uncertainty of fan pressurization measurements as showed by (Delmotte and 
Laverge, 2011).  
 
This work highlights the fact that uncertainties are still not well quantified for fan pressurization 
test. Further work should focus on having a better understanding of the sources of uncertainty 
through the generalization of the trends observed in this study, and on the study of a more 
comprehensive list of sources of uncertainty. This in order to improve the measurement method 
and to provide a reliable uncertainty value when conducting the experiment.  
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7 APPENDIX 

 
Table 5: average, observed and calculated uncertainties for the flow exponent in pressurization. 

Quantities OLS WLOC-1 WLOC-2 WLOC-3 WLOC-4 

Average calculated value (𝑛) 0.73 0.74 0.72 0.72 0.71 
Standard deviation (𝑢0(𝑛)) 3.2 % 2.8 % 2.4 % 2.4 % 2.9 % 
Average calculated uncertainty (𝑢𝑐(𝑛)) 1.8 % 2.0 % 3.2 % 5.3 % 2.5 % 

Table 6: average, observed and calculated uncertainties for the flow exponent in depressurization. 

Quantities OLS WLOC-1 WLOC-2 WLOC-3 WLOC-4 

Average calculated value (𝑛) 0.68 0.69 0.69 0.69 0.69 
Standard deviation (𝑢0(𝑛)) 4.9 % 4.0 % 3.3 % 3.2 % 3.1 % 
Average calculated uncertainty (𝑢𝑐(𝑛)) 1.9 % 2.1 % 3.1 % 5.2 % 2.6 % 

Table 7: average, observed and calculated uncertainties for the flow exponent in pressurization. 

Quantities OLS WLOC-1 WLOC-2 WLOC-3 WLOC-4 

Average calculated value (ln(𝐶𝑒𝑛𝑣)) 2.74 2.72 2.79 2.80 2.84 
Standard deviation (𝑢0(ln(𝐶𝑒𝑛𝑣))) 3.7 % 3.3 % 2.8 % 2.8 % 3.2 % 
Average calculated uncertainty (𝑢𝑐(ln(𝐶𝑒𝑛𝑣))) 1.9 % 2.1 % 3.4 % 5.7 % 2.5 % 
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Table 8: average, observed and calculated uncertainties for the flow exponent in depressurization. 

Quantities OLS WLOC-1 WLOC-2 WLOC-3 WLOC-4 

Average calculated value (ln(𝐶𝑒𝑛𝑣)) 2.75 2.74 2.73 2.72 2.72 
Standard deviation (𝑢0(ln(𝐶𝑒𝑛𝑣))) 5.1 % 4.2 % 3.6 % 3.5 % 3.4 % 
Average calculated uncertainty (𝑢𝑐(ln(𝐶𝑒𝑛𝑣))) 1.9 % 2.0 % 3.2 % 5.5 % 2.7 % 

Table 9: average, observed and calculated uncertainties for the flow exponent in pressurization. 

Quantities OLS WLOC-1 WLOC-2 WLOC-3 WLOC-4 

Average calculated value (𝑞50) 270 270 270 270 272 
Standard deviation (𝑢0(𝑞50)) 2.0 % 2.0 % 2.0 % 2.0 % 1.9 % 
Average calculated uncertainty (𝑢𝑐(𝑞50)) 0.9 % 0.9 % 1.1 % 1.8 % 1.0 % 

Table 10: average, observed and calculated uncertainties for the flow exponent in depressurization. 

Quantities OLS WLOC-1 WLOC-2 WLOC-3 WLOC-4 

Average calculated value (𝑞50) 229 229 229 229 229 
Standard deviation (𝑢0(𝑞50)) 1.5 % 1.5 % 1.4 % 1.4 % 1.5 % 
Average calculated uncertainty (𝑢𝑐(𝑞50)) 0.7 % 0.7 % 0.9 % 1.3 % 0.7 % 
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FOREWORD 
 
The content presented comes from the paper under review “Quantitative correlation between buildings air 
permeability indicators: statistical analyses of about 500,000 measurements” (Moujalled, 2023a). 
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1 COMPARISON OF AIR PERMEABILITY INDICATORS  

 
Several building performance databases were created in recent years in many European 
countries thanks to the development of commissioning tests. This is particularly the case of 
building airtightness, where mandatory requirements with justification by measurement were 
introduced in France, UK, Belgium. This has led in these countries to the creation of national 
databases on building airtightness that includes more than 500,000 tests in France and the UK. 
 
Comparing building performance across different countries can be challenging, as various 
indicators are used to measure the air permeability of buildings (table 1). These indicators 
depend on the specific application and the nation’s regulation. The most frequently used 
indicators, calculated from the airflow rate and the structure dimensions, are the specific air 
leakage rate per envelope area and the air change rate. While in the majority of countries, the 
reference pressure is 50 Pa, countries such as the Netherlands or France adopt 10 and 4 Pa as 
their respective reference points (de Hoon 2016) (Moujalled, 2023b). Calculating the specific 
air leakage rate requires knowledge of the building envelope area. According to ISO 9972, this 
area is calculated from internal dimensions, including floor areas and junctions of internal walls. 
However, in French and Belgium regulations, the calculation considers the thermal loss 
envelope area ATE, which includes the areas of the building envelope directly in contact with 
the exterior environment, but also in contact with adjacent unheated spaces or the ground 
(Moujalled, 2023b)(Van Gelder, 2023). Further, the French regulation excludes the lower floor 
area in this calculation, and the Belgium regulation refers to the external envelope area. 
Furthermore, the building volume, as required for air change rate calculation, is defined in the 
ISO standard as the internal building volume without considering the volume of walls, floors, 
cavities or furniture. However, the internal volume calculation in some countries differs from 
this definition. In Germany, it is the net room volume as a product from the net room area and 
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the middle of the room height (GEG, 2020). These are all heated (or cooled) spaces. Besides, 
rooms that are only accessible from the outside can be excluded from the calculation if their air 
volume is less than 5% of the total volume. All these exceptions in national regulations make 
it even harder to compare the indicators. 
 

Table 1. Comparison of air permeability indicators in five European countries 
Country Indicator Definition Calculation Requirement 

France Q4Pa-surf  

[m3.h-1.m-2] 
Specific air 
leakage rate at 4 
Pa divided by 
heat loss area 
excluding the 
basement floor 

Q4Pa-surf = q4 / ATBAT 
q4: air leakage rate at 4 Pa [m3.h-

1] 
ATBAT: thermal envelope area 
excluding the basement floor 
[m²] 

Mandatory for 
new residential 
buildings 

n50  

[h-1] 
Air change rate 
at 50 Pa 

n50 = q50 / V 
q50: air leakage rate at 50 Pa 
[m3.h-1] 
V: internal volume [m3] 

Optional, 
commonly 
used 

Germany nL50  

[h-1] 
Air change rate 
at 50 Pa 

nL50 = q50 / VL 
q50: air leakage rate at 50 Pa 
[m3.h-1] 
VL: internal air volume [m3] 

Mandatory 
under certain 
conditions 

qE50 

 [m3.h-1.m-2] 
Specific air 
leakage rate at 
50 Pa divided by 
the internal 
envelope area 

qE50 = q50 / AE 
q50: air leakage rate at 50 Pa 
[m3.h-1] 
AE: envelope area [m²] 

Additionally 
mandatory for 
buildings of an 
internal air 
volume > 
1.500 m3  

Belgium V50  

[m3.h-1.m-2] 
Specific air 
leakage rate at 
50 Pa divided by 
heat loss area 

V50 = q50 / Atest 
q50: air leakage rate at 50 Pa 
[m3.h-1] 
Atest: thermal envelope area [m²] 

Indicator of the 
regulation 

n50  
[h-1] 

Air change rate 
at 50 Pa 

n50 = q50 / Vint 
q50: air leakage rate at 50 Pa 
[m3.h-1] 
Vint: internal volume [m3] 

Optional 

UK AP50  
[m3.h-1.m-2] 

Specific air 
leakage rate at 
50 Pa divided by 
the internal 
envelope area 

AP50 = Q50 / AE 
Q50: air leakage rate at 50 Pa 
[m3.h-1] 
AE: envelope area [m²] 

Required for 
new buildings 
> 500 m2 floor 
area 

Netherlands qv10  
[m3.s-1] 

Volumetric air 
flow at 10 Pa  

qv10: volumetric air flow at 10 Pa 
[m3.h-1] 

Optional 

 
2 CORRELATIONS BETWEEN BUILDINGS AIR PERMEABILITY 

INDICATORS 

Statistical analysis was conducted on the French database with a total of 406,717 measurements. 
The analysis of the geometric data showed that the compactness factor is thus a good 
characterisation of the building geometry. It considers both the shape of the building and the 
contact with adjacent buildings or parts of buildings: around 0.8 for a typical single-family 
house and non-residential buildings, low values for multi-family apartments, especially for 
apartments on an intermediate level with one or two facades (0.2).  However, this factor was 
calculated with the thermal envelope area as calculated in France without the lower floor area. 
If the entire thermal envelope area is used to calculate the compactness factor, this may 
introduce a bias that needs to be estimated. 
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Regarding the pressure exponent, the results are in close agreement with the literature, with a 
median and mean of around 0.66 and a standard deviation of around 0.06, whatever the type of 
building or its geometry. No parameter that could influence the pressure exponent has been 
identified, except for the presence of some specific leakages only for non-residential buildings. 
The correlations between the different indicators have been calculated according to the building 
type and compactness. Results show strong linear correlations between the different indicators 
with correlation coefficients between 0.80 and 0.99. The correlations between the specific air 
leakage rates qE4, qE10 and qE50 depends only on the pressure exponent. It does not vary with 
the buildings’ geometry, same for the correlations between the air change rates n10 and n50. 
However, the correlations between the specific leakage rate and the air change rate are 
dependent on the geometry of the buildings. The more compact the building (i.e., the smaller 
the compactness factor), the greater the slope of the regression line. Using these tables, we can 
increase the reliability of the estimation of the indicators by knowing the right building type 
and geometry. A general correlation can be used with a higher estimation error if the geometry 
data is missing. The full results of the correlations according to the building type and the 
building compactness can be found in (Moujalled, 2023a). 
 
As the thermal envelope area in the French database excludes the lower floor area, it would be 
interesting to perform analysis with other databases that include both the volume and the total 
envelope area to create a similar conversion equation for every existing indicator. In addition, 
cross analyses between databases are needed to compare the geometry parameters calculated 
according to different national regulations (i.e., internal and external volumes with and without 
walls). Finally, the correlations between airflow rates at 4, 10 and 50 Pa need to be compared 
to other data using directly measured airflow rates. 
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ABSTRACT 
 
This article provides a summary of a comprehensive examination of the current ISO 9972 standard, focusing on 
the enhancements needed to improve its reliability and validity for airtightness tests in buildings. A working group 
composed of international experts has identified a list of issues warranting a potential revision of the standard. 
New recommendations are proposed based on research and consultation, including detailed considerations of 
previous guidelines and existing scientific literature. Key areas addressed include the definition and symbolism of 
terms, measurements of air temperature and wind speed, regression analysis, and airflow corrections. Significant 
alterations include a weighted line of organic correlation (WLOC) to improve the predictability of airflows. The 
article also sheds light on the significance of the zero-flow pressure difference and the requirements of 
measurement equipment. 
These improvements aim to ensure that the ISO 9972 standard is adequately adapted to the evolving demands of 
building airtightness testing, in line with the increasing legal and financial implications of this field.  
 

KEYWORDS 
 
Building airtightness, ISO 9972, Fan pressurization method, Measurement uncertainty 
  
 
1 INTRODUCTION 

 
The global concern for the conservation of finite energy resources has significantly increased 
over the past few decades, and notably more so in recent months. Prominently, the building 
sector is tasked with confronting significant challenges, given that it accounts for a large 
fraction of the world's energy consumption and carbon dioxide emissions. Beyond thermal 
transmission, unintended airflows through the building envelope contribute to about 20 – 40% 
of a building's heating and cooling energy (Leprince et al., 2011), potentially increasing mold 
formation, decreasing thermal comfort due to drafts and cold surfaces, and possibly interfering 
with the operational efficiency of existing ventilation systems. 
 
Consequently, the demand for airtightness tests has risen in various European countries, 
becoming an indispensable element of energy performance regulations, particularly in new 
buildings. This applies to several countries, including Denmark, France, Germany, Ireland, and 
the UK (Leprince et al., 2017; Poza-Casado et al., 2020). These tests serve critical purposes 
such as measuring air leakage in buildings to comply with energy performance regulations, 
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comparing the relative airtightness of various buildings, and quantifying the reduction in 
building air permeability following the execution of improvements. 
 
The fan pressurization method, known as the Blower-Door test, is the most commonly 
employed technique for assessing the airtightness of buildings. The procedure for this 
measurement and the calculation methods for determining the air permeability of buildings 
using the fan pressurization method are defined in the ISO 9972 standard (ISO 9972:2015, 
2015). 
 
For outcomes to be comparable and trustworthy, the methods of measurement and calculation 
described in the standard must exhibit reliability, reproducibility, and consistency. The 
approach should ideally apply to all building types, and the results must retain their validity 
even under changing environmental conditions such as strong winds or solar radiation. In 
scenarios with unstable external conditions, a reliable estimate of the result's uncertainty 
becomes important. Recent developments and the growing number of tested buildings have 
underscored the need to improve the reliability of the method used for measuring a building’s 
air leakage rate, as described in this standard (Hurel & Leprince, 2021). 
 
This article aims to introduce a project and its methodology that intends to collect data and 
expertise from professionals in the field of airtightness to submit a proposed revision for ISO 
9972 and proposals for potential new inclusions in the standard. It is important to clarify that 
the objective is not to officially revise the standard but to provide the best applicable knowledge 
for the official revision process in the ISO/TC 163/SC 1 technical committee (ISO committee 
for test and measurement methods). The project aims to propose a revised version of ISO 9972 
while maintaining the existing process for testers. The ultimate goal of this project is to revise 
ISO 9972 so that it: 

• allows the execution of the test under challenging conditions, including windy 
environments, extreme indoor-outdoor temperature differences, or high-rise buildings, 

• enhances the reliability of the calculation process and provides a more accurate 
estimation of the uncertainty of measured and derived quantities, 

• improves overall reliability and aligns more cohesively with other standards. 
 

 
2 METHODOLOGY 

 
The overall objective of this project is to offer a revised version of ISO 9972 to enhance the 
reliability of airtightness measurements in the building industry. To this end, Cerema has 
initiated and now leads a working group of about 30 international specialists from 13 countries, 
all experts in building airtightness testing. This diverse assembly of experts, with substantial 
research contributions and experience as testers, manufacturers, and distributors of 
measurement systems, is spread across the globe. Figure 1 visually represents the institutions 
and geographical locations associated with these working group members.  
  
This project is structured into three principal stages: 

1. Identification of the areas requiring revision in the current standard and formulation of 
research questions essential for addressing the existing problems. 

2. Production of collaborative research with the working group members for issues to be 
clarified or added to the existing literature. 

3. Integration of the research findings into the standard and proposition of a revised 
standard at the ISO level. 
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The initial stage of the project involved the construction of a comprehensive list of issues 
associated with the current version of ISO 9972, which: 

• are inaccurate or irrelevant, 
• induce challenges in the execution of the test, 
• manifest inconsistencies with other standards, 
• represent gaps in the standard (elements that need to be added for enhanced clarity or to 

encompass new aspects). 
 

 
Figure 1: Affiliations of working group members, including universities, research institutions, and relevant 

companies 

 
To create a comprehensive list of all relevant issues, an exhaustive survey was conducted 
among all working group members. Subsequently, the working group was divided into smaller 
sub-groups based on the members' areas of expertise and interests. 
 
 
3 PROPOSED MODIFICATIONS TO ISO 9972 

 
The working group has identified a comprehensive list of issues for a potential revision of the 
standard to enhance the method’s reliability and validity. A more detailed description of these 
issues and the reasons behind a necessary revision is provided in Kölsch et al. (Kölsch et al., 
2023). This section introduces the initial considerations for proposed modifications. 
 
3.1 Terms, definitions, and symbols 

 
The current version of ISO 9972's terms and definitions are globally considered unsatisfactory 
in their formulation. We have revised this section to ensure consistency and alignment with 
established definitions present in ISO 80000-1 (ISO 80000-1:2022, 2022) and ISO 704 (ISO 

704:2009, 2009). Moreover, we have incorporated definitions for the following missing key 
terms: air leakage, flow rate, zero-flow pressure difference, and induced pressure difference. 
These revised definitions can be found in Appendix 7.1. 
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3.2 Apparatus – maximum permissible measurement error 

 
Chapter 4 of ISO 9972 outlines the necessary measurement devices. However, these are 
frequently presented as definitions, which is not correct. Consequently, we have proposed more 
precise and improved formulations and have recommended a consistent maximum permissible 
measurement error (MPME) for each instrument. The MPME is defined as the maximum 
difference between the reading of an instrument and the quantity being measured (ISO/IEC 

Guide 98-4:2012, 2012). This MPME can serve as an input parameter in the uncertainty 
calculation. These MPMEs can be found in Appendix 7.2. Additionally, we have decided to 
delete the paragraph concerning the periodic calibration of the measurement system, because 
general requirements regarding equipment maintenance and calibration of the equipment are 
already specified in ISO/IEC 17025 (ISO/IEC 17025:2017, 2017). Hence, there is no necessity 
to reiterate this in ISO 9972. We are considering providing an informative annex about the 
verification of measurement systems. 
 
3.3 Temperature and wind speed measurements 

 
The current version of ISO 9972 lacks explicit guidance on the need and the appropriate 
locations for measuring ambient temperature and wind speed during the testing. We have 
incorporated recommendations based on the Czech national guideline (Novák, 2019).  
Measurement of the air temperature, both internally and externally, and in the environment 
from which the air flows enter the air flow rate measuring system (if it differs from inside or 
outside air temperature), is critical for correcting the air flow measurements for air density. In 
chapter 5.3.2 of the standard, the existing language merely requires that the temperature inside 
and outside the building be recorded before, during, or after the test. We have added instructions 
in this section, specifying that thermometers should be preconditioned for a sufficient time in 
the environment where the temperature will be recorded. Additionally, it is important to conduct 
measurements at multiple locations within the building to ascertain an average temperature that 
represents the internal air temperature. An informative annex is also planned to provide further 
recommendations on considerations during the measurement process.  
Currently, wind speed and direction measurements are not required as input in any calculations 
within the standard, serving only as supplementary information. Nonetheless, higher wind 
speeds may indicate discrepancies in the results of repeated tests of the same building. The 
existing standard allows for the estimation of wind speed and force through visual assessment 
of tree movement in terms of the Beaufort scale. We have extended this to include the option 
of recording wind speed with an anemometer at ground level and obtaining data from a nearby 
meteorological weather station. 
 
3.4 Zero-flow pressure difference 

 
The zero-flow pressure difference is the pressure difference between the interior and exterior 
of a building when it is not artificially pressurized. The measurement is taken at the start and 
end of each test and provides an estimation of the actual wind and stack effects present in the 
building.  
ISO 9972 enforces a strict condition for a test to be valid, insisting that the absolute value of 
the zero-flow pressure difference must be lower than 5 Pa. This stringent constraint on the zero-
flow pressure difference is intended to limit the test uncertainty due to wind speed and stack 
effect. To mitigate the influence of high-frequency wind gusts that may act on the external 
pressure sampling, we have extended the recording period from 30 seconds to 60 seconds, 
capturing 1 data point per second, ensuring that each point is the average of at least 10 
measurements as recommended by Hurel et al. (Hurel & Leprince, 2021) and Prignon et al. 
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(Prignon et al., 2021). Furthermore, the restriction to be lower than 5 Pa excludes high-rise 
buildings from being tested according to ISO 9972 as there is a high likelihood that such 
buildings exhibit a zero-flow pressure difference exceeding 5 Pa. As such, we recommend 
specifying in the standard that the absolute value of zero-flow pressure difference should ideally 
be lower than 5 Pa and also propose including the zero-flow pressure difference (and potentially 
its variability) in the uncertainty calculation of the derived quantities. The method to include 
the impact of the zero-flow pressure in the uncertainty is currently under investigation. 
 
3.5 Regression analysis 

 
The ISO standard prescribes the use of a least squares technique to deduce the airflow 
coefficient (𝐶) and pressure exponent (𝑛) from the collected experimental data. In most cases, 
an ordinary least square method (OLS) is used to calculate these coefficients, accomplished by 
minimizing the sum of the squared differences between the measured values and the predicted 
values from the model only in the y-direction (yi = ln(𝑄𝑖))).  
However, Delmotte (Delmotte, 2013) observed that the application of OLS is only valid if all 
measured values in the y-direction are equally uncertain and the uncertainty in the x-direction 
(xi = ln(∆𝑃𝑖) is negligible, a condition rarely met during an actual measurement. 
This limitation has been addressed by the German national annex DIN EN ISO 9972 (DIN EN 

ISO 9972:2018-12, 2018) and the Canadian standard CAN/CGSB-149.10-2019 (CAN/CGSB-

149.10-2019, 2019), which introduce a weighted least squares (WLS) method. This WLS 
method acknowledges that measurements taken at low pressures have higher uncertainty and 
show a more significant influence on the regression, attributed to the nonlinearity of the 
pressure-flow relationship. Thus, the measured data are weighted using the square of the 
volume flow in the regression. Delmotte (Delmotte, 2013) advises using WLS only when 
uncertainty in the x-direction is insignificant. Despite this, Delmotte (Delmotte, 2017) asserts 
that this condition is rarely satisfied in practice, and introduces an alternative: the weighted line 
of organic correlation (WLOC). The WLOC uses the standard uncertainty at each pressure-flow 
data point as a weight and optimizes the distances in both x and y-directions. Studies (Delmotte, 
2017; Kölsch & Walker, 2020; Prignon et al., 2019, 2018) have demonstrated that this method 
significantly enhances airflow predictability and reduces the variability of flow coefficient and 
pressure exponent. A comparison of the regression results of the OLS and WLOC methods is 
shown in Figure 2. It reveals that data points with greater measurement uncertainty have less 
impact on the regression. Consequently, we propose integrating the WLOC into the revised 
version of the standard. Integrating this method will also have an impact on the uncertainty 
calculation. 

  
Figure 2: Comparison of OLS and WLOC - linear display (Kölsch & Walker, 2020) 
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3.6 Airflow corrections 

 
For the resulting airflows to be both valid and comparable, it is important to correct them to 
standard temperatures and pressure conditions. This ensures the comparability of tests even 
when they are conducted under varying conditions. Unlike ASTM E772-19 (ASTM E779-19, 
2019) and CAN/CGSB-149.10-2019, ISO 9972 currently requires only simplified corrections. 
These simplifications are suitable when the barometric pressure is negligible, the blower door 
calibration is near the reference conditions, and the pressure exponent is close to 0.5 (Walker 
et al., 1998). However, the airflow rates through system components and leaks are influenced 
by factors such as air viscosity, air density, and pressure exponent. Given modern computational 
equipment, the necessity and appropriateness of simplifying these corrections have been 
questioned (Carrié, 2014). Therefore, we propose the implementation of the following 
corrections for airflow and flow coefficient (here as an example for pressurization), as stipulated 
in the ASTM standard (with airflow rate 𝑞, airflow coefficient 𝐶, pressure exponent 𝑛, air 
density 𝜌, and dynamic viscosity of air 𝜇): 

𝑞𝑒𝑛𝑣 = 𝑞𝑚 (
𝜌𝑒

𝜌𝑖𝑛𝑡
)         (1) 

𝐶𝐿 = 𝐶𝑒𝑛𝑣 (
𝜇𝑒

𝜇0
)
2𝑛−1

(
𝜌𝑒

𝜌0
)
1−𝑛

        (2) 
 
 
4 CONCLUSION AND OUTLOOK 

 
Due to rising awareness regarding building airtightness and an increasing number of performed 
airtightness tests, the experiences and knowledge regarding test reliability and validity are 
increasing. Because of related legal and financial issues, reliable and valid tests have become 
more critical. Therefore, Cerema started a project and set up a working group of international 
experts to improve and revise the ISO 9972 standard. This article presents a selection of the 
suggested improvements to the standard. 
In addition to the aspects elaborated in this article, the project aims to address several other vital 
factors, including: 

• Building preparation: It might be beneficial to describe the basic principles of building 
preparation in the current version of the standard more precisely and avoid ambiguities. 

• Placement of external pressure taps: The location of the external pressure taps is 
important, as it serves as a reference for every pressure difference measurement, 
including zero-flow pressure measurements. It is crucial that ISO 9972 provides clear 
guidance on whether the pressure difference across the building envelope or the 
equilibrium internal pressure should be measured, as it directly impacts the location of 
external measurement probes. 

• Comprehensive calculation of measurement uncertainty: The standard should offer a 
unified and comprehensive approach to calculating measurement uncertainty, 
considering all potential error sources. This includes instrumentation inaccuracies, 
environmental influences, and methodological factors. 
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7 APPENDIX 

 
7.1 Revised terms and definitions 

 
air leakage 

passage of air through unintended path in the shell of an enclosure  
Note 1 to entry: This passage includes flow through joints, cracks, and porous surfaces, or a 
combination thereof, induced by the fan used in the procedure described in this document (see 
Clause 4). 
 
flow rate 

quotient of the amount of fluid passing a given plane by the duration 
 
air leakage rate  

quotient of the amount of air leakage by the duration  
 
building envelope 

shell separating the inside from the outside environment or another building  
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volumic air leakage rate 

deprecated term: air change rate 
quotient of the air leakage rate by a reference volume 
Note 1 to entry: In this document, the reference volume is the internal volume of the building. 
 
areic air leakage rate 

deprecated term 1: air permeability 
deprecated term 2: specific air leakage rate 
quotient of the air leakage rate by a reference area 
Note 1 to entry: The reference area is commonly the area of the building envelope or the floor 
area of the building. 
 
equivalent leak area 

area of a single orifice which, for the same applied pressure difference, would pass the same air 
flow rate as the leaks of the building envelope under consideration 
 
areic equivalent leak area 

deprecated term: specific effective leakage area 
quotient of the equivalent leak area by a reference area 
Note 1 to entry: The reference area is commonly the area of the building envelope or the floor 
area of the building. 
 
to close an opening 

to make an opening hermetic by an appropriate means 
Note 1 to entry: Examples of appropriate means are adhesives, inflatable balloons, or stoppers. 
 
zero-flow pressure difference 

admitted term: natural pressure difference 
pressure difference prevailing between inside and outside a building when no air flow is 
generated by forces other than wind and stack effect 
 
induced pressure difference 

pressure difference generated between inside and outside a building by forces other than wind 
and stack effect 
Note 1 to entry: In the present document, the other force is a fan (see clause 4.2.1). 
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7.2 Revised maximum permissible measurement errors (MPME) 

 
Table 1: MPME of measurement instruments 

Measurement instrument MPME 

Monometer not larger than ±1 Pa or 1 % of the reading, whichever is greater 
for the measurement interval that includes the measured quantity 

Air flow rate measuring system not larger than ±5 m3/h or 7 % of the reading, whichever is greater 
Thermometer not larger than ±1 °C in the range of -30 °C to 50 °C 
Barometer not larger than ±300 Pa 
Hygrometer not larger than ±5 % of relative humidity 
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ABSTRACT 
 
Airtight, highly insulated, and passively cooled buildings in the EU are designed under typical outdoor and indoor 
thermal conditions. With increasing risk and uncertainty with regards to climate change and associated 
heatwaves(HW), the design thermal performance of these buildings is not guaranteed. It is crucial to focus on 
improving thermal resilience to overheating and futureproof these buildings. “Thermal resilience to overheating” 
is the characteristic that describes the extent to which buildings and their cooling strategies can maintain habitable 
conditions during or post shocks. Thus, a new design approach to improve the thermal resilience to overheating of 
existing and newly built buildings is a growing need in the building sector. Within the framework of IEA EBC 
Annex 80-Resilient Cooling of Buildings, the aim of this study is to determine the most influential building and 
system design parameters that impact the thermal resilience to overheating. To achieve this aim, building energy 
simulation (BES), is conducted on a reference typical apartment building in Belgium. A 2 bedroom apartment for 
3 occupants is simulated in Open Studio and EnergyPlus during summer (April-September) of typical 
meteorological year (TMY). The apartment is evaluated with its default design (very heavy thermal mass, window 
to wall ratio (WWR) 10% and with no shading and no passive cooling strategy (in this case natural night ventilation 
-NNV). Apart from the default  design, design parameters were altered such as thermal mass (very heavy-medium-
light),WWR (10-30%), implementation of solar shading and NNV.  The impact of the worst, improved and the 
optimized designs are also evaluated during a 6 day intense heatwave period. Overheating are most likely to occur 
in current buildings with higher WWR (>30%), no shading and with lighter thermal mass. WWR has highest 
impact on the thermal resilience followed by thermal mass. Apartment with very heavy thermal mass,WWR 10%, 
with NNV and solar shading shows the best result (80% reduction in the percentage of occupied hours above 25℃ 
threshold).  However, in buildings with higher WWR (>30%) and lighter thermal mass, thermal resilience can be 
improved with implementation of solar shading and passive cooling strategies such as NNV. Even during 
heatwave, an apartment without NNV has better ( 45%) thermal resilience to overheating than an apartment with 
NNV if the WWR is  
< 30%) and has a medium thermal mass rather than a light thermal mass. 

 

KEYWORDS 
Thermal Resilience, Overheating-risk, Apartments, Heatwaves, Design parameters 
 
1 INTRODUCTION 

A recent study in Europe, shows the cooling degree days (CDD) value was almost four 
times higher in 2022 than in 1979, indicating that the need for cooling (air conditioning) 
significantly increased over the last decades [1]. Additionally,  Intergovernmental Panel on 
Climate Change (IPCC)s 2022 report warns about the severity of the climate change impacts 
(frequent and severe heatwaves) in future climate scenarios and also stresses on adaptation and 
mitigation plans[2]. Thus, overheating risk in buildings is expected to increase as global 
warming continues [3]. Apartment buildings accounts for a large share of building stocks and 
have implemented energy efficient technologies and practices (e.g., high-insulation, airtight 
envelopes, improved glazing ). However, overheating has become a recurring problem in these 
buildings proving that “excessive striving for energy efficiency” could compromise a building’s 
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ability to maintain comfortable thermal conditions in future climate scenarios and during 
HWs[3][4]. Thus, to avoid any health risks such as sleep deprivation, heat stress and even 
mortality due to overheating in these buildings, the thermal resilience to overheating of 
apartments should be assessed and improved. A buildings’ thermal  resilience can be defined 
as “An ability of the building to withstand disruptions; and to maintain capacity to adapt, learn 
and transform” [5][6]. Thus, apart from energy performance, resilience is gaining importance 
to assess building performance [7] [8] and can be considered as a primary function of the 
building [9]. However, in order to improve the thermal resilience to overheating, the impact of 
different building and system parameters on the thermal resilience should be evaluated.  
Building design parameters such as, building setting and micro-climate, building orientation 
and space zoning, window orientation and window to wall ratio (WWR), envelope properties 
(U-values, thermal mass, air-tightness), glazing properties, implementation of solar shading and 
passive cooling strategies impact the thermal resilience to overheating. Window orientation and 
WWR has significant impact on thermal resilience to overheating [10]. Norwegian residential 
building with WWRs greater than 50% experienced higher indoor temperatures and greater 
overheating risk during HWs compared to buildings with lower WWRs [11]. A study conducted 
to evaluate the most optimal WWR in different European climates concluded that although 
there is an optimal WWR in each climate and orientation, most of the ideal values can be found 
in a relatively narrow range (0.30 < WWR < 0.45). Apart from WWR, thermal mass of a 
building impacts the thermal resilience to overheating [12]. Incorporating materials with high 
thermal mass, such as concrete or brick, into the building envelope can help to absorb and store 
heat during the day, and release it at night when temperatures are lower. A recent study on an 
educational nZEB in Belgium showed that heavy thermal mass performs well in short-term 
shocks like short HWs when the building takes longer time to absorb the heat but once the heat 
enters the building, without proper ventilation, the heat is retained in the building for longer 
period and negatively impacts the buildings’ thermal resilience to overheating C. A simulation 
study [13] evaluating the performance of solar shading in offices in several climates shows 
cooling energy use reductions by 5 to 77%. A study to evaluate the recovery aspect of thermal 
resilience of a residential building equipped with solar shading showed that when shading is 
active in a typical meteorological year (TMY) scenario, the temperature in the living room 
reaches below 25℃ after peak within 9 hours. However, same building takes significantly 
higher recover time (takes 62 hours without the shading in a TMY period and 84 hours during 
HW period). Sengupta et al. [14] evaluated the thermal resilience of a Belgian dwelling during 
the HW of 2020 with and without natural night ventilation (NNV). The results showed that with 
implementation of NNV, the building recovers 90% faster from the HW and decreases 
maximum temperatures indoors by 4.3℃ compared to the building without NNV.  
The objective of this paper is to evaluate the impact of building design parameters and 
implementation of  solar shading and passive cooling strategy (NNV) on the thermal resilience 
to overheating in a typical Belgian apartment. For this a base case scenario of the apartment 
(with default construction, no shading or no NNV) during TMY scenario is evaluated altering 
the design parameters. The worst, improved and optimized design cases are then assessed 
during a  6 day long HW.   

2 CASE STUDY BUILDING 

In order to perform parametric study, typical apartment building floor plans, while maintaining 
some degrees of freedom, has been developed by Renson [15] and KU Leuven. The  floor plans 
are based on new buildings (2016-2020) data from Valaams Energie-en Klimaatagentschap 
(VEKA)[16] and are evaluated against EPBD guidelines [17]. The developed individual 
apartment floor plans have multiple bedrooms (ranging from 1 to 3). The surface of the living 
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room, kitchen, utility room and bathroom increase in function of the number of bedrooms. 
Multifamily dwellings (in Belgium) typically have an open plan kitchen and living area.  
Based on the VEKA [16] data (Figure 1), the most common type of apartment (2 bedroom 
apartment) has been selected for this study. The gross and net floor area of the apartment is 
101.5 m2 and 85.2 m2 respectively with each floor height of 2.55 m. The apartment has a very 
heavy thermal mass according to the EN ISO 13790 [18] and n50 value of 1.89. The default 
apartment is north-south oriented and has been divided into 7 thermal zones (TZs) (see Figure 
2 and Table 1). Table 2. shows building envelope properties. The apartment has double glazed 
windows (u-value: 1.00 W/m2K, g-value: 0.56) with window-to-wall ratio (WWR) of 18% on 
the South, 25% on East and 15% on west facade. The window-to-floor ratio is 14%. The 
windows on South and West are equipped with external solar shading (gtot = 0.04), which 
activates when the radiation on the window is above 250 W/m2. The apartment is designed for 
3 occupants with internal gains ( people and equipment) calculated according to EN 16798-
1[19]. The building is equipped with balanced mechanical ventilation system with heat 
recovery, with a total supply airflow of 200 m3/h. The ventilation air flow rates are calculated 
according to the NBN D50-001[20] (see Table 1).  

 
Figure 1. VEKA[16] data from 2016 to 2020 (new buildings) showing the typology of buildings, number of 

bedrooms and gross area of each apartment 

 
Figure 2. Floor plan with thermal zones (left) and occupancy pattern in different thermal zones (1 week)  

Table 1. Thermal zones 
Thermal zone Area (m2) Ventilation flow rates (m3/h) 

TZ 1 (Bedroom 1) 11.9 Supply =50, Extract =0 
TZ 2 (Washroom) 2.5 Supply =0, Extract =50 
TZ 3 (WC) 5.5 Supply =0, Extract =25 
TZ 4 (Corridor) 9.0 Supply =0, Extract =0 
TZ 5 (Utility room) 5.3 Supply =0, Extract =50 
TZ 6 (Living+ kitchen) 38.9 Supply =100, Extract =75 
TZ 7 (Bedroom 2) 11.6 Supply =50, Extract =0 

Table 2. Construction packages and u-values 
Construction package Description u-value (W/m2K) 

External Wall  Brick with air layer and 8 cm PUR 0.24 
Common wall Concrete reinforced with 3 cm rockwool 0.60 
Internal wall Gypsum board and brick 2.10 
Separating floors Concrete with screed and 6 cm rockwool 0.50 
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3 METHODOLOGY 

To access the impact of design parameters on the thermal resilience to overheating in a typical 
Belgian apartment, different building parameters such as thermal mass, WWR implementation 
of solar shading and passive cooling strategy were altered. 
  

 
Figure 3. Altering the design parameters and testing the optimized, improved and worst-case scenario during the 

HW period 

3.1 Design parameters  

Thermal mass 

Apart from the default (very-heavy) construction set, a medium and light thermal mass 
construction set was evaluated. For the default construction set (very heavy) to medium thermal 
mass, floor construction was altered and for light thermal mass, the external wall was altered. 
Table 3 gives an overview of the altered construction sets.  

Table 3. Design alternatives for thermal mass 

D
ef
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lt 

(v
er

y 
he

av
y)

 

  

Construction sets 
d ρ  C  λ R U 

  [m] [Kg/m³] (J/KgK) [W/(m.K)] [(m².K)/W] [W/(m².K)] 

Fl
oo

r (
i-e

) Tiles 0,03 1700 1000 1,10 0,03 

0,34 
Screed 0,06 2000 1000 0,40 0,15 
Polyurethane (PUR) 0,06 30 1400 0,02 2,73 
Heavy reinforced 
concrete 0,14 2240 900 1,75 0,08 

        

Ex
te

rn
al

 w
al

l (
i-e

) Gypsum 0,01 1120 840 0,52 0,02 

0,24 

Light brick 0,14 850 880 0,80 0,18 
Polyurethane (PUR) 0,08 30 1400 0,02 3,64 
Non ventilated air layer 
25 =< d < 50         0,18 

Light brick 0,14 850 880 0,80 0,18 

         

M
ed

iu
m

 th
er

m
al

 
m

as
s  

Fl
oo

r (
i-e

) 

Wooden boarded floor 0,02 600 1880 0,15 0,13 

0,34 

Pressure-resistant wood 
fibre cement board 0,04 1000 1470 0,23 0,17 

OSB 18 mm 0,02 600 1700 0,13 0,14 
Glass wool + wooden 
slats 0,15 139 1138 0,06 2,38 

Promatect plate 2x 0,03 900 1000 0,18 0,14 

         

Li
gh

t t
he

rm
al

 m
as

s 

Ex
te

rn
al

 w
al

l (
i-e

) Light brick 0,14 880 850 0,80 0,18 

0,24 

Non ventilated air layer 
25 =< d < 50         0,18 

Mineral wool (MW) - 
plates or blankets 0,04 10 1030 0,04 1,05 

Hempcrete 0,19 340 1700 0,07 2,76 
Gypsum 0,01 1120 840 0,52 0,02 
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Window to wall ratio (WWR) 

A range of WWR between 10%-40% was tested. Table 4 gives an overview of the window 
areas varied to set WWR between 10%-40%. 

Table 4. Design alteration to set WWR between 10%-40% 

 
Area (m2) when 

WWR=10% 

Area (m2) when 

WWR=30% 

Area (m2) when 

WWR=40% 

Zone 6 (Living+ Kitchen) 9,1 20,3 27,1 

Zone 1 (Bedroom 1) 1,1 6,9 9,2 

Zone 7 (Bedroom 2) 1,1 2,1 2,8 
 
Shading 

The building was assessed with and without solar shading to evaluate the impact of solar 
shading on the thermal resilience to overheating.  
 

Natural Night ventilation 

Natural night ventilation (NNV) is implemented as passive means to cool the building. TZ1, 
TZ 6 and TZ 7 are provided with operable windows which are automatically controlled. The 
effective area of these windows is calculated based on the method proposed in [21] taken into 
account the window area, height and opening angle. The total effective  area of all windows is 
2.7% of the gross floor area. Once open, the window will remain open for at least 15 min. The 
windows are open between 10 pm to 6 am from in summer period (April-September) if the 
following conditions are met: 
• Room temperature exceeds both the heating set point (=22°C) and the external temperature 

+2°C 
• External temperature is higher than 12°C 
• Internal relative humidity is smaller than 70% 
• There is no rainfall and the wind velocity on site is smaller than 10 m/s 

3.2 Weather Data 

Two types of weather data sets for Ghent, Belgium were used- (a) Typical meteorological year 
(TMY) 2010s to benchmark and (b) mid-term 2050s HW to assess the resilience of the building 
during shock. These weather data files were formulated adapting the method of Weather data 
task force of IEA Annex 80 and Ouzeau et al. [22]. The 6 day HW occurs between June 29th 
and July 4th with mean temperature of 28.6℃ and peak outdoor temperature of 41.6℃[12]. 

3.3. Thermal resilience evaluation 

To assess the impact of design parameters, the following indicators were used: 
 
Adaptive thermal comfort  

For buildings without cooling systems (default case): adaptive model with adaptive temperature 
limits (ATL), Category II is applied. The allowed indoor operative temperature is calculated as 
a function of the running mean outdoor temperature based on the ISO 17772-1 Annex H.2 [23]. 
 

Standard effective temperature 

During the HWs, the occupants face health risks or even life-threatening consequences. 
Therefore, the threshold for the indoor environment should be selected by considering the 
impact on occupants’ health. In this study, Standard effective temperature (SET) is adapted 
(ASHRAE 55-2017 [23] recommended to evaluate human response to heat stress). To calculate 
the SET, a clo of 0.5, airspeed of 0.1m/s and metabolic rate of 1 in bedrooms and 1.4 in living-
dining-kitchen was assumed[24].  
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Unmet degree hours 
Unmet degree. hours (K.h) was used as the resilience key performance indicator [25]. For this 
study, a fixed temperature limit (FTL) of 24℃ for bedrooms and, 25℃, 26℃ and 28℃ for the 
living-dining-kitchen was chosen as the overheating threshold for European buildings (CIBSE 
TM52 standard [26]). The acceptable threshold according to the same standard is equal to 6 
K.h./day. A SET threshold of 28 °C for the building under a HW was used calculate the unmet 
hours. 
 

Percentage of occupied hours above threshold  

To compare the impact of different design parameters, Method A as described in Annex F of 
the EN 16798 [27] was selected. Following this method, the percentage of occupied hours when 
the zone operative temperature is above FTL and ATL was evaluated. A percentage of occupied 
hours below 5% is considered as acceptable and below 3% is considered good.  

3.4.  Building Energy Simulations (BES) and scenarios 

For the evaluation of impact of different design parameters, annual hourly BES were performed 
using Open Studio[28] and EnergyPlus [29]. In the BES model, the separating floors and 
common walls were assumed to be adiabatic. Results were evaluated for summer period (April-
September).The simulation is started two weeks prior and was run for four weeks after the 
studied period. Table 5 shows the simulation scenarios during the TMY period. Furthermore, 3 
cases –(a) worst, (b) improved and (c) optimized designs from both no cooling and cooling 
strategy implemented will be analysed during a 6 day HW period.  
  

Table 5. Simulation scenarios during TMY period 

Scenario 

No 

Thermal 

mass 
WWR Shading 

cooling 

strategy 

Scenario 

No 

Thermal 

mass 
WWR Shading 

cooling 

strategy 

A1 Heavy 10% NO 

None 

A19 Heavy 10% NO 

NNV 

A2 Medium 10% NO A20 Medium 10% NO 
A3 Light 10% NO A21 Light 10% NO 
A4 Heavy 30% NO A22 Heavy 30% NO 
A5 Medium 30% NO A23 Medium 30% NO 
A6 Light 30% NO A24 Light 30% NO 
A7 Heavy 40% NO A25 Heavy 40% NO 
A8 Medium 40% NO A26 Medium 40% NO 
A9 Light 40% NO A27 Light 40% NO 

A10 Heavy 10% Yes A28 Heavy 10% Yes 
A11 Medium 10% Yes A29 Medium 10% Yes 
A12 Light 10% Yes A30 Light 10% Yes 
A13 Heavy 30% Yes A31 Heavy 30% Yes 
A14 Medium 30% Yes A32 Medium 30% Yes 
A15 Light 30% Yes A33 Light 30% Yes 
A16 Heavy 40% Yes A34 Heavy 40% Yes 
A17 Medium 40% Yes A35 Medium 40% Yes 
A18 Light 40% Yes A36 Light 40% Yes 

 
4 RESULTS AND DISCUSSION 

4.1 Base case scenario (No solar shading, no cooling strategy) 

In base case scenario (with default design), TZ6 is the most critical zone due to high solar and 
internal gains (occupancy and equipment). With fixed temperature limit (FTL) of 24℃ and 
25℃, unmet degree hours are above daily limit of 6 (K.h). With FTL of  26℃ and 28 ℃, unmet 
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degree hours in TZ 6 is within daily limit of 6 (𝐾.h). In both the bedrooms (TZ 1 and TZ7), 
with FTL and ATL, daily unmet degree hours were below daily threshold. 
 

 
Figure 4. Unmet degree hours with fixed (24℃, 25 ℃, 26℃ and 28℃) and ATL in the base case model (default 

design) 

Between June and August, more than 5% occupied hours were higher than FTL and ATL in 
TZ6. In TZ1 and TZ7, there were no occupied hours above FTL of 28℃ and ATL during the 
entire summer period (April to September). With 26℃ threshold, for TZ1, June and July was 
overheating period and for TZ7 only July was overheating period. Between June and August, 
more than 5% occupied hours were above FTL of 24℃ and 25℃ for TZ1 and TZ7. For further 
assessments, only the most critical zone (TZ 6) will be discussed.  
 

 
Figure 5. Percentage of occupied hours above fixed (24℃, 25 ℃, 26℃ and 28℃) and ATL in the base case 

model (default design) 

4.2 Impact of design parameters and solar shading 

Figure 6 shows the % of occupied hours above ATL for the whole summer period (April-
September) for the altered design parameters (see Table 5).  
Keeping 10% WWR, thermal mass is altered from very heavy to medium to light, (case 01-03). 
When thermal mass is altered from very heavy to medium, and from very heavy to light,  there 
is a 3.1%  and 8.2% increase in % of occupied hours above ATL. For all 3 thermal zones, % of 
occupied hours above adaptive threshold increases with increase in WWR. For TZ6 with default 
(very heavy) thermal mass, if WWR is increased from 10% to 30%, there is 66.5% increase in 
the % of occupied hours above ATL. Additional 10% increase i.e., 40%  WWR, increases % of 
occupied hours above ATL by 83.1% compared to 10% WWR. However, it is interesting to 
notice that with 40% WWR, the % of occupied hours decreases as the thermal mass is altered 
from very heavy to medium (-0.8%) and further when thermal mass is light (-2.5%). The 
increased solar gains due to increase in WWR is flushed out faster by a lighter thermal mass 
compared to heavier thermal mass.  
With implementation of solar shading, there is significant (9-70%) decrease in the percentage 
of occupied hours above ATL. With solar shading, in the default design case, % of occupied 
hours above ATL decreases from 9.2% to 0.07%, i.e., it is within 5% acceptable limit. The 
default apartment (no shading, 10% WWR, very heavy thermal mass) has 2.5% lower 
percentage of occupied hours above ATL than a building with solar shading with light thermal 
mass and 30% WWR. It can be concluded that to improve the thermal resilience to overheating, 
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along with implementing solar shading to reduce solar gains, it is crucial to find optimal balance 
between thermal mass and WWR of the building.   

   
Figure 6. Impact of different design parameters and solar shading on the thermal resilience to overheating 

4.3 Implementation of  NNV and NNV+ solar shading 

Even with NNV implemented, the % of occupied hours (with FTL 25℃ and 26 ℃) is above 
5% accepted limit. With 28℃ FTL, only with 10% WWR, the % of occupied hours above 
threshold is below 5% acceptable limit. With implementation of NNV, the % of occupied hours 
above FTL (25℃) decreased significantly (average 45%) except when WWR is increased to 
30% and 40% without the solar shading (increased in occupied hours above threshold by 50% 
compared to base case). With solar shading, even if the WWR is increased to 30% and 40%, 
there is an average decrease of 35% in occupied hours above threshold limit. With NNV+ solar 
shading implemented, with 26℃ FTL, the 5% limit is violated if WWR is above 30% and the 
thermal mass is medium. Thus, with increased 30% WWR, NNV with solar shading can reduce 
overheating risk. Case A28 (very heavy thermal mass + 10% WWR + NNV+ solar shading) 
shows the best result with 80% reduction in the percentage of occupied hours above FTL 25℃. 
 

  
Figure 7. Impact of different NNV and NNV+ solar shading on the thermal resilience to overheating 

4.4 Impact of heat wave 

Table 6 shows the worst, improved and the optimized cases selected to evaluate the impact of 
HWs on the design parameters. 

Table 6. Worst, improved and optimized design cases  

  
Scenario 

No Case Thermal Mass WWR Shading Cooling 
Worst E1 A9 Light 40 No 

No 
cooling Improved E2 A14 Medium 30 Yes 

Optimized E3 A10 Heavy  10 Yes 

Worst E4 A27 Light 40 No 
NNV Improved E5 A32 Medium 30 Yes 

Optimized E6 A28 Heavy  10 Yes 
 
To evaluate the impact of design parameters during HWs, % of occupied hours above 28℃ 
SET is assessed. With the worst design case (Light thermal mass+WWR40%+No shading+ No 
NNV), 97% of occupied hours are above 28℃ SET limit. The thermal resilience of the building 

Peer Reviewed Paper

180 | P a g e



is poor and the occupants are under heat stress. The optimized design case ( Heavy thermal 
mass+WR10%+ solar shading+NNV), the % of occupied hours above 28℃ SET is within 5% 
threshold even during HW. The result also demonstrates that implementing a passive cooling 
strategy such as NNV will not improve the thermal resilience unless it is coupled with the 
building design parameter. For example, case E3 has 45% less occupied hours without NNV 
than case E4 with NNV. This is due to higher solar gains (no shading and higher WWR) and 
also due to lighter thermal mass when absorbs the heat faster during a HW. 
 

 
Figure 8. Impact of design parameters, solar shading and NNV on the thermal resilience to 

overheating during a 6 -day HW 

 
5 CONCLUSIONS AND FUTURE OUTLOOK 

The aim of this paper is to evaluate the impact of design parameters on the thermal resilience 
to overheating. The study demonstrates: 
a) Overheating is most likely to occur in current buildings with high WWR, no solar 
shading and with lighter thermal mass. WWR has highest impact on the thermal resilience 
followed by thermal mass. However, in buildings with higher WWR and lighter thermal mass, 
thermal resilience can be improved with implementation of solar shading and passive cooling 
strategies such as NNV.  
b) NNV and solar shading can improve the thermal resilience and heat stress during a short 
and intense HW. However, the thermal mass should be between medium and heavy and WWR 
should be between 10-30%. Buildings without NNV, but with heavy thermal mass and low 
WWR during HW performs better than  buildings with light thermal mass and high WWR. 
NNV is not effective during a HW period as the diurnal variations of temperature are limited 
during HW period. To improve the buildings’ thermal resilience to overheating, implementation 
of solar shading and WWR has the highest impact.  
c) Apart from the design parameters that were evaluated in this study, there is a need to 
evaluate other building design parameters such as orientation of the building, level of insulation, 
air-tightness, type of glazing, type of solar shading etc. There is also a need to evaluate other 
passive and active cooling strategies coupled with different building parameters.Future work 
will include a sensitivity analysis to evaluate the most influential building and system design 
parameters that impact the thermal resilience to overheating. 
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ABSTRACT 
 
The future needs of indoor spaces in our buildings are likely to be cooling focused. With the widespread use of 
air-conditioning (AC) on the horizon there is now a need to ensure our systems perform as renewables (under the 
relevant definitions). A key part of tackling the uptake in energy intensive AC is likely to be the balancing of AC 
with renewable natural and mechanical ventilative cooling (VC). It is evident that a total reliance on AC could 
have significant ramifications for any building sector emissions targets but could also leave building occupants 
vulnerable to power outages from increased pressure on electricity grids. It is therefore critical that existing design 
practices encourage the use of passive systems, which take advantage of natural and renewable sources of energy 
be they as primary, supplementary, or secondary cooling systems or featured as part of a hybrid cooling system. 
To address this, the aim of this work was to determine the potential renewable energy contribution that natural 
ventilative cooling systems (NVCs) or mechanical ventilative cooling systems (MVCs) can have under favourable 
conditions in a temperate climate. Three different stages to this evaluation are presented: 1) a cooling demand 
using cooling degree hour (CDH) analysis in current and future conditions, 2) a simplified design stage evaluation 
of the potential of single-sided NVC and MVC, and 3) a calculation of the seasonal performance factor for NVC 
and MVC systems. In addition to this, the potential for NVC is discussed in relation to the existing building stock 
in Ireland. Initial results indicate that the NVC potential in supply terms is currently outstripping demand by greater 
than 3.5 times. Current calculations for NVC and MVC renewable status show a strong basis for their consideration 
in future, but more detail is required. The results also indicate that NVC and MVC systems are likely to be a 
renewable source that is currently not officially accounted for.  
 

KEYWORDS 
 
Renewable status, ventilative cooling, natural ventilation, mechanical ventilation 
  
1 INTRODUCTION 

 
The future needs of our buildings are going to be cooling focused. With the widespread use of 
air-conditioning (AC) on the horizon there is now a need to ensure our systems perform as 
renewables (under relevant definitions). A key part of tackling the uptake in energy intensive 
AC is likely to be the balancing of AC with renewable natural and mechanical ventilative 
cooling (VC). It is evident that a total reliance on AC could have significant ramifications for 
any building sector emissions targets but could also leave building occupants vulnerable to 
power outages (Attia et al. 2021). It is therefore critical that existing design practises encourage 
the use of passive systems, which take advantage of natural sources of energy be they as 
primary, supplementary, secondary cooling systems or featured as part of a combined cooling 
system. The use of natural or mechanical VC systems have been shown to be very effective at 
cooling buildings (O’Sullivan and O’Donovan 2018) and has been shown to have potentially 
very high co-efficients of performance (COP’s) (Holzer and Stern 2019). Indeed, where 
systems like NV are used it is likely that COP’s or seasonal performance factors (SPFs) could 
be particularly high if humans operate openings, even if actuation energy is considered it is 
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likely that SPFs for NV or MV systems will be well in excess of the SPFs required for heat 
pumps for them to be considered renewable (Nowak 2011; O’ Donovan and P. O’ Sullivan 
2023).  
 
Up until now the renewable status of VC has been presented very little, this is because previous 
iterations of renewable cooling calculations have excluded passive cooling systems based on 
building design (e.g. insulation, green roofs, building mass) or VC systems that supplied fresh 
air for air quality purposes (see sections 2.6.2.3 in (Kranzl et al. 2021)). However, it is now 
understood that “free cooling” which uses natural heat flow from hot to cold which is intentional 
and is supplied by pumps or fans (Kranzl et al. 2021) can be classified as a renewable for cooling 
purposes. To qualify as a renewable system for space cooling purposes a minimum SPF must 
be achieved, which is similar to definitions for heat pumps using for heating or cooling. In this 
paper, we present an example of renewable NVC and MVC and how this could be accounted 
for at design stage under the mild conditions of Ireland and consider and argument to consider 
NV to be a renewable when “intentional” through when it is actuated via a control system. This 
work is particularly relevant as currently Ireland is indicated as having no energy consumption 
requirement for cooling its residential building stock (SEAI 2022). This work will be presented 
in three stages: 1) a cooling demand assessment using cooling degree hour (CDH) analysis in 
current and future conditions, 2) a simplified design stage evaluation of the potential of single-
sided NVC and MVC, and 3) a calculation of the seasonal performance factor for NVC and 
MVC systems.  
 
2 MATERIALS AND METHODS 

 
2.1 Case study building used 

 

As part of this paper a case study building will be used in order to demonstrate the cooling 
demand and supply. The selected building presented in this paper was studied previously 
(O’Donovan, Psomas, and O’ Sullivan 2022) and is example of a deep energy retrofit. The 
building is a bungalow located in an inland location, this type of building has been seen as being 
vulnerable to overheating based on previous overheating assessments in Ireland (Washan 
2019). Table 1 indicates the buildings thermo-physical characteristics which have been taken 
from its energy certificate file. 
 

Table 1: Thermo-physical characteristics of case study building used to evaluate renewable NVC and MVC 

Variable Units Value 

Roof U-value W/m2 K 0.13 
Wall U-value W/m2 K 0.2-0.23 
Floor U-value W/m2 K 0.12-0.13 

Window U-value W/m2 K 1.4 
Effective air change rate h-1 0.522 

Floor area m2 182.09 
Volume m3 491.64 

Heat loss co-efficient W/K 292 
 

Previous work focused on this building (O’Donovan et al. 2022) highlighted that it was 
vulnerable to overheating in the living space if evaluated using Category I of EN16798-1 (CEN 
2019) (i.e. considering vulnerable occupants), however, it should be noted that despite this 
overheating in the living space was limited to less than 1% of the occupied hours less than 28°C 
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(O’Donovan et al. 2022). Additionally, the empirically calculated overheating escalation factor 
for the same building indicated a degree of resistance to external conditions that was favourable.  
 
 

2.2 Cooling demand and ventilative cooling supply 

 
Cooling energy demand calculations 

 

Cooling demand in buildings can be estimated by using a cooling degree hour (CDH) approach 
(De Rosa et al. 2015). In this example, we will use a base temperature that is more appropriate 
to low energy buildings (Rahif et al. 2021) (e.g. 14°C). However, this could be lower or higher 
depending on the building characteristics. Therefore, we present CDH’s for different base 
temperatures initially before focusing on low energy buildings. The cooling demand for the 
case study building was calculated using Equation 1 below (which is similar to (De Rosa et al. 
2015)): 

𝐶𝐷ℎ = ∑ (𝑇𝑒 − 𝑇𝑏)+

ℎ=8760

ℎ=1

 
 
(1) 

 
Where, 𝐶𝐷ℎ are the number of cooling degree hours (°Ch), 𝑇𝑒 is the hourly external air 
temperature and 𝑇𝑏 is the base temperature for cooling. The demand in energy terms (kWh) was 
calculated using Equation 2 (which is similar to (Rosa et al. 2014; De Rosa et al. 2015)), this 
was done assuming that the building had a 5% opening area to floor area ratio (or POF) (in line 
with national regulations (Dept of Housing 2019)). 
 

𝐸𝑡𝑜𝑡,𝑐 =
𝐻 ∙ 𝐶𝐷ℎ

1000
 (2) 

 
Where, 𝐸𝑡𝑜𝑡,𝑐 is the energy demand for cooling (in kWh) for a specific building (which is similar 
to other relevant work in this area (Li, Allinson, and Lomas 2020), taken from Table 1 above). 
 
Ventilative cooling potential (natural and mechanical supply) 
 
To account for natural ventilative cooling potential or supply at the design stage, the approach 
of O’Donovan and O’Sullivan was adopted (O’ Donovan and P. D. O’ Sullivan 2023). In this 
approach, the work of Warren and Parkins (Warren and Parkins 1985) is used which evaluates 
airflow rates independently for two momentum sources: buoyancy and wind. The most widely 
used buoyancy driven airflow equation is shown in Equation 3 (taken from (Fan et al. 2021)) 
and, for wind driven airflow, indicated in Equation 4 (using reference wind speeds). There are 
many limitations in the use of the wind speed local at the opening, (also recommended by 
Warren and Parkins) not least that data on the local wind at the opening is seldom available to 
practitioners or may not be suitable for a given location. Therefore, the reference conditions 
were used to calculate NV airflow rates which would offer a maximum potential value for NVC. 
Equations 3 and 4 are presented below. 
 

𝑄𝑏 =  
1

3
𝐶𝑑𝐴𝑜𝑝√𝑔𝐻

𝑇𝑖 − 𝑇𝑒

𝑇𝑖
 

 (3) 

 
𝑄𝑤 =  𝐹𝑅𝐴𝑜𝑝𝑈𝑅  (4) 
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Where, 𝑄𝑏 is the volumetric airflow rate due to buoyancy (in m3/s), 𝐶𝑑 is the discharge co-
efficient (-), 𝐴𝑜𝑝 is the effective opening area (in m2), 𝑇𝑖 is the internal temperature (in K), 𝑇𝑒 
is the external air temperature (in K), 𝐻 is the opening height in metres, 𝑈𝑅 is the reference 
wind velocity (in m/s). It was proposed by Warren and Parkins (Warren 1977) that for single-
sided flow with one opening (typically abbreviated as SS1) that the maximum of either 
buoyancy or wind driven flows be taken, as is indicated in Equation 5.  
 

𝑄𝑛𝑣 =  max (𝑄𝑏 , 𝑄𝑤)  (5) 

To scale the wind velocities to the building height, Equation 6 (taken from CIBSE AM10 
(CIBSE 2005)) was used:  

𝑈 =  𝑈𝑚𝑒𝑡𝑘𝑧𝑎  (6) 
 
Where, 𝑈 is the wind speed (in m/s) at height 𝑧 (in m) and 𝑘 and 𝑎 are coefficients determined 
by the terrain in which the building lies. For all VC supply estimates considered in this paper a 
value of 𝑘 = 0.35 and 𝑎 = 0.25 was used with a building height of 10m. This is closer to an 
urban environment than a rural one. As this is intended as a design stage NVC potential 
assessment, the internal air temperature (𝑇𝑖, see Equation 3) is assumed depending on the 
outside conditions. The exponentially weighted external mean temperature was calculated using 
Equation 6 for the first day and using Equation 7 for every day after this according to TM52 
(CIBSE 2013). For external mean temperatures of greater than or equal to 10°C the internal 
temperature was assumed to follow the neutral operative temperature (𝑡𝑐) according to EN 
16798-1 (CEN 2019) (see Equation 8) for external mean values less than 10°C a fixed internal 
condition of 22°C was adopted.   
 

𝑡𝑟𝑚 = (𝑇𝑜𝑑−1 + 0.8𝑇𝑜𝑑−2 + 0.6𝑇𝑜𝑑−3 + 0.5𝑇𝑜𝑑−4 + 0.4𝑇𝑜𝑑−5 + 0.3𝑇𝑜𝑑−6

+ 0.2𝑇𝑜𝑑−7)/3.8 
(7) 

 
𝑡𝑟𝑚 = (1 − 𝛼)𝑇𝑜𝑑−1 + 𝛼𝑡𝑟𝑚−1 (8) 

 
𝑡𝑐 = 0.33𝑡𝑟𝑚 + 18.8 (9) 

 
Where, 𝑇𝑜𝑑−1 is the daily average temperature from the day before today and so on, and 𝛼 is a 
weighting factor which was assumed be 0.8. It should be noted that in order to calculate the 
cooling energy available by NVC all summations of energy were made with data greater than 
or equal to the base temperature. To calculate the energy supplied by NVC, Equation 10 was 
adopted. 

𝐸𝑠𝑢𝑝,𝑛𝑣 =
𝑄𝑛𝑣 ∙  𝜌𝑎 ∙ 𝐶𝑝,𝑎 ∙ (𝑇𝑖 − 𝑇𝑒)

1000
 

(10) 

Where, 𝐸𝑠𝑢𝑝,𝑛𝑣 is the total available energy from natural ventilation (in kWh), 𝜌𝑎 is the density 
of air (assumed to be 1.2 kg/m3) and 𝐶𝑝,𝑎 is the specific heat capacity of air (assumed to be 
1000 J/kg K). To estimate a typical MV system an air change rate (ACR) was assumed to be 
delivered by fans only. Equation 11 indicates this relationship, 
 

𝑄𝑚𝑣 =
𝐴𝐶𝑅𝑀𝑉 ∙ 𝑉

3600
 (11) 

Where, 𝐴𝐶𝑅𝑀𝑉is a designed ACR (in h-1) for a hypothetical MVC system being used in said 
dwelling and 𝑉 is the dwelling volume (in m3). Equation 12 indicates how the total energy 
available from MVC is calculated (which is similar to (Wouters et al. 1987)).  
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𝐸𝑠𝑢𝑝,𝑛𝑣 =
𝑄𝑚𝑣 ∙  𝜌𝑎 ∙ 𝐶𝑝,𝑎 ∙ (𝑇𝑖 − 𝑇𝑒)

1000
 

(12) 

Where, 𝑄𝑚𝑣 is mechanical ventilation rate (in m3/s). 
 

2.3 Seasonal performance factor calculation for NVC and MVC 

 
To confirm and illustrate the renewable status of ventilative cooling, it was assumed that the 
natural and mechanical systems were actuated and that they were deliberately operated, based 
on a schedule. This aspect fulfils the intentionality requirement in the operation of the system 
which was a key aspect of the RED II definition in order to achieve renewable cooling status. 
The seasonal performance factor (SPF) for renewable cooling was calculated using Equation 
13. 
 

𝑆𝑃𝐹𝑣𝑐 =
𝑄𝑠𝑢𝑝𝑝𝑙𝑦

𝐸𝐼𝑁𝑃𝑈𝑇
 

(13) 

 
Where, 𝑄𝑠𝑢𝑝𝑝𝑙𝑦 is calculated as the potential heat removed from a building using VC (in kWhs) 
for natural and/or mechanical systems and 𝐸𝐼𝑁𝑃𝑈𝑇 is the energy input for actuation of openings, 
energy use by fans, and energy use by control systems (see Table 2 for more information typical 
power consumption values for NVC and MVC systems from the literature). It should be noted 
that generally ventilation is considered passive cooling under current definitions (see section 
2.6.2.3 (Kranzl et al. 2021)), however, where ventilation is intentional for cooling purposes, 
(which is ventilation supplied in excess of ventilation supplied for hygienic purposes) this can 
be considered as part of the renewable definition. To satisfy this renewable definition, heat loss 
for ventilation purposes should be excluded. To do this, all-annualised NVC or MVC energy 
supply values were calculated to exclude a value of 0.3l/s/m2 to comply with Irish regulations 
(Dept of Housing 2019) (this equates to 197m3/h for the specific building studied in this paper). 
In this example, we present the SPF for a NVC system and a MVC system separately, however, 
a combined system could also be used. The potential SPF was calculated using design stage 
information, without the use of any dynamic simulation. This was done during the typical 
during the periods of time where demand was present (i.e. >14°C outside).  
 

Table 2: Examples of typical energy consumed to operate MVC or NVC systems 

Reference System type Units Values reported 

(Cho et al. 2021) Hybrid systems kWh/m2/a 0.3 – 2.8 
(Agency and Programme 2018) NVC kWh/m2/a ~1.2 

(Santos, Hopper, and Kolokotroni 2016) NVC + phase change 
materials kWh/m2/a ~0.77 

(Yan et al. 2022) NVC kWh/m2/a 0.7-1.3 
(Holzer and Stern 2019) MVC W/(m3/s) <200 

(Holzer and Psomas 2018) MVC W/(m3/h) 0.07 - 0.14 
 
Additionally, the SPF for both daytime and night-time performance is taken into account (Day-
time hours considered between 8am to 8pm). In this study, we assume that the NVC system 
will use about 2.4 kWh/m2/a (50W of continuous consumption) for the operation of controls 
and actuation of openings. For the MVC system we assume that the system will consume about 
0.1W/(m3/h) for fans and controls. However, it is evident from the literature that NVC and 
MVC systems can consume less energy than this.  
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2.4 Weather data and boundary conditions 

 
To calculate the cooling demand, supply as well as estimating the SPF for VC a series of local 
meteorological station data from Irelands Met Éireann were downloaded from Met Eireann’s 
historical weather databases (Met Éireann 2023). Table 3 indicates the locations considered and 
any substitutions that were made where data wasn’t present. All future weather files were 
produced using Meteonorm version 8.1.4 (Meteotest 2022). 
 

Table 3: Weather data used for different aspects of the work presented 

Location 

(Name, County) 

Elevation 

(m) 

Weather files 

considered for demand 

estimates 

Weather files used for 

case study 

demonstration 

Athenry, Galway 40 

2022, 
2030 (RCP 2.6), 2030 
(RCP 4.5), 2030 (RCP 
8.5), 2040 (RCP 2.6), 
2040 (RCP 4.5), 2040 
(RCP 8.5), 2050 (RCP 
2.6), 2050 (RCP 4.5), 

2050 (RCP 8.5) 

2022, 
2050 (RCP 8.5) 

Belmullet, Mayo 9 
Shannon Airport, Clare 15 

Cork Airport, Cork 155 
Phoenix Park*, Dublin 48 

Valentia, Kerry 24 
Ballyhaise, Cavan 78 

Malin Head, Donegal 20 
Gurteen, Tipperary 75 

Johnstown Castle, Wexford 62 
Finner, Donegal 33 

*Wind speed and wind direction for Dublin Airport used in the absence of available data 

 
 
3 RESULTS AND DISCUSSION 

 
3.1 Cooling demand in Ireland (Current and Future) 

 
Despite recent research indicating that the there is no cooling needs in Ireland (Agency and 
Programme 2018; SEAI 2022) or at least that NV systems are sufficient at present (O’ Donovan, 
Murphy, and O’Sullivan 2021), it is evident that there will be a need for cooling in Ireland in 
the future and this is starting the manifest itself now, where existing software may be behind 
the trend of cooling need for Ireland in even the worst emissions scenarios.  
 

  

Figure 1: Relationship between cooling degree hours and base temperature and different climate scenarios 
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What is evident is that change in cooling demand because of the assumptions around base 
temperatures has a much greater effect in this case than that of existing projections for changes 
in the climate going forward (see Figure 1). The effect of different weather files in climate 
scenario has less of an overall effect on cooling demand. Overall, it is expected that demand (in 
CDH terms) for cooling in Ireland could increase by 591% on average by lowering the base 
temperature for cooling (through the retrofit of exiting building stocks or increasing fabric 
performance, from 18.33°C to 14°C), whereas the projected increase in external air conditions 
could lead to an increase of 41% on average in cooling demand between conditions in 2022 and 
2050 in the projected worst case (2050 RCP8.5).  
 

 
 

Figure 2: Density plots of estimated cooling energy demand (in kWh) for the case study building indicated in 
section 2.1. (Left: cooling demand different base temperatures, Right: cooling demand for different years and 

climate scenarios) 

 

 
Figure 3: Boxplots of specific cooling demand with respect to climate scenario and different assumptions for 

base temperature. (Dashed lines indicate different specific cooling demands indicated in the work of 
(Jakubcionis and Carlsson 2018), for Ireland (IE), United Kingdom (UK), and Austria (AT)).  

 
It should be noted that the use of a standardised base temperature for cooling (e.g. 18.33°C) can 
result in very different conclusions when compared to a base temperature that is more 
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appropriate for cooling demand in low energy buildings (e.g. 14°C). If we take a specific 
building as an example (see Figure 2), this can become more evident that the base temperature 
chosen leads to very different conclusions. It is therefore important that future research 
considers an effective calculation procedure for the determination of the base temperature for 
cooling in more detail, given its relative importance in the Irish context. Figure 3 indicates the 
specific cooling demand for the same building and indicates different reference levels of 
specific cooling demand from a cognate study in residential buildings in Europe (Jakubcionis 
and Carlsson 2018). This indicates that current demand levels in Ireland are above previous 
thresholds irrespective of assumptions on base temperatures. Additionally, current and future 
cooling demand levels in Ireland are likely to be above that of the UK in specific cooling 
demand terms (between the period 1995-2015).  
 
 

3.2 Comparison of demand and supply of VC 

 
Despite demand levels increasing in the coming years, currently it is estimated that MVC and 
NVC systems are capable of supplying enough cooling energy to offset the existing demands 
of low energy buildings. Figure 4 highlights the difference between current and future demand 
and supply levels depending on different VC systems (i.e. MVC or NVC). Based on the results 
presented in Figure 4, it can be observed that currently supply outstrips demand by between 4.0 
to 5.8 times in 2022 and by between 3.5 and 4.9 in 2050 on average depending on the two 
proposed systems. The reduction in the ratio between supply and demand between now and 
2050 would appear to be driven by increases in mean cooling demand levels between now and 
2050. 

 
Figure 4: Boxplots of energy demand and supply for cooling with respect to year. (Facet grid represents demand, 

or supply type for MVC and NVC systems. Note: 2050 refers to RCP 8.5 scenario). 

 
It should be noted that by in large these cumulative demand and supply values, highlight the 
total per annum performance, but this may not account for seasonal variance where overheating 
may be present despite cooling potential existing. This is because the cumulative value 
presented does not indicate hourly or sub-hourly periods where the supply of NVC or MVC is 
not sufficient. Additionally, because of the supply and demand being calculated based on 
external temperatures being greater than 14°C, and because this temperature will be below the 
neutral temperature, this leads to more supply accounted for in parts of the year where supply 
may not be typical. Resultantly, it is expected that 2% to 6% more hours of the year will have 
cooling needs in 2050 compared with 2022. This leads to increase in supply terms of between 
4% and 39% for the NVC system studied and between 7% and 26% for the MVC system studied 
is observed between 2022 and 2050. This change is also highlighted by (Bravo Dias, Soares, 
and Carrilho da Graça 2020) where in their work it is expected that the potential for NV will 
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increase by 6 weeks in Northern Europe (between now (1971-2000) and the future (2070-
2100)). It should also be noted that Bravo Diaz et al. highlighted that Dublin is likely to see no 
change in days that are too warm (TW), a decrease in days that are too cold (TC), less weeks 
where NV is possible, but an increase in the number of weeks where VC is applicable. 
Regarding the removal of energy for hygienic ventilation, it should be noted that the reduction 
of available supply for NVC and MVC was reduced by 10-15% to remove the ventilation need 
from each system for calculating SPFs. This ventilation supply is likely to contribute to cooling 
supply in reality but has been excluded in this case. 
 
 

3.3 SPF calculations  

 
Considering the definition described in previous sections it is important to note that some 
countries set a minimum thresholds or ranges for renewable cooling these typically lie between 
2.8 and 9.5 (Kranzl et al. 2021). Examples of MVC in the real world indicate that these systems 
can achieve COP values of up to 20 (Holzer and Stern 2019). With hybrid VC systems 
achieving COP’s of 18.3 in reality (Yan et al. 2022). Figure 5 indicates the performance of 
NVC and MVC in both 2022 and in future conditions where demand is likely (>14°C outside). 
What is evident is that both MVC and NVC systems are likely to achieve very high SPFs in 
both 2022 and 2050 (RCP 8.5). On average NVC and MVC systems are likely achieve SPFs of 
63 and 23 respectively (considering all years). Overall, the NVC system studied is likely to be 
providing between 25.1kWh/m2/a and 50.6 kWh/m2/a of specific cooling energy supply for the 
studied building, while, MVC systems are likely to be providing between 42.9 kWh/m2/a and 
66.9kWh/m2/a in specific cooling energy supply for the same building type depending on the 
location and climatic year considered. 
 

  
Figure 5: Boxplots of seasonal performance factor with respect to year (Left: SPF values for NVC, Right: SPF 

values for MVC, colour indicates SPF for day or night-time) 

 
3.4 General discussion and future work in relation to Irish residential stock 

 
The most recent report on the housing stock in Ireland indicated that there were 2,003,645 
houses or apartments in Ireland in 2016 (CSO 2016), most of these homes use single-sided 
natural ventilation for cooling purposes, which are stipulated in current building regulations for 
purge ventilation purposes. A survey in 2019 by the CSO in Ireland indicated that the average 
floor area for dwellings in Ireland was 111m2 (CSO 2019). Based on the combination of these 
two facts as well as the typical specific cooling energy supply values shown earlier it is 
estimated that between 5.6TWh/a and 11.3TWh/a is currently available from NVC in Ireland. 
Based on the ratio between demand and supply (shown earlier) it is likely that over one third of 
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this potential is being utilised by the housing stock on a per annum basis. This cooling energy 
is supplied as amongst the most energy efficient compared with even modern MVC systems as 
the energy usage for opening windows is likely to be manual in nature. As such, NVC is 
currently offsetting a significant amount of the existing cooling demand and currently this is 
not officially recognised as a renewable energy source. The work in this paper indicates that it 
is likely that if these systems are controlled or actuated that a significant amount of renewable 
cooling potential is available for the Irish housing stock and that the extent of this needs further 
examination. Future work should; 1) consider the effective determination of the cooling base 
temperatures for different building types, but particularly for low energy buildings as this value 
can have a significant effect on cooling demand calculations (see section 3.3), 2) consider 
simulating different archetypal buildings to interrogate the SPF values that can be achieved, 3) 
evaluate the SPF of real NVC and MVC systems in-use and 4) evaluate the current cooling 
energy supply in the building stock by using available energy rating databases for Ireland (as 
the estimates presented here are subject to variation). 
 
4 CONCLUSIONS 

 
In this paper, three stages were proposed to evaluate the status of renewable ventilative cooling 
in Ireland. Firstly, a cooling degree hour analysis was used to estimate the current demand levels 
for different base temperatures and weather data. Secondly, the potential for cooling energy 
supplied by a NVC and MVC system was estimated. Finally, the potential seasonal performance 
factor was calculated for an NVC and MVC system. The results presented have indicated that 
the current cooling energy supplied by VC appears to be outstripping estimated demand levels 
(on an annualised basis). The results also indicate that NVC and MVC systems are likely to be 
a renewable source that is currently not officially accounted for.  
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ABSTRACT 
 
Urban settings and climate change both impact energy use, thermal comfort and ventilation of buildings. This is 
more noticeable in hot urban areas where the urban heat island effect is more pronounced; also, in densely built 
urban areas where thermal comfort in naturally ventilated buildings is affected by changes in natural ventilation 
rates because of surrounding obstructions. In some cases, overshadowing might alleviate the impact.  This paper 
presents a study of changes in energy demand in residential buildings considering the overlapping effect of climate 
change and urban heat island intensity in Athens representing a hot European climate and a dense urban setting. 
The case study building is a real residential building in an urban canyon in central Athens with data obtained from 
the PRELUDE H2020 project. The impact of urban parameters on air temperature wind speed and solar 
overshadowing was considered. Urban air temperature was calculated by using the Urban Weather Generator 
which includes a number of indices such as site coverage, façade to site ratio and average building height; it also 
considers the building construction materials as well as anthropogenic heat emissions by the operation of the 
buildings. Urban wind speed was modified using the URBVENT urban canyon model for the computation of wind 
speed; this model was validated by its proposers in 2005 by measurements in Athens. Solar overshadowing was 
calculated for the case-study building considering the surrounding buildings.  Current-urban and future-urban 
weather files were generated, and simulations were run considering energy demand and indoor thermal comfort. 
The thermal simulation results show that in the hot European climate of Athens with densely built urban areas and 
for a building within an urban canyon, current weather files which include overshadowing, urban heat island and 
canyon wind will increase the cooling demand by 24% in comparison to using a typical current weather file. 
However total energy demand (heating and cooling) increased only 3% for lower floors and 12% for higher floors 
due to the reduction of heating demand. Simulations using future weather files indicated a 66% increase of cooling 
demand in comparison to using a typical weather file. Future total energy demand increased by 32% for higher 
floors and 13% for lower floors. If the building is free floating an adaptive thermal comfort analysis indicated that 
only 25% of the summertime will be comfortable in comparison to the 50% prediction by the current typical 
weather file. Therefore, the use a suitable weather file to include urban external conditions in thermal simulations 
is essential for more accurate predictions of energy demand and internal avoidance of overheating in free-floating 
buildings. 
 

 

KEYWORDS 
 
Microclimate, climate change, urban heat island, ventilation, thermal comfort, energy use 
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1 INTRODUCTION 

 
As reported by (Salvati and Kolokotroni, 2022) ‘in thermal simulations studies of buildings, 
ambient conditions are accounted for by using weather files of the building’s location, providing 
hourly values of typical ambient conditions: temperature, humidity, solar radiation and wind. 
Weather files are built using historical observational data usually over 30 years; they are based 
on measurements at meteorological stations usually at airports. Therefore, weather files do not 
account for characteristics of the urban environment which modify climatic conditions, 
especially those of air temperature and wind. In addition, buildings designed and built today, 
will last for many years.  Therefore, future climate projections should be used to predict how 
our buildings will perform in 30 or 50 years. Using such climate projections can ensure that 
energy and comfort performance simulations can more realistically predict future performance.’  
 
(Salvati and Kolokotroni, 2022) presented to the AIVC Conference in 2022, proposed a 
methodology based on the use of urban climate models (Urban Weather Generator -UWG) and 
detailed microclimate models (ENVImet) for urban microclimate simulation, in order to 
investigate the overlapping effects of climate change and urban effects on the future 
performance of urban buildings. This was applied to two case study buildings in London, UK 
and Cadiz, Spain. 
 
The present paper is developed along the same methodology using the UWG (Bueno et al, 
2013) to obtain modified urban temperatures, overshadowing calculations to consider 
restrictions in impending solar radiation by adjacent buildings and URBVENT (Ghiaus and 
Roulet, 2004) models to obtain modified wind speeds in an urban canyon. The case-study 
building is located in an urban canyon in Athens, Greece and its data were obtained from the 
PRELUDE H2020 (PRELUDE, 2023) project.  
 
The paper presents the urban climate modifications – both for ambient temperature and urban 
canyon wind by generating site-specific urban weather files for the location of the case-study 
in Athens; section 2. The weather files are generated for both current and future urban weather 
scenarios and are used for EnergyPlus (DesignBuilder, 2023) energy and thermal simulations 
which include the effect of urban overshadowing; section 3.  The results of simulations (energy 
and comfort) are presented in section 4.  
 
 
2 CASE STUDY LOCATION AND BUILDING DESCRIPTION 

 
2.1 Climate of case-study location 

 
The Mediterranean climate of Athens (Köppen climate classification: Csa) represents a 
dominant alternation between prolonged hot and dry summers and mild, wet winters with 
moderate rainfall. July and August are the driest months for Athens with the highest outdoor 
dry bulb temperatures, and diurnal variations in outdoor temperatures are notable (Figure 1). 
The dominant southwest wind comes with higher wind speeds to Athens throughout the year 
(Figure 2). The heating degree days and cooling degree days for the current climate of Athens 
showed that the buildings in Athens need both heating and cooling for comfort (Figure 2). 
 
The building in Athens is located in a very dense urban texture within a well-defined urban 
canyon street and in a climate region with high solar radiation and summer air temperatures, 
where the urban heat island (UHI) intensity has the highest negative impact.  
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Figure 1: Daily outdoor dry bulb temperature profiles of Athens 

      
Figure 2: A wind rose, heating degree day and cooling degree day profiles of Athens 

 
2.2 Case-study building description 

The case-study building is a five-storey residential building in Athens. It is highly representative 
of low-rise multi-apartment buildings that were built during the 1930s. It was renovated in 2005 
by adding rooftop insulation, installation of double aluminium windows to minimise thermal 
losses, replacement of outdated lighting with LED lamps etc.  It is used as a hostel for the 
homeless and houses support staff with maximum capacity of 60 occupants. The total floor area 
is 1080 m2 and it has a ground-floor, 5-storeys and a basement.  It is located in Patission Street 
which is a long street surrounded by similar in-height buildings starting from the centre of 
Athens and extending to the north. The building is located about 3 km from the centre of Athens 
(Omonia Square).  A typical floor plan and an external view of the building are presented in 
Figure 3. The heating and hot water system operates with natural gas, the lamps are LED and 
all windows are double-glazed aluminium. The apartments of the tenants are hotel-like rooms 
including a room and bathroom with TV and fan, heating & cooling thermostat. The thermal 
properties of the external envelope are presented in Table 1.  
 
For this paper, two “intermediate levels” – level 2 (above the ground floor) and level 4 (below 
the top floor) were chosen. Each floor consists of 6 rooms – three single rooms (SR) and three 
twin rooms (TR). The single room (SR) is for one occupant and the twin room (TR) is for two 
occupants.  Each room has one bath and there is a balcony with one window/door on either the 
east or west side. The communal areas, which include the kitchen, lift and stair core, are located 
in the middle of the building.   
 

Table 1: Thermal properties of the building envelope 

Building envelope Thermal transmittance (W/m2K) 

External wall 1.739 
Party wall 2.038 

Ground floor 1.834 
Internal floor 0.788 

Roof 0.639 
Internal door 2.672 

Window 2.5 (light transmission 0.78) 
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Figure 3: External view and typical floor plan of the case-study building. 

 
3 METHODOLOGY FOR GENERATING URBAN WEATHER FILES 

 
The methodology for generating urban weather files to be used in thermal simulations is 
presented in Figure 4. Two rural weather files (current and future) from Meteonorm were used 
(Meteotest, 2020) as the starting point.  The future weather was considered for the RCP8.5 
scenario which is the worst-case, high-emissions scenario for the year 2050 caused by “business 
as usual” without efforts to cut greenhouse gas emissions (IPPC, 2014). 
 

 
Figure 4: Urban considerations in building simulation (adapted from Salvati et al, 2020) 

Autodesk Revit was used to generate the required building information for the UWG program. 
The 3D model was computed over an area of about 250m in length, as suggested for local urban 
climate studies (Salvati et al., 2016) (Stewart and Oke, 2012). The case studied building is 
located on the road (yellow arrow shown in Figure 5) where the urban canyon wind was to be 
calculated. The topography of the site was modelled according to its location above sea level; 
the south is lower than the north. The buildings were represented in the Revit massing models 
that allow calculating the façade and floor areas of the site, and average building height for the 
UWG program.  The building types were defined for each 3D model that allows calculating the 
energy consumption for residential, primary and secondary schools, retail shops, hotels, 
restaurants, supermarkets etc. The building density, urban buildings’ vertical-to-horizontal ratio 
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and green area coverage are then calculated through the Revit area scheme. Evergreen trees 
were considered for the vegetation growing seasons. The massing models of urban buildings 
for the selected site are shown in Figure 5. After the UWG’s .xlsm files and other source files 
are co-simulated using Matlab, two urban weather files for current and future scenarios were 
obtained. Table 2 presents the input values calculated.  
 

 
 

Figure 5: Site plan and 3D massing model of the case study location (Case study building is shown in red colour) 

Table 2: Input data used in UWG’s .xlsm file 

Urban Characteristics Input data Vegetation Parameters Input data  

Average Building Height 15.78 Urban Area Veg Coverage 0.0157  
Fraction of waste heat into the 
canyon 

1 Urban Area Tree Coverage 0.0245  

Building Density 0.473 Veg Start Month 1  
Vertical to Horizontal Ratio 1.078 Veg End Month 12  
Urban Area Characteristic 
Length 

250 Vegetation Albedo 0.25  

Max Dx 62.5 Latent Fraction of Grass 0.5  
Road Albedo 0.1 Latent Fraction of Tree 0.5  
Pavement Thickness 0.5 Rural Road Vegetation Coverage 0.8  
Sensible Anthropogenic Heat 
(Peak) 

20    

Latent Anthropogenic Heat 
(Peak) 

2    

 
The hourly wind speed was calculated using the algorithms of (Ghiaus et al 2005) as 
presented by (Salvati et al., 2020). The terrain type with a roughness of 5.0 was assumed for 
the urban area. The average urban height, building density and vertical-to-horizontal building 
area ratio were considered referring to the data generated for the UWG program. The length-
to-width ratio of the road is more than 20 hence, the canyon height-to-width ratio was 
checked, and it was identified that the case study building is exposed to the urban canyon 
wind. The case studied building has five stories; the urban canyon wind was therefore 
required to calculate from its relative building height above the ground level. It was 
considered 7m above street level for level 2 and 15m height for level 4 r. Hourly wind speed 
values of canyon wind were calculated for the undisturbed wind and wind direction values 
found in the rural weather files. The urban canyon wind speed values were then replaced with 
the urban weather files generated from the UWG program.  
 
4 RESULTS AND DISCUSSION 

 
EnergyPlus simulations were carried out using the generated weather files and overshadowing 
effect as presented in Figure 6. Data obtained from the building were used to define inputs such 
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as construction, schedules and internal heat gains, supplemented by values from (BS EN 16798-
1, 2019) where data were not available.  

 
Figure 6: Tested cases for current and future weather scenarios 

 
4.1 Comparison of weather files 

The differences between different weather files are compared in Figure 7. As expected, higher 
temperature values were found in the urban weather files compared to the rural weather file. It 
can also be seen that the temperature values were increased in future weather conditions, but 
the annual mean temperatures were lower than 21°C in all scenarios. However, when the 
temperature values were assessed for the summer period only, a significant temperature 
increment could be observed in future weather conditions, reaching its summer average 
temperature above 31°C. On the other hand, significantly lower wind speed values were found 
in the urban weather file with the urban canyon wind modification. The average urban canyon 
wind speed, generated for level 4 rooms which are located at 15m height above the ground 
level, was as low as 1.5m/s and mostly still throughout the year. That implies decreasing natural 
ventilation efficacy in urban areas overshadowed.  
 
 

  

  
Figure 7: Comparison of outdoor dry bulb temperature and wind speed in different weather files 
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4.2 Energy use results 

4.2.1 Annual energy demand 

The annual heating and cooling demand for current and future weather conditions are presented 
in Figure 8 and  
Table 3 for a lower floor (L2) and higher floor (L4) of the building; on all cases overshadowing 
has been considered. The impacts of building height and building density on energy demand 
were noted due to its exposure to the Urban Heat Island, overshadowing by surrounding 
buildings and lower urban canyon wind resulting to higher cooling demand and lower heating 
demand. A higher floor would demand more cooling and less heating compared to a lower floor 
due to lower wind speeds near the ground reducing infiltration and ventilation losses. As 
expected, future weather will demand higher cooling and lower heating because of an increase 
in external temperature. The highest total energy demand would be for higher floors in the 
future.    
 

  
Figure 8. Annual heating and cooling demand of level 2 and level 4 rooms for scenarios 2 and 4. 

 

Table 3: Heating, Cooling and Total energy demand for the various weather scenarios 

 
 
 
4.2.2 Monthly energy demand  

The impacts of weather and microclimatic conditions on monthly heating and cooling demand 
are presented in Figure 9, considering the difference between rural and urban weather files, and 
the overshadowing and urban canyon wind effects on urban buildings; a higher floor (L4) is 

Weather file Heating Cooling Total

Overshadowing included in simulations

Building Level 4 kWh/m2/year kWh/m2/year kWh/m2/year

Current Weather 15.7 50.4 66.1
Current Urban Weather (UWG) 12.3 0.78 60 1.19 73.1 1.11
Current UWG, Urban canyon Wind 10.8 0.69 62.5 1.24 74.0 1.12
Future Weather 8.9 0.57 68.3 1.36 77.8 1.18
Future Urban Weather (UWG) 6.7 0.43 78.9 1.57 86.0 1.30
Future UWG, Urban canyon Wind 5.9 0.38 81.2 1.61 87.5 1.32

Building Level 2

Current Weather 26.8 34 60.8
Current Urban Weather (UWG) 21.1 0.79 41.9 1.23 63.8 1.05
Current UWG, Urban canyon Wind 19.5 0.73 42.1 1.24 62.3 1.03
Future Weather 16.7 0.62 46.6 1.37 63.9 1.05
Future Urban Weather (UWG) 12.6 0.47 56.4 1.66 69.5 1.14
Future UWG, Urban canyon Wind 11.7 0.44 56.4 1.66 68.5 1.13

Change 

ratio

Change 

ratio

Change 

ratio
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presented as it was shown to perform worse than lower floors.  The overshadowing impact is 
included in the results presented.  
 
Figure 9 shows that heating demand is mainly from December to March due to the cold season 
in Athens. The heating demand of a single building exposed to the open terrain was less than 
the urban building as the urban building could be shaded by surrounding buildings limiting 
useful solar gains. Overshadowing considerations are important as would affect (increase) the 
heating demand significantly in all cases. As expected, using urban temperatures and future 
weather would reduce heating demand because of the increase in outdoor air temperatures.  
Because of the urban canyon wind, the heating demand could reduce.  
 
Figure 9 also shows that cooling demand which is mainly during the summer months of June 
to September. As expected, the cooling demand of a single building exposed to the open terrain 
was higher than the urban building due to its exposure to solar radiation. Overshadowing 
considerations are important and would reduce the prediction of cooling demand.  As expected, 
using urban temperatures and future weather would increase the cooling demand. Urban canyon 
wind, does not seem to impact monthly cooling demand significantly.  
 

 

  
Figure 9: Monthly heating demand of level 4 rooms 

 
4.3 Thermal comfort results 

 
The impacts of weather and microclimatic condition on thermal comfort in the absence of air-
conditioning are presented in Figure 10 as percentage of overheating hours during the summer 
(June to September). In calculating these, Category II (EN 16798-1-2019) limits were 
considered, hence, adaptive comfort temperature range can be expected by widening the upper 
limits to +3°C and lower limits to -4°C. Within these upper and lower limits of adaptive 
comfort, the temperature is assumed to be comfortable range, which is presented as yellow 
colour in Figure 10. If the indoor temperature is above the upper limits, it is the condition with 
overheating, which is presented as red colour for active cooling requirements. It can be seen 
that the overheating time was increased in the urban weather condition and future weather 
conditions. In the future weather condition with urban canyon wind, the SR2 room has less than 
10% of summertime for adaptive comfort range, and more than 90% of summertime hours 
overheating.  
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Figure 10. The percentage of summer hours for adaptive comfort and overheating time. 

 
5 CONCLUSIONS 

 
The confounding effects of urban density, urban textures and exposure to the wind, building 
design and human activities chemically and physically alter weather characteristics over and 
around urban areas. This paper aimed to identify the effects of changes in urban air temperatures 
and urban canyon wind on building energy performance and thermal comfort compared to rural 
conditions. Six weather files were generated from the UWG program and urban canyon wind 
calculation, and a total of eight weather files (two were the rural weather files generated from 
the Meteonorm) were used to compare how different weather impacts building performance. 
The overshadowing effects from the surrounding buildings were considered as it is relevant to 
an urban setting. The case study building is located in Athens within an urban canyon with data 
obtained from the PRELUDE H2020 project. 
 
The results of the simulation experiment showed that in hot European climate regions with 
densely built urban areas and for buildings within urban canyons, thermal simulation using 
current climate considering overshadowing, urban heat island and canyon wind will reduce the 
heating demand in future while the cooling demand could increase due to the increment in 
outdoor dry bulb temperature. The urban canyon wind caused lower wind speed which 
influences the efficacy of natural ventilation and energy consumption. The adaptive thermal 
comfort potential could reduce in the future while the overheating period could extend.  
 
Specifically, for the case-study building in Athens the simulation results show an increase of 
the cooling demand by 24% in comparison to using a typical current weather file. However 
total energy demand (heating and cooling) increased only 3% for lower floors and 12% for 
higher floors due to the reduction of heating demand. Simulations using future weather files 
indicated a 66% increase in cooling demand in comparison to using a typical weather file. 
Future total energy demand increased by 32% for higher floors and 13% for lower floors. If the 
building is free floating an adaptive thermal comfort analysis indicated that only 25% of the 
summertime will be comfortable in comparison to 50% prediction by current typical weather.  
 
Therefore, the use of a suitable weather file to include urban external conditions in thermal 
simulations is essential for more accurate predictions of energy demand and internal avoidance 
of overheating in free-floating buildings. 
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ABSTRACT 
 
Abstract. Due to its high demands regarding indoor environmental conditions, healthcare facilities are associated with high 
energy consumption. To move forward towards more demand driven and energy reduced conditioning, information on 
occupancy and temperature boundary conditions are crucial. Thermography-based systems enable data acquisition regarding 
both aspects in high local resolution. In this publication, we propose a thermography system that may be used for monitoring 
of rooms in healthcare facilities. It is set up using a 160 x 120 px thermography sensor and Raspberry Pi computer for data 
acquisition and processing. The sensors are mounted on walls to capture the inside of the room including patients, staff, and 
visitors. We evaluate the mean radiant temperature based on the individual inner surfaces of the room. The algorithm aggregates 
wall, floor and ceiling surface temperatures within the field of view of the sensor. For occupancy estimation inside the room, 
we apply a convolutional neural network (CNN). It is based on a pre-trained network and retrained using a partial dataset 
collected during the field study. To improve robustness of the algorithm several data pre-processing steps are conducted, that 
include image filters and redundancy testing. The system is evaluated based on data collected in a field study conducted inside 
MHH Hospital in Hannover, Germany. Several patients’ rooms and a staff room are monitored over a period of 6 weeks, with 
the goal of evaluating indoor environmental data. The measurement period is inside the heating period in winter and different 
room layouts are considered. For reference, an indoor environmental quality measurement device is used to simultaneously 
measure air temperature, globe temperature and other IEQ parameters. Measured data of the reference system agree well with 
the thermography system. Deviations between both are less than 1 K in radiant temperature for most scenarios and measurement 
setups. Estimated occupancy is compared to a ground truth derived from manual processing of the captured thermography data. 
Finally, results of the field study are discussed together with the systems advantages and limitations with regard to privacy 
considerations. 
 
KEYWORDS 
 
Thermography, Occupancy detection, Mean radiant temperature, Computer Vision 
  
 
 
 
 
1 INTRODUCTION 

 
Continuous stress on the healthcare sector due to increasing life expectancy and threats from 
diseases has shifted public focus towards the conditions in healthcare facilities. Convalescence 
time and thus capacities in hospitals and other healthcare facilities are significantly influenced 
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by indoor environmental conditions (Shajahan et al., 2019). The high regulatory requirements 
for indoor conditions in these building types regarding ventilation rates and set temperatures, 
however, result in increased energy demand compared to other public buildings. 
 
The methods and results presented within this publication are part of a pilot study to investigate 
measures for the improvement of well-being of patients and staff in hospitals as well as to 
convalescence and productivity. Furthermore, investigations into energy saving potentials are 
subject of the pilot study. It has been conducted between mid of November and mid of 
December 2020 in a ward of Medizinische Hochschule Hannover (MHH) and included both 
patients and staff’s rooms. 
 
Both the detection of occupancy and measurement of mean-radiant temperature (MRT) are 
crucial factors for efficient control of building energy systems. We propose a thermography-
based system that enables the assessment of both aspects within one system.  
 
1.1 Occupancy detection 

 
During regular building operation indoor environmental conditions in healthcare facilities are 
typically not monitored under consideration of real-time occupancy. However, demand-
controlled ventilation (DCV) enabled by occupancy detection can contribute to a significant 
decrease in heating, ventilation and air-conditioning (HVAC) related energy consumption in 
hospitals (Čongradac et al., 2014; Rätz et al., 2020).  
 
For occupancy detection in indoor rooms several technologies have been proposed and 
investigated (Liu et al., 2019; Ahmad et al., 2021) In many applications, Pyroelectric Infrared 
Sensors (PIR) are used to detect presence of people, but they are not capable to retrieve 
information on the number of occupants. Derivation of occupancy from CO2 measurements 
allows inexpensive and non-invasive detection, however with drawbacks in terms of accuracy, 
which can be improved with additional sensors in fusion with the CO2 sensor (Dedesko et al., 
2015; Rätz et al., 2022). Camera-based systems using machine learning algorithms are another 
option with high accuracy, but are sensitive with regards to the occupants’ privacy.  
 
Long-wave infrared (IR) sensors for occupancy detection are applied in different resolution and 
positions within indoor environments (Tyndall et al., 2016; Zhao et al., 2018). Analogous to 
camera-based systems, machine-learning algorithms are applied for classification based on the 
thermographic image. In most indoor conditions the high temperature difference between 
background and skin/clothing surface yields a good contrast for detection. The sensors can 
operate independent of illumination of the room and have become economically more viable. 
In terms of privacy, IR sensors are less critical as their lower resolution reveals less distinct 
features and less contrast than conventional cameras. Technical solutions for privacy 
implications have already been discussed (Pittaluga et al., 2016; Ahmad et al., 2021; Dubail et 
al., 2022). 
 
 
 
1.2 Mean radiant temperature  

 
According to ASHRAE standard 55 mean radiant temperature is – besides air temperature, air 
humidity and air speed – a required parameter to predict thermal comfort in thermal 
environments (ASHRAE, 2020). It is a key parameter for the quantification of radiative heat 
transfer between a person and its surrounding surfaces and is usually measured by means of a 
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globe temperature sensor, air temperature sensor and air velocity sensor. Further measurement 
methods include the two-sphere radiometer and the constant air temperature sensor 
(International Standardization Organization, 2002). As the radiative heat transfer is influenced 
by many factors including wavelength of radiation, view factors between objects and their 
surface temperature, its precise measurement is challenging, and it is associated with a high 
measurement uncertainty.  
 
IR sensors allow continuous, non-intrusive measurement of surface temperatures. Using these 
measured surface temperatures and the view factors between the evaluation position and the 
surroundings, mean radiant temperature can be calculated analytically. 
 
2 METHODS 

 
2.1 Experimental setup and data acquisition 

 
The experimental study is conducted as a field study within 5 different rooms of MHH: 4 patient 
rooms and 1 physicians’ room. The rooms are equipped with mechanical ventilation systems 
and radiators for heating. Windows can be opened to allow for hybrid ventilation. In each of 
those rooms both IR sensor systems and an indoor environmental quality (IEQ) sensor system 
are installed. 

Table 1: List of rooms with usage type and window orientation 

Room Type of room Window 

Orientation 

Number of beds 

R1 Physicians room North  - 
R2 Patient room North 2 
R3 Patient room South 2 
R4 Patient room South 3 
R5 Patient room South 2 

 
The IR sensor system consists of a FLIR Lepton 3.5 160x120 px microbolometer sensor, the 
corresponding evaluation board for radiometric determination of object temperatures and a 
Raspberry Pi 3B+ microcomputer for data processing and transmission to storage. The sensor 
is specified with a typical accuracy of ±5 K within regular operating conditions in buildings. In 
each room 2 of these sensors have been installed in opposing upper corners of the rooms, facing 
towards the occupied zone of the room, to cover as much wall, ceiling, and floor surface area 
as possible with the field of view (FOV) of the sensors. The low FOV angle of 57/71° 
(horizontal/diagonal) compared to many other sensors limits the covered surface to mainly wall 
and floor sections.  
 
The IEQ sensor system is used as a reference for the mean radiant temperature. The BAPPU-
evo sensor device features among others air temperature (± 0.5 K), air humidity (± 4 % rH) and 
a globe temperature sensor (± 0.5 K). Due to restrictions regarding interference with care 
operations, the sensor system had to be placed on shelves slightly above the occupied zone at 2 
m height. 
 
In Figure 1 the positions of one of the IR sensor systems in a patient’s room and one of the IEQ 
measurements systems are indicated. 
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Figure 1: Positions of IR sensor system (left) and IEQ measurement system (right) inside a patient’s room 

 
2.2 Data pre-processing  

 
The IR sensor system records frames with a frequency of 10 seconds. The frames are 
temporarily stored locally. In pre-processing the frame is analysed regarding its redundancy 
and validity. For redundancy testing the frame is compared to the previous frame based on the 
structural similarity index. In case the structural similarity is higher than 97% the frame is 
discarded. Occasionally, the sensor provides corrupted images which are detected based on a 
histogram comparison between frames. The frames are normalized and saved on a server in 
batches of 30 frames for further processing.  
 
2.3 Occupancy 

2.3.1 Data pipeline 

 
The normalized frames are annotated manually by creation of labels for each occupant inside a 
room as shown in Figure 2. We have used one class of labels which includes occupants in 
different postures. These are standing, sitting, and lying. The images and annotations are saved 
and converted to the tfrecords format for further processing with machine learning platform 
TensorFlow (TensorFlow Developers, 2022). 
 

  
Figure 2: Label annotations for occupants in patients’ room  

2.3.2 Network training 

 
The TensorFlow platform provides pre-trained network architectures, which can be used for 
further individualized training of networks. The models suited for detection purposes are pre-
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trained on the COCO 2017 dataset, which features images in the visual domain (Lin et al., 
2014). We have selected the Faster R-CNN Inception ResNet V2 640x640 architecture 
(Szegedy et al., 2016). It is a very deep convolutional neural network with a good trade-off 
between accuracy and computational speed/ memory requirements. As the present frames are 
in the long-wave IR domain, the training process is cross-domain. 
 
For transfer learning, we use a dataset of 800 frames, compiled randomly from 9 of the IR 
sensor systems. Data from one IR sensor system have been excluded due to faulty data. The 
network is trained in 100 000 steps with a batch size of 1. The development of the total loss 
metric for network training is shown in Figure 3. It includes classification loss, localization and 
objectness loss.  

 
Figure 3: Total loss of network training process for each step 

 

2.3.3 Training evaluation 

 
For the evaluation of the networks training performance, COCO detection metrics are used. The 
confidence scores predicted by the classifier represent the probability that a bounding box 
contains a person. Precision indicates the reliability of the network’s positive prediction, 
whereas recall describes the ability to determine the relevancy of predictions. The average 
precision is the average of precision values for all different levels of recall. The Intersection 
over Union (IoU) value represents the ratio of intersection area and union area of a predicted 
boundary box and a ground truth bounding box. The mean average precision (mAP) is 
calculated over different levels of IoU. The evaluation is based on an evaluation dataset of 200 
frames from different sensor systems. 
 
2.4 Mean radiant temperature  

2.4.1 Algorithm for calculation 

 
To determine MRT analytically both the surface temperatures 𝑡𝑖 and view factors between the 
evaluation position and the surfaces 𝐹𝑝−𝑖  have to be known. According to ISO 7226 the 
following equation applies for the calculation of MRT indoor environments assuming high 
emissivity surfaces: 
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𝑴𝑹𝑻𝟒 = ∑ 𝒕𝒊
𝟒 ⋅ 𝑭𝒑−𝒊

𝑵

𝒊= 𝟏

 

 
(1) 

For small temperature differences, which are typical for surfaces in indoor environments it can 
be simplified to a linear equation: 

 

𝑴𝑹𝑻 = ∑ 𝒕𝒊 ⋅ 𝑭𝒑−𝒊

𝑵

𝒊= 𝟏

 

 

 
(2) 

 
The indoor surfaces temperature can be determined with the data captured by the IR sensor 
system. The surfaces are separated into segments based on their material properties, especially 
their emissivity. The assignment is done manually for the static position of the sensor after 
installation. For simplification of view factors, we substitute the view factors by arithmetic 
weighting according to the surface area 𝐴𝑖 of each segment as shown in equation 3. This 
approach does not account for individual positions inside the room. 

 
𝑭𝒑−𝒊 =  

𝑨𝒊

∑ 𝑨𝒊
𝑵
𝒊=𝟏

 

 

 
(3) 

Each surface is captured with one of the systems inside the rooms. The low angle of incidence 
between the sensor and ceiling results in a high share of reflected radiation. For this reason, the 
ceiling is not further considered for calculation. The expected error from this simplification is 
low for standing occupants, as projection factors according to ISO 7726 are small for ceiling 
and floor, compared to those for walls. However, for occupants in recumbent body position the 
expected error becomes more significant as the projection factor increases. An exemplary 
surface segmentation for a patient’s room is shown in Figure 4. 

 
Figure 4: Exemplary selection of surfaces for MRT calculation for Room 4  

 

After calculation of MRT, we filter not plausible outlier data by an Hampel-filter-function 
(based on a moving median) of MATLAB R2021a for a duration of five minutes. To reduce the 
noise of the sensor signals and to account for partial obstructions of surfaces by moving people, 
we finally calculated the moving mean value over five minutes for the data.  
As a reference for the MRT, the globe temperature data from the IEQ measurement system are 
used. According to ISO 7226, MRT can be calculated from globe temperature 𝑡𝑔 for forced 
convection based on equation 4, with air velocity 𝑣𝑎 and air temperature 𝑡𝑎. 
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  𝑴𝑹𝑻 = [(𝒕𝒈 + 𝟐𝟕𝟑)
𝟒

+ 𝟐. 𝟓 ⋅ 𝟏𝟎𝟖 ⋅ 𝒗𝒂
𝟎.𝟔 × (𝒕𝒈 − 𝒕𝒂)]

𝟏/𝟒

− 𝟐𝟕𝟑      (4) 
 
The estimated deviation boundaries between globe temperature and calculated mean radiant 
temperature according to ISO 7226 are less than 0.8 K based on measured differences between 
air temperature and globe temperature of less than 2 K and air velocities of < 0.05 m/s.  
 
3 RESULTS 

 
3.1 Occupancy 

 
In Figure 5 six exemplary frames from 4 different sensor systems with predicted boundary 
boxes are depicted. The green boundary boxes show the predicted position and area. The 
confidence scores at the top of the boundary boxes indicate the classifier confidence of the 
prediction being true.  
 
In the top left frame both predictions are true positives. Also in the top right, bottom left and 
bottom center frame the predictions are correct. However, in the top right frame the IoU is lower 
than for the other predictions as only a part intersects with the ground truth (marked in red). In 
the top center frame the person lying in the bed is not detected (false negative) and in the bottom 
right frame a person is predicted, where nobody is present (false positive) indicating overfitting 
of the model. 
 
The mean average precision (mAP) of the network for the evaluation data set is 0.4679 
compared to the 0.377 of the pre-trained network on the COCO dataset. For an IoU of 0.5 the 
mAP significantly increases to 0.8028. For an IoU of 0.75 it is 0.4753. This means that the 
position of boundary boxes can be predicted well, but the intersection with annotated boundary 
box is not high for all cases as can be seen in the top right frame.  
 

 
Figure 5: Selected frames of evaluation data set with predicted boundary boxes for persons marked in green  

 
3.2 Mean radiant temperature 

 
In Figure 6 the calculated MRT, air temperature and globe temperature as reference are depicted 
for Room 2 over the course of 18 days. Daily variations occur for the temperature profiles with 
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highest temperatures typically in the afternoon. A general trend with increasing temperatures 
from the beginning of the measurement period till the end can be observed.  
 
Overall, the calculated MRT follows the globe temperature with little deviations. While in the 
beginning the difference between both values is continuously < 0.5 K, the difference increases 
after December 9th but stays within < 1 K. The RMSE between the MRT and the globe 
temperature for the whole measurement period in this room is 0.47 K.  
Occasionally, short time temperature peaks occur for only one of the variables. For example, 
on December 5th the increase in globe temperature is significantly higher than for the MRT. A 
contrary effect can be observed on December 8th. Similar characteristics and effects can be 
observed for other rooms as well.  

 
Figure 6: Calculated mean radiant temperature and measured globe temperature for Room 2  

4 DISCUSSION 
 

In terms of occupancy detection, the trained network yields good results for an estimation of 
occupancy in the rooms. In all different body postures, persons are detected by the network, 
although some predicted boundary boxes have a low IoU with the annotated boundary box. 
False negatives occur most frequently when the contrast between the person and the background 
is too low. High room temperatures lead to low differences between human skin or clothing 
temperature and the room temperature and thus lower contrasts, as we used normalized frames 
based on fixed temperature limits. Dynamic temperature limits may be a solution here, however 
implications for network training need to be considered as well.  
 
As the pre-trained network was trained on visual domain images, features for classification are 
different in the frames used for further training and evaluation. Overfitting issues especially for 
specific sensor installation point may be caused by the low number of different installation 
points and fixed sitting and standing positions of patients and staff. Further classes (e.g. 
differentiation between postures) as well as more training data with different installation 
positions could reduce these issues.  
 
Regarding privacy, the chosen installation position, sensor resolution and distance between 
sensor and person prevent direct identification of people as facial features are not recognisable. 
However, with further contextual information identification might be possible and technical 
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solutions must be implemented to reduce the associated concerns.  Local data processing on the 
device and transfer of non-sensitive data to central building control systems can be part of the 
solution. 
 
For the presented experimental setup, the applied calculation method for MRT shows only 
minor deviations compared to the reference globe temperature measurement and can therefore 
be considered valid. The homogenous boundary conditions comply with the assumptions made 
for the application of the method concerning view factors and temperature differences. As 
pointed out in the results section, some influencing and noise factors may have more significant 
impacts on the calculation methods which leads to limitations with regards to accuracy. These 
include ambient conditions such as air temperature and velocity but also body positions of 
occupants and distances between surfaces and evaluation positions. Further comfort relevant 
parameters such as radiation asymmetry and vertical temperature gradient may also be predicted 
based on the recorded data and could further enhance the capabilities of the system (Seiwert et 
al., 2018). 
 
5 CONCLUSION 

 
An IR sensor-based measurement system for occupancy detection and determination of mean 
radiant temperature has been presented in this work. The developed methodologies rely on 
image-based evaluation of data and comparison with measurements and manually annotated 
occupancy information. 
For both aspects the results of the pilot study show promising results. The trained network can 
detect occupants inside the rooms with good precision and enables not only binary detection of 
occupancy but also a count of occupants. With further development and networks, which are 
exclusively trained on IR domain data, precision and recall may be further improved and model 
overfitting reduced. Privacy preserving algorithms can be implemented directly on the sensor 
system to reduce associated concerns. 
 
With the calculation of mean radiant temperature, thermal boundary conditions inside rooms 
can be evaluated more accurately. The deviations measured in the observed rooms are within 
an acceptable range given the generally high uncertainty associated with its determination. 
Requirements regarding the boundary conditions have been fulfilled in this study, however they 
limit transferability to similar environments and require further validation. 
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ABSTRACT 
 
Due to climate change, Western Europe is experiencing a surge in cooling demand, leading to 
higher summer temperatures accompanied by longer and stronger heat waves, thereby 
intensifying the toll on our buildings. This signals the need for architects to design buildings 
that take advantage of passive technics to provide thermal comfort. In recent years, natural 
ventilation has become a widely used method for reducing energy consumption and expenses. 
However, the utilization of natural ventilation can be restricted due to heatwaves and the 
impacts of climate change. To reduce the effects of these extreme conditions on the thermal 
comfort of the buildings, immediate guidance and decisions on architectural strategies are 
crucial. This study evaluated and compared the effectiveness of natural ventilation in current 
and future climate scenarios, particularly during extreme warm years. 
The primary goal is to highlight the importance of increasing cross ventilation in order to reduce 
internal cooling loads during the summer months. The thermal performance of the building and 
the effect of natural ventilation was analyzed by the energy simulation tool ‘IDA ICE’. As a 
case study, we considered a cultural building with communal spaces located in Belgium.  
According to our observation, indoor thermal comfort can be improved by determining an 
optimum set of input parameters such as the temperature setpoint, the discharge coefficient of 
the night ventilation, and the window operation behavior (opening and closing schedule).  
The results of this study indicate that natural ventilation can substantially reduce overheating 
risks and cooling demand during a typical year both in current and future climate scenarios. 
However, it is important to keep in mind that during heatwaves, natural ventilation becomes 
less efficient and cannot guarantee full thermal comfort to all occupants. 
 

KEYWORDS 
 
Thermal comfort, cooling demand, climate change, heatwave 
  
1 INTRODUCTION 

 
The vast majority of people spend most of their time indoors and rely on mechanical heating, 
ventilation, and air conditioning (HVAC) systems to keep the indoor environment comfortable. 
(Luo M, et al. 2021). The International Energy Agency (IEA) has released a report indicating 
that emissions from air conditioning are one of the primary factors contributing to global 
warming (Marschall, et al. 2020; IEA: 2018). Consequently, In future architectural design, it 
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will become increasingly important to reduce the use of mechanical cooling and air 
conditioning (Lomas, 2007; Chen, 2009).  
In recent years, natural ventilation has become a widely used method for reducing energy 
consumption and reducing expenses. Natural ventilation systems have been estimated to save 
up to 60% of the energy required for ventilation and air conditioning in moderate climates 
(Elnagar et al. 2022). 
While many studies have highlighted the benefits of natural ventilation, the actual application 
of natural ventilation can be affected by a variety of factors, making it challenging. A major 
challenge in integrating natural ventilation is that it creates uncertainty; as it relies on ever-
changing weather conditions, the architectural layout of the building, as well as it entrusts the 
occupants with the task of regulating the indoor environment. However, the effectiveness of 
their behavior patterns cannot be guaranteed (Costanzo et al. 2019; Marschall et al. 2020). 
Moreover, the impact of the internal microclimate in complex spatial designs needs to be taken 
into account during the design phase. For example, many different spaces within a building can 
affect wind flow patterns, which may cause adverse consequences (Elnagar et al. 2022; 
Marschall et al.  2020). In general, sustainable design necessitates designers engaging with it at 
an early stage of the architectural design process and utilizing suitable metrics to simulate and 
visualize the performance of their proposals. However, even when buildings and their systems 
succeed in providing energy-efficient comfortable environments, they are often designed based 
on anticipated weather and operational conditions such as occupancy loads and solar heat gains, 
which may not always align with reality. Throughout the lifetime of buildings, they can be 
confronted with unexpected shocks and events, resulting in deviations from the originally 
intended comfort conditions and causing instances of over- or underheating. 
Several studies indicate that the low-energy cooling strategies currently in use may become 
ineffective under long-term climate change, or in the event of an extreme event such as a heat 
wave or a power outage (Zhang et al. 2021). A report released by the Intergovernmental Panel 
on Climate Change (IPCC) in 2022 warns of the severity of climate change impacts and stresses 
the importance of adaptation and mitigation strategies (Sengupta et al. 2022).  
With the continuation of global warming, building overheating is expected to increase. 
Summers that are warmer and more frequent heatwaves will lead to higher outdoor 
temperatures, which in turn will increase the risk of overheating inside buildings. There have 
been 18 warmest years in Europe over the last two decades, and extreme weather events are 
more frequent and intense than ever before (European Commission. 2018 ; Sengupta et al. 
2023). 
Despite the moderate climate in Belgium, buildings are subject to climate change and more 
frequent heatwaves, which increase overheating risk and cooling energy requirements (Jenkins 
et al. 2013; Sengupta et al. 2023). There are two essential aspects that must be considered in 
order to predict the building's thermal performance in the future: (1) an applicable energy 
simulation model that can accurately predict building performance and (2) high-quality future 
weather data (Ramon 2019). 
Due to high occupant density, intermittent use, increased airtightness, and high glazing ratios, 
educational and cultural buildings, which represent a significant portion of the building stock, 
are responsible for high energy consumption. For this reason, in order to prevent any health 
risks associated with overheating in these types of buildings, it is important to evaluate and 
assess overheating separately from the buildings' energy efficiency. This paper aims to assess 
the thermal performance of a conference room with high occupant density, and presents 
preliminary findings regarding the influence of thermal mass and natural ventilation on the 
thermal comfort provided in a refurbished cultural building in Flanders (Belgium). To 
determine the effect of the aforementioned parameters on future energy performance, we 
analyzed the effects of current and future weather data for Typical Meteorological year (TMY) 
and Extreme Warm Year (EWY) in the building energy simulation. 
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Analyzing future climate change scenarios in simulations can be a useful approach to 
determining the optimal design of buildings based on their future thermal performance (Berger 
et al.2014; Andrić et al.2017). For this reason, the base case scenario was simulated with current 
weather data, and the results were compared to future weather files with no shock or power 
outage and  EWY with heatwave scenarios.  
 
2 METHODOLOGY  

The thermal performance of the conference hall was assessed in this study using the IDA ICE 
v2.9.9 (EQUA) software (https://www.equa.se/en/ida-ice). As mentioned earlier, the case study 
building is a theoretical design of a conference hall in a cultural building located in Geel, 
Belgium ( 51°10′N 05°00′E). The floor area and the volume of the conference room are 320 m2 
and 5767.2 m3 respectively. The conference hall has external insulation with a concrete external 
wall and concrete slab floor. Table 1 summarizes the thermal property of the building material. 

Table 1: thermal property of the building envelope 

Construction Package U-value (W/m2K) 

External wall 0.13 
Roof 0.15 
Floor 0.15 

 

  Figure 1 shows IDA ICE model of the cultural building and conference hall. To accelerate the 
simulation process, the other zones of the cultural building were treated as adiabatic. 

  
Figure 1: IDA ICE model (left : the cultural building, right: conference hall) 

 
 
Windows are facing northeast and southwest and the area of each one is 24m2.  There are triple-
glazed windows (U-value: 0.65 W/m2K, g-value: 0.52).   
There are external shadings, which are controlled automatically (shading is ON when the 
radiation on the windows is above 250W/m2). In this study, the control strategy of natural 
ventilation is based on the indoor temperature, the temperature difference between indoor and 
outdoor temperatures, as well as the occupancy schedule for each scenario. Specifically, the 
natural ventilation system is activated from 7am to 6pm on working days when the indoor 
temperature is higher than 23 degrees Celsius and the outdoor temperature is higher than 14 
degrees Celsius. During the night time, the ventilation system is activated if the interior 
temperature is higher than 21°C and the exterior temperature is lower than the interior and the 
exterior temperature is higher than 8°C. 
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The conference hall has a seating capacity of 170 individuals. It is utilized for three days each 
week, with a closure period from mid-July until the end of August. Figure 2 displays the 
occupancy schedule for one week.  

 
Figure 2: occupancy schedule 

 
 
2.1 Weather data 

 

Outdoor air quality is one of the most critical parameters in a natural ventilation strategy. It is 
necessary to conduct a qualitative assessment of the boundary conditions prior to proceeding 
with a quantitative approach. In this study, to determine whether the boundary conditions are 
suitable for natural ventilation, we conducted an analysis of the outdoor air quality and noise 
pollution (CIBSE, 2014). The Flanders Environment Agency (Vlaamse Milieu Maatschappij, 
VMM) monitors the outdoor air quality of Flanders and develops models to predict outdoor air 
quality. In general, air quality is improving. Except for Ozone, in almost all locations in 
Flanders, the European targets are met (VMM, 2018). Due to the property's location, near a 
forest and away from main traffic corridors, PM2,5, PM10, NO2, and Black Carbon 
concentrations are below European standards. Noise levels are deemed acceptable due to the 
location of the building which is situated in the middle of a green area.  

The weather files typically used in building performance simulation software represent the 
weather data recorded for specific months in a given year. In this study, all simulations were 
conducted using two types of weather data, namely “Typical Meteorological year (TMY)” 
(Thevenard & Brunger 2002) and “extreme warm year (EWY)” (Nik 2016) for current and 
future climate data (Regional Climate Models (RCMs). The weather files are extracted for the 
recent past (1976-2004) and for an RCP 8.5 climate change scenario for the end of the 21st 
century (2070-2100). In Belgium, a climate model with a spatial resolution of 2,8 km is 
available through the CORDEX.BE project (Ramon 2021; Termonia P. et al. 2018). With a 
spatial resolution of 2,8 km, this model offers a better representation of extreme weather events 
and includes more local effects, such as urban heat islands, compared to RCMS with a spatial 
resolution of up to 10 km (Prein, A. F., et al. 2015), More information about the climate model 
can be found in Ramon et al. (2020)  

 
 
3 RESULTS AND DISCUSSIONS  

To evaluate the thermal performance of the conference hall, passive cooling strategies were 
applied, such as natural ventilation, shading, and thermal mass. Figure 3 presents the annual 
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indoor and outdoor temperature distribution, as well as, thermal comfort in the conference hall 
for the base case (scenario1). These outcomes are derived from dynamic simulation conducted 
for the base case, taking into account the current weather data. The results demonstrate that 
indoor temperatures are mainly affected by occupancy, as evidenced by a decrease in 
operational temperature from mid-July to the conclusion of August. 

 

Figure 3: left: outside and operative temperature and right: thermal comfort 

In order to demonstrate the impact of passive cooling strategies such as natural ventilation and 
thermal mass, a thermal dynamic simulation was conducted for 12 case studies. Each scenario 
is outlined and explained in Table 2.   

Table 2: case study description 

scenarios Type of weather data Passive cooling strategy Thermal mass 

Scenario 1 TMY  current Natural ventilation high 
Scenario 2 TMY  current Natural ventilation low 
Scenario 3 TMY  current No passive cooling high 
Scenario 4 TMY future Natural ventilation high 
Scenario 5 TMY future Natural ventilation low 
Scenario 6 TMY future No passive cooling high 
Scenario 7 EWY Current Natural ventilation high 
Scenario 8 EWY Current Natural ventilation low 
Scenario 9 EWY Current No passive cooling high 

Scenario 10 EWY future Natural ventilation high 
Scenario 11 EWY future Natural ventilation low 
Scenario 12 EWY future No passive cooling high 

Figure 4 illustrates the annual occurrence of operative temperatures surpassing different 
thresholds (27°, 25°, and 30°) in the conference hall for the aforementioned scenarios. To 
highlight the impact of passive cooling figure 5 compares cooling demand for each case study. 
The frequency of annual operative temperature exceedances shows a significant contrast 
between scenarios without natural ventilation, whereas the variation is minimal when altering 
the thermal mass. 
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Figure 4: yearly exceedance of operative temperature 

 
Figure 5: Annual cooling demand 

This observation implies that, despite the challenges posed by rising temperatures due to global 
warming, natural ventilation remains a viable strategy for cooling indoor spaces. The graph 
depicted in Figure 4 emphasizes the reduction in indoor temperature resulting from the 
implementation of the natural ventilation strategy.  However, future climate and heat waves 
will impose certain constraints on the utilization of night ventilation. Night ventilation 
effectively resets a building's thermal inertia by harnessing cooler outdoor air during nighttime 
hours to dissipate the heat accumulated within the building's walls throughout the day. 
However, the effects of global warming and extended duration of heatwaves are anticipated to 
diminish the potential of night ventilation, primarily due to the increasing temperatures during 
nighttime. As nights become warmer, the contrast between indoor and outdoor temperatures 
decreases, thereby reducing the effectiveness of night ventilation in dissipating heat. To address 
these challenges, alternative strategies and adaptations may be required. This could involve 
incorporating additional cooling methods, such as mechanical ventilation or air conditioning, 
to supplement natural ventilation during periods of reduced effectiveness. Additionally it is 
worth noting that a combination of natural ventilation and suitable thermal mass can result in 
an optimal indoor environment for thermal comfort. 
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4 CONCLUSION 

This study examined the potential for passive cooling techniques, including natural ventilation 
and thermal mass, in a conference hall with a high occupancy rate located in Belgium. IDA ICE 
software was applied to analyze the thermal performance of the case studies. In this study, we 
assessed the impact of both natural ventilation and thermal mass on thermal comfort. Our 
findings clearly indicate that natural ventilation combined with thermal mass has a greater 
influence. According to the results of the study, Despite the difficulties presented by the 
increasing temperatures caused by global warming, natural ventilation continues to be a feasible 
approach for cooling indoor environments. In anticipated future climate scenarios, the inclusion 
of mechanical cooling becomes essential to achieve summer comfort under all circumstances. 
However, the potential energy savings achieved by combining mechanical cooling with natural 
ventilation are projected to be even greater compared to the present climate. This is due to the 
fact that the duration in which natural ventilation can effectively reduce the cooling load is 
expected to expand, thereby providing more opportunities for energy-efficient cooling. 
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ABSTRACT 
 

Heatwaves are extreme events that will become more frequent and intense with climate change. Maintaining a 
comfortable and healthy indoor environment becomes crucial during these periods. The occupants are not just 
passive individuals who undergo the evolution of their environment. They can act to ensure their thermal comfort, 
in particular by opening or closing windows in summer. 
 

This article thus aims to examine the thermal environment and indoor air quality during the summer period in 
French dwellings. Window use is studied in order to identify the physical and contextual factors influencing the 
occupants’ behaviour thanks to a feature selection algorithm. 
 

Four dwellings, three in a multi-family building and one in a single-family house, were monitored between June 
and September 2022. Three heatwaves occurred during this summer in the French region Auvergne-Rhône-Alpes. 
In addition to measurements of the indoor and outdoor environments, occupant actions on windows, fans and air 
conditioners were recorded. Three types of surveys were conducted with the occupants to understand their 
perceptions, experiences, and overall use of the dwellings. 
 

The results show that the four households have different window use behaviours. Analysis of the data revealed 
that the variables influencing occupants’ window behaviour are indoor and outdoor air temperatures, indoor CO2 
and light VOC concentrations, global horizontal irradiation and time of day. 
 

KEYWORDS 
 

Occupant Behaviour, Window use, Monitoring, Heatwave, Summer 
 
1 INTRODUCTION 
 

Windows are a link between the indoor and outdoor environment that occupants can control 
(Carlucci et al., 2020) to ensure their thermal comfort (Rijal et al., 2018) and indoor air quality 
(Marchand et al., 2018). However, noise or pollution can be disincentives to window opening 
(Rijal et al., 2018). Occupants have to make a compromise in their search for thermal, visual or 
acoustic comfort, or indoor air quality. It is therefore understandable that window use is 
influenced by physical variables of the indoor and outdoor environment. 
 

However, although opening them could help to cool the room, closed windows can be observed 
at night during hot weather. Indeed, context matters. Occupants are not only looking for good 
indoor environmental quality, but also for their needs for security and privacy, as the dwelling 
is a shelter (Marchand et al., 2018). Moreover, each person acts differently. In addition to social 
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and cultural factors (Rijal et al., 2018), individual habits and preferences can be drivers to 
window openings or closings (Carlucci et al., 2020). 
 

Many studies analyse window use based on field data. In 2012, Fabi et al. (Fabi et al., 2012) 
conducted a literature review about window opening behaviour. They divide factors influencing 
occupant behaviour into five categories: physiological, psychological, social, physical 
environmental and contextual. Since this review, several studies on the residential context have 
been published on this subject. Table 1 summarizes the results of these studies. It shows the 
physical and contextual variables influencing window openings and closings. Green ticks 
indicate a driver, and red crosses a non-driver. The presence of a tick and a cross means that 
the results are different for opening and closing, or between studies for the literature review. 

Table 1. Variables influencing window openings and closings in residential buildings

 

These studies aim to model window-related occupant behaviour. Logistic regression is used in 
five of these articles (Calì et al., 2016; Jones et al., 2017; Rijal et al., 2018; Shi et al., 2020; Yao 
& Zhao, 2017). Barthelmes et al. (Barthelmes et al., 2017) perform a variable selection with a 
Kolmogorov-Smirnov test, then model window use with Bayesian Network. Cho et al. (Cho et 
al., 2021) also conduct a feature selection before modelling, using a generalized additive model. 
 

Feature selection methods can be used in data preparation for machine learning algorithms 
with predictive purposes (Brownlee, 2020). Speiser et al. (Speiser et al., 2019) compared 13 of 
these methods based on random forest thanks to 311 classification datasets from multiple 
scientific fields. To our knowledge, random forest variable selection has never been used for 
occupants’ window-use behaviour. 
 

This study aims to identify physical and contextual drivers influencing window opening and 
closing during summer in dwellings. A field measurement campaign was therefore conducted 
in four occupied French dwellings during summer 2022. A variable selection method based on 
random forests was used to analyse the measurement data. 
 
2 METHODOLOGY 
 

2.1 Data collection 

A measurement campaign was conducted as part of the CREATIV project, which aims to 
analyse the relationship between thermal comfort and indoor air quality in dwellings during 
heatwaves. Therefore, four dwellings were monitored during summer 2022. Three of them are 
social housing of a multi-family building located in Lyon, and the fourth is a single-family 
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house in Clermont-Ferrand. Both buildings are located in the South-Est of France. We will refer 
to dwellings A, B, C and D in the following. Their characteristics are detailed in Table 2. 

Table 2. Dwellings monitored in the CREATIV project during summer 2022 

Identifier Dwelling A Dwelling B Dwelling C Dwelling D 

Location city Lyon Lyon Lyon Clermont-Ferrand 

Dwelling type Multi-family 
housing 

Multi-family 
housing 

Multi-family 
housing Single-family home 

Number of rooms 3 3 4 5 
Living-room 
orientation East East Southeast South 

Number of 
occupants 1 2 1 2 

Household 
equipment 

1 fan purchased during the 
summer thus not monitored 2 fans and 1 AC - 1 fan 

Start of 
monitoring 07/07/2022 17/06/2022 16/06/2022 13/06/2022 and 

14/06/2022 

End of monitoring 15/09/2022 15/09/2022 15/09/2022 07/09/2022 and 
27/09/2022 

Holidays - 08/07/2022 to 
19/07/2022 

10/08/2022 to 
27/08/2022 

08/08/2022 to 
17/08/2022 

 

For the indoor environment variables, several types of sensors were used (Figure 1): 
• NEMO XT monitoring stations measured air temperature (Tint), relative humidity 

(RHint), CO2int, light VOCint and fine particles (PM1int, PM2.5int and PM10int) levels in the 
living room and master bedroom of each dwelling at a time step of 10 minutes.  

• HOBO U12-011 dataloggers measured air temperature and relative humidity at a 10-
minute time step. They were placed in most of the rooms in each dwelling. The 
temperature and humidity measurements were therefore duplicated in the living room 
and the master bedroom.  

• HOBO UX90 change of state recorders captured the opening and closing of windows, 
French windows and some interior doors. Some openings in dwelling D were equipped 
with HOBO U9 which operate similarly. 

• For dwellings with fans or mobile air conditioners, VOLTCRAFT Energy Logger 

4000 wattmeters were installed ahead of the appliances to record power consumption at 
a time step of 1 minute. 

 

 Outdoor NEMO 
  powered by a solar panel   Indoor NEMO XT 

  HOBO U12 installed 
  on a VMC outlet     HOBO UX90      Voltcraft EL4000 

     

Figure 1. Pictures of the sensors used during the measurement campaign 

Two types of outdoor sensors were used: 
• On both sites, a NEMO Outdoor monitoring station was installed: on the balcony of a 

second-floor apartment in Lyon and on the terrace of the house in Clermont-Ferrand. 
They measured outdoor air temperature, relative humidity, light VOCout and fine 
particles (PM1out, PM2.5out and PM10out) at a 10-minute time step. 

• At the Lyon site, a HOBO U23-002 datalogger was placed on the 6th floor. It measured 
outdoor air temperature (Tout) and relative humidity (RHout) at a time step of 10 minutes. 

 

As the pitched roofs were not accessible, it was not possible to install weather station. Wind 
and solar radiation data were collected from nearby stations. For the Lyon site, the ENTPE 
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station (ENTPE, s. d.), located at about 10 km aerial distance from the monitored building, was 
used. Wind speed and direction (WS/WD), as well as global and diffuse horizontal irradiation 
(Ihg/Ihd) were extracted at a time step of 1 minute over the whole monitoring period, i.e. from 
16/06/2022 at 16:00 to 15/09/2022 at 14:30. No stations were found for the Clermont-Ferrand 
site with the relevant variables and at a rather low time step, so these variables are not used for 
dwelling D. 
 

In order to complete the measured data, three types of surveys were filled in with the occupants 
in order to find out how they used the dwelling and how they felt about it: 

• Logbook was filled in by the occupants independently during a one-week period of 
heatwave during the summer. Occupants were called at the beginning of the week. This 
document recorded cooking practices, household chores, solar protection use, bathroom 
use, door use and occupation. Only the occupants of dwelling D completed this 
document from Friday 15/07/2022 to Thursday 21/07/2022. 

• Thermal comfort surveys were completed by the occupants independently throughout 
the summer. At any time during the campaign, an occupant could fill in a page 
specifying the date and time, the perceived thermal ambience and personal parameters 
useful in thermal comfort study. 

• General questionnaires were filled in with the occupant when the sensors were 
removed or afterwards by telephone if the first option was impossible. It concerns the 
use of the dwelling and the equipment during the summer, the general comfort as well 
as the differences identified during a heatwave. 

 
2.2 Data processing and analysis 

After extracting the data measured by each sensor, a code written in R is used to group the data 
by dwelling and by room. To ensure a single time step, the environmental measurements are 
interpolated, the ENTPE data are averaged, and the window status (open/closed) is filled in 
between the state changes. The choice of a 5-minute time step corresponds to a compromise 
between the dynamics of the thermal and aeraulic variables, and the windows openings. 
Openings of less than a minute are neglected because we noticed some openings of a few 
seconds which seem to be due to a sensor failure rather than a real opening/closing. 
 

Cleaning steps are then performed manually, i.e. the consistency of the measured values is 
checked for each sensor. Some malfunctions were identified on some sensors used for the 
openings. They are due to the fall of one of the sensor parts. They were recovered separately 
and therefore recorded an open position since their fall. Data from these sensors is deleted from 
the end of the last closure, i.e. just before the opening due to the fall. Some sensors were dropped 
the day or the day after they were installed, and therefore no data is used for these sensors.  
 

After processing the data, an exploratory analysis of the physical data is conducted. The indoor 
environments of the four dwellings are compared statistically. Occupant behaviour is then 
studied during the summer and heatwaves, through the measured data and surveys. A focus is 
made on dwelling B and D. 
 

Finally, in order to identify the variables influencing the use of windows, a feature selection 
algorithm is applied for each room of each dwelling. We are interested here in the use of the 
windows (opening/closing) and not the state of the windows (open/closed). For this reason, at 
this stage, only the observations that correspond to a change of state are kept. 
 

Libraries have been created in different programming languages to automate feature selection. 
In particular, the VSURF package on R, based on random forests, allows variables selection for 
interpretation or prediction purposes (Genuer et al., 2015). In the second case, the set of 
predictor variables will be smaller because the redundant variables among all those that 
influence the target variable are removed in order to maximise performance in terms of 
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prediction. There are other libraries on R for random forest variable selection, such as Boruta 
(Kursa & Rudnicki, 2010) or varSelRF (Diaz-Uriarte, 2007). However, both are well suited to 
databases with more than 50 features according to Speiser et al. (Speiser et al., 2019). 
 

The VSURF library (Genuer et al., 2015) is therefore used. This method is chosen because it is 
implemented in R, it is one of the two best random forest variable selection methods of all those 
compared by Speiser et al. (Speiser et al., 2019), and it provides a distinction between 
interpretation and prediction purposes. This former functionality is used. The objective is 
indeed to find all the influential variables even if they may be redundant among themselves.  
 

In addition to the measured environmental variables, we add several contextual explanatory 
variables: the heatwave (HW) warning, the day of week and the time of day. 

• HW alert is a binary categorical variable which allows to identify if a HW has been 
declared by Santé Publique France1 at the time of the action. Indeed, during HW 
periods, awareness messages are broadcast in France to prevent health risks related to 
HW. According to Santé Publique France, three periods of HW occurred during 
summer 2022 for both locations. They were under orange vigilance from 15 to 22 June. 
The second HW occurred from 12 to 26 July, during which Lyon was under orange 
vigilance and Clermont-Ferrand under yellow vigilance. Finally, both locations were 
under orange vigilance from 31/07/2022 to 05/08/2022, with a HW extended to 13 
August under yellow vigilance for Lyon (Santé Publique France, s. d.). 

• Weekday is a categorical variable with seven factors. 
• Time of day is a numeric variable that corresponds to the number of minutes since the 

beginning of each day. It represents the occupants' habits. 
 
3 RESULTS 
 

3.1 Indoor environment 

Figure 2 shows the boxplots of the indoor temperature (Tint) in the different rooms of the 
dwellings. In the three monitored dwellings of the multi-family building, Tint values are above 
28°C at least 44% of the time in the living room, and this value reaches 63% in dwelling C. 
Temperatures are much lower in dwelling D, with average values below 25°C for all rooms. 
 

 
Figure 2. Comparison of Tint by room in the four dwellings using boxplot diagrams with means displayed 

Dwelling D is a single-family house where the occupants are particularly active in keeping the 
temperature low, as we will see later. It is also the only dwelling where CO2 level exceeds 1133 
ppm half of the time at night in the main bedroom. Indeed, two occupants sleep in this room 

 
1 Santé Publique France is the national public health agency in France. 
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with the door and window closed, unlike the other dwellings where the master bedroom is 
occupied by one person. Figure 3 is a violin plot showing the distributions of CO2 measurements 
with coloured density curves, and quartiles and medians as dotted lines. 
 

 
Figure 3. Distribution of CO2 levels in the different dwellings using violin diagrams with quartiles displayed 

In all monitored rooms of all dwellings, RH remains between 30 and 70% most of the time, and 
is outside this range less than 9% of the time. Dwelling C is the warmest and the most polluted, 
since it is the only one where the maximum daily average PM2.5 concentration exceeds the 
exposure limit set to 25 μg/m3 (Cony et al., 2017) in both monitored rooms. It is also the 
dwelling with the highest daily average concentration of light VOCs, up to 771 ppb in the living 
room and 308 ppb in the main bedroom. 
 
3.2 Occupant behaviour 

Household B is the only one with an air conditioner (AC). It also has two fans: one in the living 
room or bedroom 2 depending on the presence of the occupants, and one in the kitchen or master 
bedroom in the same way. Figure 4 shows the temporal evolution of the indoor air temperature 
and the CO2 level in the living room during the third HW, highlighting the opening of the 
windows and the operation of AC and fan. 
 

 
Figure 4. Evolution of the indoor environment with adaptation actions in the living room B during the 3rd HW 

The window is opened mostly in the evening with some openings in the morning. The openings 
are short and frequent in the evening. This is a French window, so the openings can be a 
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response to heat, a habit or simply a means of accessing the balcony. From the evening of 
Wednesday 3 August, the occupants leave the house for two days, and Tint rises sharply. 
 

During morning openings, fan is turned on but not AC. Fan and AC are turned on in the 
afternoon and evening when temperatures are hottest and occupants are present. During the 
night, AC is turned off and fan moved to the bedroom, to be turned on during sleep. When the 
fan is on, the window is closed 92.59% of the time in the living room. When AC is on, the 
living room window is closed 98.67% of the time. 
 

According to the interview, the occupants of dwelling B open the windows for aeration and out 
of habit. They close the shutters against glare and heat. They feel restricted in their adaptive 
actions by external noise. The thermal environment is considered very hot and unacceptable in 
all main rooms in summer, with unbearable discomfort in the master bedroom during 
heatwaves. They sometimes leave the house for the day when the discomfort becomes 
unbearable. They feel powerless against the heat during heatwaves. 
 

Occupants of dwelling D are the only one to have completed the logbook, which gives us 
detailed information on the use of solar protections. They also have a fan in the living room. 
Figure 5 plots the temporal evolution of the indoor temperature and the CO2 rate in the living 
room during the second heatwave, by highlighting the opening of the windows and shutters, 
and the fan operation. 
 

 
Figure 5. Evolution of the indoor environment with adaptation actions in the living room D during the 2nd HW 

It can be observed that during this week, in all the rooms, the window is opened at the same 
time as the shutters. The window is always opened in the morning, which is the case during 
nearly the whole summer and for all the windows in the house. The opening durations are longer 
than in dwelling B. The fan is turned on in the evening. Compared to dwelling B, the occupants 
use the fan much less and it remains switched off 95.69% of the time. When the fan is on, the 
living room window is closed 64.58% of the time. 
 

The interview revealed that the two occupants of dwelling D open the windows for aeration and 
close the shutters out of habit, for safety, and against glare and heat. The thermal environment 
is considered acceptable in all main rooms in summer, but unacceptable during heatwaves: very 
hot in the living room/kitchen and hot in the bedrooms and office. They mainly use windows 
and shutters to keep indoor temperatures low as shown in Figure 5. Fear of intrusion can limit 
their adaptive opportunities, because they live in a single-storey house. They feel that these 
adaptive actions are useful in summer, but that their effectiveness is limited during heatwaves, 
especially at night.  
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In order not to overload the article, we do not draw the same graphs for the other two dwellings 
but simply analyse the surveys. Dwelling A is a through apartment with two opposite 
orientations. It is located on the second floor. The occupant opens the windows for aeration and 
out of habit, and close the shutters against glare and heat. Her adaptive actions are restricted by 
the feeling of insecurity and the fear of intrusion. Thermal environment is perceived very hot 
throughout the summer in all the main rooms, hot during the night and extremely hot during the 
day during heatwave. Numerous adaptation actions are implemented: over-ventilation at night, 
solar protection lowered during the day, a fan in the living room, light clothing, cold drinks, a 
water spray and a shower in the evening. 
 

Dwelling C is located on the sixth and top floor and has windows on three different orientations. 
The occupant opens the windows to ventilate, as a matter of habit, to get rid of odours and 
humidity, and against the heat. She cannot open them sometimes because of draughts, dust, and 
noise from outside. She closes the shutters against glare and heat, and opens them to access 
daylight and let in the sun's rays. When the heat becomes unacceptable, she can leave the 
dwelling for about a week. She does not have a fan or an air conditioner for economic reasons. 
During heatwaves, thermal environment is experienced in all the main rooms as slightly hot 
and acceptable during night, and extremely hot and unbearable during day. Indoor air quality is 
sometimes felt to be unacceptable during heatwaves. 
 
3.3 Feature selection 

For each room of each dwelling, Figure 6 shows the identified influencing variables with a 
green tick, according to VSURF library. On the right side of the figure, the percentage of rooms 
where the model finds these drivers is displayed. Some environmental variables are not 
measured in all rooms. 
 

 
Figure 6. Variables influencing window use 

Indoor and outdoor humidity, indoor and outdoor fine particle concentrations, outdoor VOC 
level, diffuse solar radiation, wind speed and direction, heatwave context and day of week have 
very little or no influence on window use. These variables are indeed identified as drivers for 
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maximum 1 room in all dwellings, except for the VOCout which concerns 2 rooms out of all. 
We therefore find five variables that influence the opening of windows: VOCint, CO2int, Time 
of day, Ihgext, Tint and Text. 
 
3.4 Discussions 

In terms of environmental variables, our results show that indoor and outdoor temperatures, 
indoor CO2 and light VOC concentrations, and global horizontal irradiation influence window 
use. These results are similar to the studies in Table 1. Solar radiation can be a driver or not 
depending on the article. However, we find that indoor and outdoor humidity, indoor and 
outdoor fine particle concentration, and wind speed and direction have no influence on window 
use. RHint and PM2.5, ext were always found to be influential in Table 1 even though the second 
variable only concerns two studies. RHout, WS and WD are controversial among the studies. It 
should be noted that in our case, WS and WD are not measured on site but at a nearby 
meteorological station. Draughts could have an impact. 
 

To our knowledge, there are no residential studies that address the influence of indoor VOC 
concentration on window use. Fabi et al. (Fabi et al., 2014) address the issue for offices and 
find a small influence compared to other environmental factors. In our case, this factor is one 
of the most important, influencing window use in all living rooms and main bedrooms, the only 
rooms where it is measured, except in dwelling B. VOCint may be one of the best indicators of 
perceived indoor air quality, as some of these pollutants have odours and may be associated 
with mucosal irritation (Fabi et al., 2014). However, the health impact depends very much on 
the VOC(s) considered, as this family includes many pollutants. 
 

In terms of contextual variables, we only studied the HW alert, the day of week and the time of 
day. Only the last contextual variable is identified as a driver. These results are similar to those 
listed in Table 1 for time of day and day of week. Time of day variable represents the occupants' 
habits. We wanted to study the influence of HW on the use of windows, to see if the French 
government's message would have an impact. It does not seem to be important, and it is better 
to take into account directly the outside temperature. 
 
4 CONCLUSIONS 
 

Through a field measurement campaign in four French dwellings during the summer of 2022, 
this study seeks to identify the physical and contextual variables influencing window use, after 
looking at the indoor environment variations. Even if the indoor temperature distributions are 
different, surveys indicate that in all dwellings in Lyon, the thermal environment is perceived 
to be extremely hot during heatwave days. The house in Clermont-Ferrand is more thermally 
comfortable in the summer but the thermal environment is still considered unacceptable during 
heatwaves, especially at night. 
 

Among the adaptive actions taken during heatwaves, all households reduce their calorific 
activities, open windows when the outside temperature drops and close solar protections during 
the hottest hours of the day. Some may also over-ventilate during night, use fans or air 
conditioners, leave or confine themselves to their homes, avoid some rooms, reduce their 
activity levels or adjust their clothing. 
 

Using data analysis, we find that indoor and outdoor temperatures, indoor CO2 and light VOC 
concentrations, global horizontal irradiation and time of day influence window use. Having 
identified the window use drivers using a feature selection method, we will be able to apply 
machine learning algorithms to model occupant behaviour. Future work will focus on assessing 
the indoor environment through indicators, and developing and evaluating behaviour models. 
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ABSTRACT 
 
This paper investigates the impact of ventilative cooling in residential buildings constructed from light-weight 
cross-laminated timber. Different temperature-controlled ventilative cooling concepts such as single sided 
ventilation, cross-ventilation and thermal stack based chimney ventilation concepts are simulated and compared 
in terms of impact on indoor temperature and robustness to external conditions such as the surroundings and the 
building orientation. Chimney ventilative cooling which makes use of the thermal stack effect has the largest 
impact on indoor temperature and is least affected by the external conditions. 
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1 INTRODUCTION 

This paper investigates the impact of ventilative cooling in residential buildings constructed 
from light-weight cross-laminated timber and evaluates the robustness of different concepts 
with respect to environmental conditions such as the building orientation and the surrounding 
environment. Light-weight timber-based construction of residential buildings has received 
growing attention, and is increasingly implemented in order to realize serial prefabricated 
homes that can be installed on-site in a matter of days and to reduce the environmental footprint 
by use of sustainable materials. At the same time, these prefab construction styles also present 
new design challenges and questions on which heating, cooling and ventilation systems that 
should be used in order to realize low energy consumption and good thermal comfort, while 
also matching well with the serial production process. Ventilative cooling is an energy-efficient 
approach to cool buildings by utilizing natural airflow to regulate indoor temperatures. By 
harnessing cool outside air during favourable conditions, ventilative cooling reduces the need 
for active cooling, leading to cost savings and a smaller environmental footprint. Ventilative 
cooling solutions can be easily integrated in prefab walls and are considered an interesting 
concept for serial residential building production.  
 
2 SIMULATION SETUP  

2.1 Simulation environment 

The simulations in this paper are carried out using Matlab/Simulink in a co-simulation setup 
where the building dynamics are modeled in the Modelica IDEAS library (Jorissen, et al., 2018) 
and the installation and control algorithms are implemented in Matlab/Simulink. 
 
2.2 Inhabitant behaviour 

Inhabitant profiles are generated using the StROBe model (Baetens & Saelens, Modelling 
uncertainty in district energy simulations by stochastic residential occupant behaviour, 2016; 
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Baetens, On externalities of heat pump-based low-energy dwellings at the low-voltage 
distribution grid, 2015; Baetens, StROBe, sd) which includes room occupancy, CO2, humidity 
and heat generation by occupants. Window opening behaviour is taken into account using an 
extension of this model (Verbruggen, Delghust, Laverge, & Janssens, 2021; Verbruggen, 
Window Use Habits as an Example of Habitual Occupant Behaviour in Residential Buildings, 
2021; Verbruggen, EROB, sd). In this paper, only one inhabitant profile consisting of 2 full-
time working adults with a school-going child is generated and used in the simulations.  
 
2.3 Building geometry and properties 

The building geometry considered is based on a terraced house used in the Dutch standards for 
ventilation calculations (VLA, TNO, Peutz BV, & Nieman Raadgevende Ingenieurs BV, 2018; 
ISSO 92, 2009). The 3 floors plan is shown in Figure 1 and the front and back view is shown 
in Figure 2. In this study, the building walls are modelled as layers of light-weight cross-
laminated timber panels on the inside and outside with insulation material in between.  

 
Figure 1: Terraced house floor plan 

 

 
Figure 2: Terraced house front and back view 

 
 

233 | P a g e



2.4 Environmental conditions 

The climate data used in the simulations is based on data measured in Uccle, Belgium between 
2000 and 2009, that is combined into a single climate file with some extremes including a hot 
summer to test the effect of challenging weather conditions. To evaluate the robustness of the 
ventilative cooling, the building is simulated in four different orientations and both in a 
suburban and urban environment. The effect of the surrounding environment on the wind speed 
is taken into account using a power-law correction (ASHRAE Handbook - Fundamentals, 
1993). In the default orientation as shown in Figure 1, the front façade is facing north and the 
living room with the largest window is facing south.  
  
2.5 Ventilative cooling concepts 

The effect of three ventilative cooling automatic temperature-controlled concepts is 
investigated: 

• Concept 1: Single-sided ventilation, where only one ventilative cooling component (1) 
of dimensions 2 m x 0.5 m with discharge coefficient of 0.2 in the living room is used 
(see (1) in Figure 1 and Figure 2). As this component is used on the ground floor, it is 
also burglary and insect-proof (Duco Louvres and grilles, sd). 

• Concept 2: Cross-ventilation, where two ventilative cooling components (1) and (2) 
similar as above in the living room and kitchen are used (see (1)-(2) in Figure 1 and 
Figure 2). 

• Concept 3: Chimney ventilation, where ventilative cooling component (1) similarly as 
aboven is located in the living room and a roof window (3) located in the attic (1.4 m x 
1 m) are used and whereby an open staircase is assumed (see (1)-(3) in Figure 1 and 
Figure 2). 

 
As a reference situation, manual ventilation by window opening of inhabitants is also simulated. 
It is important to remark that the results in this reference situation may depend heavily on the 
chosen inhabitant profile. This paper focusses mainly on the mutual comparison of the 
automatically controlled ventilative cooling, which is not directly affected by the absence or 
behaviour of inhabitants. In the simulations, it is assumed that the presence of the automatic 
ventilative cooling does not affect the window opening behavior of the inhabitants. 
For the control of the ventilative cooling, a setpoint of 22 °C with a hysteresis of ±2 °C is used 
and the ventilative cooling components are only opened when there is a cooling demand (above 
22+2 °C) and when there is cooling potential, namely when the outside temperature is lower 
than the inside temperature. Conversely, the ventilative cooling is closed when there is no more 
cooling demand (below 22-2 °C) or when the outside temperature is higher than the inside 
temperature. Since the purpose of ventilative cooling is actually to reduce the temperature of 
the building mass and not just the air temperature, an estimate of the wall surface temperature 
of the building is used as the inside temperature. 
 
3 SIMULATION RESULTS 

In total 32 simulations are carried out ranging from May to September with four different 
building orientations, for a suburban and urban surrounding, and with manual window opening 
as the reference situation and as well as with the three temperature-controlled ventilative 
cooling concepts. 
 
3.1 Impact of ventilative cooling on indoor temperatures 

Figure 3 shows the influence of the ventilative cooling during a hot July week for a suburban 
environment with outside temperatures reaching 36 °C. With only window ventilation by 
inhabitants, the operative temperature in the living room is reaching 33 °C during the hottest 
day. With temperature-controlled ventilative cooling, the operative temperature is considerably 
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reduced to 30.4 °C with single-sided ventilation, 29.3 °C with cross-ventilation and 28.5 °C 
with chimney-ventilation. With cross-ventilation and chimney ventilation, temperatures at night 
go down with the outside temperature and the heat built up during the hottest day on July 20 is 
also evacuated more quickly during the following days.  In bedroom 1, the operative 
temperatures with window ventilation, single-sided and cross-ventilation are quite similar, 
whereas only chimney ventilation is able to remove heat from the bedroom. However, even 
with chimney ventilation, the temperature in bedroom 1 is quite high and going up to 32.4 °C 
on the hottest day. An explanation for this is that the window opening in the inhabitant profile 
from the StROBe/EROB models is not dependent on the climate data and the temperatures in 
the building. In reality, inhabitants will also open their windows during hot summer nights 
which will enhance the ventilative cooling considerably.  

 
Figure 3: Living room and bedroom 1 operative temperature during a hot summer week 

In Figure 4, the position of the ventilative cooling components during the hot July week is 
shown. Firstly, it can be seen that the ventilative cooling systems are open when the outside 
temperature is lower than the inside temperature and when the inside temperature is higher than 
22±2 °C. Secondly, the chimney ventilation is closing quicker than the other concepts when the 
outside temperature is rising above the inside temperature, because it is slightly better in 
evacuating the heat during the hot summer days.  

 

 
 
3.2 Robustness of the ventilative cooling to external conditions 

Figure 5 shows box plots of the daily average operating temperature in the living room for the 
different ventilative cooling concepts, aggregated from May until September over the different 
orientations with suburban surroundings on the left and urban surroundings on the right. 
Compared to manual window opening, which depends on the presence and behaviour of 
inhabitants, the temperature-controlled ventilative cooling concepts allow to keep the 
temperature in the living room under control most of the times. Single-sided ventilative cooling 

Figure 4: Ventilative cooling position for the different concepts during a hot summer week 
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performs worse than the other two concepts, whereas chimney ventilation performs best and is 
able to keep the temperature well around the setpoint of 22±2 °C. In an urban environment, 
where wind speeds are reduced compared to unshielded or suburban surroundings, the cross-
ventilation concept performs slightly worse than the thermal stack driven chimney ventilation. 
 

 
Figure 5: Box plots of the daily average living room operating temperature for suburban and urban surroundings 

Figure 6 shows box plots of the daily average operating temperature in the living room for the 
different ventilative cooling concepts in urban surroundings, aggregated from May until 
September for the different building orientations from left to right. The orientation refers to the 
direction of the front façade, whereby 0° means that the front façade is facing north (as in Figure 
1), 90° facing east, 180° facing south and 270° facing west. The single-sided and cross-
ventilation concepts result in operative temperatures that depend on the orientation, with 270° 
being the worst case, whereas the chimney ventilation concept exhibits more constant 
temperatures, because the thermal stack effect is acting more consistently and independent of 
the orientation and the surroundings.  
 

 
Figure 6: Box plots of the daily average living room operating temperature for urban surroundings and four 

different orientations 

Figure 7 summarize the influence of the ventilative cooling concept, the environment and the 
orientation on the daily average operative temperature in the living room and bedroom 1. For 
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clarity we focus here on the mutual differences between the three ventilative cooling concepts 
and therefore the manual window ventilation is omitted from the comparison.  
 From Figure 7 it is clear that the single-sided ventilation concept with an orientation of 270° 
in an urban environment has the highest average temperature of around 23.9 °C (top) and the 
chimney ventilation concept with an orientation of 0° in a suburban environment has the lowest 
average temperature around 22.2 °C (bottom). It can also be seen that for the cross-ventilation 
concept in urban surroundings, the 270° orientation (bottom left) results in the highest 
temperature of the 4 orientations. 
 

  
Figure 7: Sunburst plot of the influence of the ventilative cooling concept, the surroundings the orientation on 
the daily average temperature in the living room and bedroom 1 

There are in fact two reasons that explain these results. Firstly, with the orientation of 270°, the 
living room with the largest window is oriented eastwards and is heating up by high solar gains 
from the morning until noon. This built-up heat can only be removed when the outside 
temperature starts to decrease towards the evening. Secondly, in the climate data, the wind is 
coming predominantly from the south, such that the cross-ventilation and single-sided 
ventilation concepts can benefit less from wind-driven ventilation when the wind is 
perpendicular to the ventilative cooling components. The chimney ventilation on the other hand 
is less impacted by the higher solar gains in the 270° orientation, as the driving thermal stack 
effect becomes also stronger when the temperature difference between inside and outside 
increases. 
For bedroom 1, the highest average temperature of 28.9 °C also occurs for the single-sided 
ventilation with a 270° orientation in an urban environment, whereas the lowest temperature of 
22.3 °C occurs for the chimney ventilation concept with a 180° orientation in suburban 
surroundings. The chimney ventilation is the only concept here that contributes significantly to 
reduction in bedroom temperatures. 

 
4 DISCUSSION AND CONCLUSIONS 

 
This paper investigates the impact of three ventilative cooling concepts in residential building 
constructed from light-weight cross-laminated timber on indoor temperatures and evaluates the 
robustness to external conditions such as the surroundings and the orientation of the building.  
The ventilative cooling concepts consist of temperature-controlled single-sided, cross-
ventilation and thermal stack based chimney ventilation. Compared to manual window opening, 
automatically controlled ventilative cooling concepts do not require inhabitants to be present 
and allow to significantly reduce living room temperatures throughout the months of May to 
September thus avoiding the need for active cooling. The thermal stack based chimney 
ventilation concept is the only concept that also reduces bedroom temperatures significantly 
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and appears most robust to the external conditions such as the surroundings and the building 
orientation. From a cost and installation perspective, the chimney concept is also an interesting 
option, as it requires only one ventilative cooling component to be used in the living room in 
combination with a roof window that is often already present, but only needs to be automated. 
Further work will investigate the effect of thermal stack based chimney ventilation in pilot 
residential buildings. 
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SUMMARY 

 
The Performance 2 project (2020-2024) is a French national research project that aims to 
evaluate the durability of Humidity-based Demand Controlled Ventilation (DCV) systems 
installed in two multi-family social housing buildings (Paris and Villeurbanne) over than 10 
years ago. This evaluation includes the analysis of continuous measurements performed on the 
ventilation system (sensors located close to the air terminal devices) and two additional Indoor 
Air Quality (IAQ) campaigns including two other monitors placed in the “dry” rooms 
conducted in 13 dwellings. IAQ parameters such as CO2, Relative Humidity (RH), Particulate 
Matters (PM), and Volatile Organic Compounds (VOC), as well as energy losses and 
consumption, are being analysed and compared to tenant usages to assess the performance of 
the ventilation systems. Finally, the results of the on-site campaigns will focus on three main 
factors: 

- the performance of the ventilation systems by comparing, for different regulatory 
indicators regarding RH and CO2, the values obtained 15 years ago during on-site 
campaigns (at commissioning), the values from the Performance 2 project (15 years 
later), and the results of a numerical approach based on nodal simulations; 

- the IAQ, particularly with respect to PM and VOC, assessment based on the values 
obtained in the dwellings, considering the occupants' behaviour and the location of the 
sensors (15 years later); 

- the energy consumption attributed to ventilation, by comparing the losses due to air 
renewal calculated 15 years ago and calculated in Performance 2 project. 

 
KEYWORDS 

 
Smart ventilation, residential ventilation, IAQ, energy efficiency, durability, humidity 
  
1 INTRODUCTION AND OBJECTIVES 

 
Relative humidity-controlled mechanical extract ventilation (RH-MEV) systems have been 
widely used in France for 40 years (Mélois et al., 2023). Most of the new residential buildings 
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complying with RT 2012 and now RE 2020 energy performance regulations, are equipped with 
such systems (Mélois et al., 2019) and currently they are considered as a reference system. In 
2019, the “Performance 2” project was launched in three phases to (1) conduct a full winter 
analysis of the system after 13 years of in-situ operation using the installed sensors (non-
recalibrated) and without major intervention, (2) collect the air terminal devices (inlet and 
exhaust units) and sensors for laboratory testing before and after cleaning and maintenance and 
finally, (3) reinstall the cleaned and maintained ventilation units (where the hygroscopic 
component reminds intact) with new calibrated sensors. The phase (1) has been described in 
(Guyot et al., 2022) and phase (2) in (Mélois et al., 2023). This paper presents the methodology 
and the first results of the data analysis of the measurements collected over 2 years after these 
phases. The objectives of this study are as follow: 

- To evaluate the durability of the RH-MEV systems in two buildings after 15 years, by 
comparing the current of the energy performance and IAQ (RH and CO2 only) with the 
results obtained at the commissioning, as well as the theoretical performances evaluated 
15 years ago; 

- To assess the performance of the RH-MEV systems regarding others pollutants, 
including VOC, Formaldehyde, and PM, and regarding CO2 and RH, using new 
analyses; 

- To investigate the factors influencing “good” or “bad” performances thought analyses 
of the evolution of ventilation systems conditions, changes in ventilation requirements 
(occupancy, pollutant emissions), and the impact of the occupants’ behaviour 
(components sealing, use of manual control, cleaning, ...). 

 
2 METHODS  

2.1 Case studies, on-site campaigns and previous diagnosis 

The two social housing buildings studied are as follows:  
- a building of Paris Habitat where 19 dwellings were instrumented by Aereco in 2007 

(from the 4th to the 8th floor), 
- a building of Lyon Métropole Habitat where 12 dwellings were instrumented by Anjos 

in 2007. 
The Performance 2 campaigns include the following: 

- continuous measurements close to the ventilation terminals, which already had CO2, 
Temperature and RH sensors in place since the Performance 1 project 15 years ago. 
VOC and PM were added for Performance 2 for the building in Paris. Additionally, two 
outdoor weather stations have been installed on the Paris building; 

- Two winter campaigns (one in winter 2021-2022 and another in winter 2022-2023) 
during which two NEMOs IAQ monitors were installed in each voluntary dwelling (one 
in the living room and one in the parental bedroom). These monitors measured CO2, 
Temperature, RH, light VOCs, Formaldehyde and PM. Additionally, an outdoor 
NEMOs was installed during each winter campaign. 

 
An inventory of the ventilation installations was carried out, partly applying the French 
Promevent protocol (Bailly Melois and Mouradian, 2018). A laboratory study of the terminals 
and sensors was conducted to characterize the state of the terminals, asses the current hygro-
regulated performance of the ventilation terminals, and verify the operation and reliability of 
the on-board sensors (Mélois et al., 2023). 
 

 

2.2 Evaluation of the durability of the RH-MEV systems performances 

During Performance 1 project (2007-2009), 19 dwellings in Paris and 12 dwellings in 
Villeurbanne were monitored during the first months after commissioning. Several analyses 
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were conducted from these data and where possible, the same analyses will be performed from 
Performance 2 project to enable result comparison. The main analyses focused on energy 
performance, the fan consumptions and airflow rates (Figure 1). These measurements were 
compared to theoretical values obtained using French software SIREN, considering the number 
of rooms in the dwellings. 

 

Figure 1: Average airflow rates (2007-2008 season) per apartment compared with weighted flow rates for March 
1982 (SIREN evaluation) at the Paris site – Performance 1 project final report 

For the CO2 concentrations, the dynamic of the CO2 were analysed during the year. The 
cumulative hours above 1000 ppm during heating season in bedrooms were calculated, and the 
correlation between CO2 concentrations and intake airflows was analyzed (Figure 2). 

 
Figure 2: Evolution of the average air inlet flow rate at 10 Pa as a function of the average CO2 level in a room for 

several dwellings – Performance 1 project final report 

 
Regarding the relative humidity, calculations were performed to evaluate the risk of 
condensation on windows (Figure 3), as well as the number of hours with a RH above 75% has 
been evaluated for each room. 
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Figure 3: Comparison of condensation risks (occurrences) evaluated from on-site measurement and calculated by 

SIREN – Performance 1 project final report 

 
2.3 Evaluation the performance of the RH-MEV systems regarding others pollutants 

During Performance 1 project, no pollutant was measured. Therefore, the durability of the 
performance regarding the IAQ cannot be evaluated. However, the current performances can 
be assessed to determine when the system is adequate or not for providing good IAQ in the 
dwellings. In Paris, in order to have a representative measurement of the pollution in the room, 
the VOC and PM sensors were installed near the exhaust units and near the air inlets but out of 
their flow. Data was collected in 15 dwellings over 2 year period. Furthermore, data from the 
winter campaigns (two weeks at the end of 2021 for seven dwellings and two weeks at the end 
of 2022 for four dwellings) collected using the NEMOs monitors will be analysed.  
In Villeurbanne, since no additional sensors were installed, only the measurements taken with 
the NEMOs during the winter campaigns have been evaluated (two weeks at the beginning of 
2021 for six dwellings and two weeks beginning of 2023 for five dwellings).   
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To characterize the IAQ, it is necessary to determine indicators and stablish “good/bad” scales. 
These indicators are being defined according to: 

- State of the art regarding health recommendations and thresholds; 
- Previous large scale IAQ campaigns in dwellings on-site; 
- Accuracy of the performed measurement. 

 
2.4 Evaluation of the evolution of the ventilation systems conditions 

A diagnostic was conducted for each dwelling at the beginning of the project to evaluate the 
condition of the terminal devices and the internally mounted air transfer devices. In certain 
dwellings, additional pressure difference measurements were conducted at the Air Terminal 
Devices (ATDs). Then, during the laboratory phase each collected ATD was classified 
depending on its condition (Mélois et al., 2023). 
 

2.5 Evaluation of the evolution of the ventilation needs 

In the past 15 years, the occupancy and the use of the dwellings have evolved. An interview 
was conducted in each voluntary dwellings during the winter campaigns to collect data 
regarding the number of occupants, their presence schedule, their bathrooms habits, and the 
potential sources of indoor pollution (household products, cosmetics, cooking habits, ...). 
Additionally, the occupants were asked to fill in a weekly log during the campaigns period 
(Mélois et al., 2022). The data collected from these documents will be compared to the data 
collected during Performance 1 project. 
 
 
3 FIRST RESULTS 

3.1 Data completeness 

In order to be able to show statistical results that are representative of reality over a predefined 
period of time, a preliminary study of the data needed to be done. Figure 4 is an example of the 
percentage of the CO2 data that has been collected over the year 2022, for each dwelling in 
Paris. In most cases, more than 98% of the period has been monitored. There were only three 
cases (rooms) were the collection partially failed (P10, bathroom, P11 in the kitchen, and P15, 
also in the kitchen). In the future analysis these specific cases will be considered.  

Figure 4: Percentage of CO2 data collected in Paris over 2020 
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3.2 Comparison data during winter campaigns 

Some parameters are measured by different sensors: continuous measurements from the sensors 
installed next to the ventilation ATDs and punctual IAQ campaigns from the NEMOs. To 
identify potential accuracy issues, additionally to the inter-comparisons carried out during the 
laboratory phase of the project, both acquisitions were compared (Figure 5). 
 

 
Figure 5: Comparison of data collected by two different sensors in one bedroom (Villeurbanne) for Temperature 

sensors (A), Relative humidity sensors (B) and CO2 sensors (C). 

 
3.3 CO2 concentration depending on the type of room 

With a RH-MEV system, the airflow is mechanically extracted from the kitchen, bathroom, and 
toilets, and enters naturally by the living room and the bedrooms due to the depressurization 
created by the extraction system. Figure 6 represents the CO2 concentration for each apartment 
and room. It can be observed that for most of the dwellings, the CO2 concentration is higher in 
the bedrooms (in red) compared to the other rooms.  

Figure 6: C02 concentrations measurements with continuous monitoring in Paris for each dwelling depending of 
the type of room 

 
Additionally, regarding to the number of hours past above 2000 ppm for each room (described 
in Figure 7), it is observed that the ventilation is sometimes not enough to evacuate the CO2 in 
the bedrooms (in red). 
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Figure 7: CO2 concentrations - number of hours past above 2000 ppm for each room in each dwellings in Paris 

 
3.4 Correlation between airflow at terminal devices and IAQ (CO2 and RH) 

The airflow at ATDs must depend on the RH. The good system operation was assessed in 
laboratory conditions (Mélois et al., 2023). A similar analysis is carried but in real conditions 
by verifying that the measured airflow rates correspond adequately to the measured RH (Figure 
8). 
 

 
Figure 8: One year airflow rates measured at ATD depending on the measured RH in one bedroom (Villeurbanne)  

 
The RH-MEV systems adapt the airflow only based on the RH. Therefore, the correlation 
between the measured airflow and the measured concentration of different pollutants was 
studied to evaluate the good regulation and then ensure a good IAQ in “normal conditions”. 
Figure 9 presents the correlation between CO2 concentration and measured airflows at ATD in 
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a living room in Villeurbanne. As a result, it is shown that for high values of CO2 the airflow is 
not maximal. A deep analysis is necessary to understand these specific cases.   
 

 
Figure 9: CO2 concentration and airflow at ATD (with P = 20 Pa) in a living room (Villeurbanne) 

 

4 CONCLUSIONS AND PERSPECTIVES 

 
During Performance 2 project, data have been collected thanks to continuous monitoring, 
winter measurement campaigns and occupants interviews. The challenge now is to organize the 
analysis in order, first, to meet the initial objectives of the project: to evaluate the durability of 
the RH-MEV systems, and to identify their performances regarding energy consumptions and 
IAQ depending on the occupants ‘use. First analyses of this data are being performed to 
compare the current performances to initial and theoretical performances. Deep analyses will 
be performed depending on these first results in order to identify the reasons behind the results. 
Data may be use for other purpose, for example to validate new model developed for the new 
regulation and to explore the feasibility of continuous evaluation of ventilation through cheap 
but reliable monitoring.  
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EXTENDED ABSTRACT 
 
Since 2018, Renson has introduced a range of cloud-connected residential ventilation systems, 
including central and decentral mechanical extract ventilation (MEV), as well as fully 
mechanical systems with heat recovery (MVHR) (see Fig. 1). These systems incorporate smart 
control mechanisms that utilize different IAQ sensors (CO2, VOC, RH), to adjust the airflow 
rate(s) locally or centrally to the detected needs. The IAQ sensors are located at the control 
valves or at the central unit, but not within the rooms. In that way, the full control system is 
integrated within the ventilation unit itself. The central MEV system also allows to extract air 
directly from the bedrooms, in addition to the wet rooms, to improve the sleeping environment.  
 
 
 
 
 
  
 
 

Figure 1: Central MEV system (left), central MVHR system (middle), decentral MEV (right) 
 
Cloud connectivity of smart devices offers a dual aspect. It presents several challenges that need 
to be addressed, including: 

• Adoption of big data technology in construction industry is slow and difficult  
• Accessing relevant insights from massive amounts of data is difficult 
• Exploiting data requires significant investments to be made 
• Security and privacy rights need to be maintained. 

Despite these challenges, wired/wireless IoT devices offer valuable opportunities by creating 
added value for the different stakeholders, including manufacturers, installers, service 
companies, building owners, and end users. This is achieved by monitoring big data, which 
serves two key purposes: 

• Providing services through interaction with the person of interest 
• Gathering insights into real-time operation to optimize/improve system performances.  
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The range of services facilitated through digital interactions is numerous and includes the 
following: 

• Digital communication: 
o Communication with residents/installers: Via resident/set-up app & web portals 

▪ Project preparation & planning: The set-up app supports the installer throughout 
the installation process by retrieving project parameters prepared in web portal, 
assisting in system calibration, displaying the installation parameters, and 
inserting measurement results for the automatic preparation and creation of the 
measurement ventilation report in the web portal. 

▪ Push notifications on smartphone for filter warnings and error detection: These 
notifications serve as alerts for potential faults, such as defective valves or fans, 
or to the installation of a wrong valve type for a given room. For instance, a 
bathroom valve can be switched with the one for a bedroom and vice versa. 

▪ Visual representation of real time/historic air quality and ventilation levels: The 
user app provides a visual display of air quality and ventilation levels in the 
home, down to room level. Colors indicate the air quality per home/room. 

▪ Service management and follow-up: remote inspection of correct functioning 
and maintenance of the devices to save time and money. 

o Communication with smart home/home automation: via API and/or via switching 
module     

• Sending automatic software updates 
 
To obtain valuable insights into real-time performance of connected systems, especially the 
central MEV system data was anonymously analyzed in recent years on several characteristics: 
energy consumption, IAQ, maximum ventilation rate, pressure losses, user interaction with the 
system, etc. 
De Mare et al. (2019) presented a large-scale analysis of the performance of the smart MEV 
system based on field data. Half of the units were installed as a smartzone system which 
involved additional mechanical extraction from habitable rooms like bedrooms. Indoor climate 
and IAQ were analysed with respect to design criteria set out in standards as well as fan 
characteristics and energy consumptions. The finding revealed that, on average, the CO2 level 
in bedrooms were below 950 ppm for at least 90% of the nighttime. For the MEV system with 
smartzone, the ctrl-factor of 0.26 was substantially lower than the default values (0.43-0.50) 
currently used in regulations. Additionally, the auxiliary energy consumption of the MEV with 
smartzone was found to be less than 50% of the literature values reported on similar systems. 
The average total yearly energy cost related to the operation of the ventilation system (heating 
and auxiliary energy) was found to be limited to €100 (in 2023 half that high due to price 
increases), and at least comparable to the operating cost of a MVHR system. Since rooms are 
often unoccupied or occupied at a low level, advanced demand control technology proves to 
have a high potential to limit total energy consumption, while assuring a good IAQ.  
Another performance study was carried out by Pollet et al. (2022) to analyse the maximal used 
extract ventilation capacity of dwellings equipped with local air flow control during the heating 
season. The study examined how ventilation control options can have an impact on the maximal 
simultaneous ventilation losses. The central MEV system was again investigated with respect 
to the maximal occurring total extract rate during the heating period, based on big field and 
simulated data of the smart connected ventilation system. A maximal used fraction of the 
nominal installed ventilation capacity down to 50% was found, impacting in that way the 
required heat generation power (kW). 
A third study was performed by Verniers et al. (2022), in which the significant impact of critical 
versus non-critical path control on the mean operating pressure and auxiliary fan consumption 
for residential DC-MEV systems was examined by means of multizone simulations during the 
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heating season. Due to critical path control relative to non-critical path control, reductions of 
the fan power consumption in the range of 33 to 44% were obtained. 
 
In today’s context, residents have increasing expectations for simple and user-friendly solutions 
that minimize the need for complex manual adjustments. Besides, the ability to quickly react 
and adapt to indoor and outdoor changes (weather, occupancy, usage) is often expected. As a 
result, alongside smart ventilation systems, the integration of solar shading and ventilative 
cooling products as IoT devices into home automation has become common. These integrated 
systems work in harmony to enhance overall comfort and efficiency. 
Furthermore, the use of model predictive control (MPC) is gaining recognition as a promising 
approach to improve occupant thermal comfort while reducing energy consumption. Instead of 
relying solely on rule-based control strategies, MPC leverages building design information, 
historical sensor data (e.g. indoor temperature), and weather forecasts to optimize building 
control. By considering predictive modelling, MPC allows for more proactive and efficient 
management of indoor conditions, resulting in enhanced occupant comfort and reduced energy 
usage. 
The integration of smart ventilation systems, solar shading, ventilative cooling products, and 
the adoption of model predictive control represents a forward-thinking approach to building 
automation. These technologies work together to create responsive, comfortable, and energy-
efficient living environments that align with residents’ expectations for simplicity and 
adaptability. 
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ABSTRACT 
 
The progressive digitalization is providing more and more measurement data from building operation, in particular 
from heating, cooling and ventilation (HVAC) systems. This work investigates the potential use of data-driven 
models to simulate indoor environmental conditions, i.e. temperature and CO2 concentration, for fault detection 
applications. Herein, a grey-box model, depicting the thermal behaviour of building zones, is coupled with model 
representing the indoor air quality/ventilation condition in the respective zone allowing the combined use of 
measurement data from building operation. The models are applied to an office room of a case study building and 
the model parameters are identified with measurement data for a four-weeks long training period. The identified 
models are used to predict the timely evolution during a three-day long prediction period. By comparing residual 
metrics between training phase and prediction phase the model’s capabilities to detect simple exemplary faults are 
evaluated. Herein, preliminary results with rather simple fault cases, like temperature or CO2 sensor faults or 
(unintentionally) left-open windows are investigated. Results indicate that indoor temperature anomalies are 
detected well and that anomalies in CO2-concentration are also detectable with this modelling approach but depend 
on the available occupancy estimation (or measurement). Further investigations are underway to test possible 
adaptions to the presented approach to allow for better occupancy estimation and/or account variable ventilation 
rates. 
 

KEYWORDS 
 
Fault detection, grey-box models, ventilation model, thermal model, CO2 model, parameter identification  
  
1 INTRODUCTION 

The progressive digitalization is providing more and more measurement data from building 
operation, in particular from heating, cooling and ventilation (HVAC) systems (Kim and 
Katipamula 2018). The data is most often used for control and/or monitoring on component 
level. However, the combined use of measurement data from HVAC components, weather 
station and building volume (e.g. zone temperature, CO2 concentration) opens new 
possibilities. This work investigates the potential use of data-driven models to simulate indoor 
environmental conditions, i.e. temperature and CO2 concentration, for fault detection 
applications. Herein, grey-box (RC network) models, depicting the thermal behavior of 
building zones, are coupled with simplified models representing indoor air quality condition 
in the respective zone allowing the combined use of measurement data from building 
operation. The aim is to use such models to detect anomalous conditions stemming from 
faulty or misadjusted HVAC components or (unintentional) misused of building, e.g. window 
left open, misadjusted air inlet valve, etc., by comparing model predictions with current 
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measurement values. This paper presents first results from training such a combined model 
for a real case study office room and comparing predictions for periods with artificial or real 
faults. 
 
2 MODEL DESCRIPTION 

So-called grey box models were used for depicting the dynamic behaviour of the building (or 
the room in this case) (Bacher and Madsen 2011; Bauwens, Ritosa, and Roels 2021; 
Reynders, Erfani, and Saelens 2021). The thermal behaviour of buildings can be described by 
a series of first-order differential equations. These can be represented as simple resistance-
capacity networks. The level of detail of the model can be determined by the number of 
dependent parameters. In the course of the case study, different models were applied. Simpler 
models have the advantage of having fewer model parameters which can be identified more 
reliably. However, oversimplified models might not be able to reproduce the dynamic 
behaviour sufficiently well. Starting from a simple RC model with only one capacity (1C), the 
complexity of the thermal model is increased by introducing a second capacity representing 
the thermal capacity of the external walls (2C). In a third step the 2C thermal model is 
coupled with a model representing the mass balance equation for CO2 in the room, i.e. a 
ventilation model (2C+V). The mass balance model and the thermal model are coupled via 
the air exchange rate. In the following, these three models and their respective differential 
equations are documented in more detail. 
 
2.1 1C Thermal model 

This model is one of the simplest modelling variants. In this case, only the thermal behavior 
of the building is considered. The building envelope is represented by one resistance to the 
outside and has only one capacity to account for thermal mass, see Figure 1. It therefore has 
two free parameters (resistance Rie and capacity Ci). 

 
Figure 1: Resistance-Capacity network representing the 1C thermal model. 

The model shown in Figure 1 can also be written as a differential equation as follows. 
 

𝑑𝜃𝑖

𝑑𝑡
=

𝜃𝑒 − 𝜃𝑖

𝐶𝑖 ∗ 𝑅𝑖𝑒
+

1

𝐶𝑖
∗ Φℎ +

𝑔𝐴

𝐶𝑖
∗ Φ𝑠 +

1

𝐶𝑖
∗ Φ𝐷𝐼𝑉 

 

(1) 

It describes the energy balance of the internal room temperature node θi. The other variables 
are described in section 2.3. This modelling variant has proven to be robust in determining a 
good initialization value for the parameters. 
 
2.2 2C Thermal model 

To increase the level of detail of the model, another differential equation can be added. In this 
model, as shown in Figure 2, the external resistance is divided. Thus, the thermal capacity of 
the building can be considered better. As a result, this model has two more free parameters 
that need to be identified using measurement data. 
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Figure 2: Resistance-Capacity network representing the 2C thermal model. 

This model can be described by an additional differential equation representing the energy 
balance of the external wall node θw. 
 

𝑑𝜃𝑖

𝑑𝑡
=

𝜃𝑤 − 𝜃𝑖

𝐶𝑖 ∗ 𝑅𝑤𝑖
+

1

𝐶𝑖
∗ Φℎ +

𝑔𝐴

𝐶𝑖
∗ Φ𝑠 +

1

𝐶𝑖
∗ Φ𝐷𝐼𝑉 

 
(2) 

𝑑𝜃𝑤

𝑑𝑡
=

𝜃𝑖 − 𝜃𝑤

𝐶𝑤 ∗ 𝑅𝑤𝑖
+

𝜃𝑒 − 𝜃𝑤

𝐶𝑤 ∗ 𝑅𝑤𝑒
 

 
(3) 

See the following section for a variable description. 
 
2.3 2C+V Thermal and ventilation model 

The two models above can describe the thermal behaviour of a building or a room. However, 
the heat flow through massive walls is, compared to heat flow through e.g. ventilation, 
considerably slower. To be able better reproduce dynamic events, like the influence of a 
controlled or uncontrolled air exchange with the ambient, the thermal model from section 2.2 
can be supplemented with a ventilation model. This model describes the mass balance of CO2 
in the room and is shown Figure 3. 

 
Figure 3: Resistance-Capacity network representing the 2C+V model. Left: Representation of thermal behaviour, 
i.e. heat flow through building/room envelope. Right: Representation of CO2 concentration in the building/room. 

The models in Figure 3 are coupled via the volume flow. In the thermal model, the volume 
flow is considered as part of an additional resistance. The idea behind this resistor is to 
consider the heat flows of the opaque envelope and the ventilation separately. Infiltration 
losses are estimated (stationary) and included in the effective heat recovery efficiency of the 
ventilation. The n50-value of the room is estimated (1 h-1) based on the building n50-value. 
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𝑑𝜃𝑖

𝑑𝑡
=

𝜃𝑤 − 𝜃𝑖

𝐶𝑖 ∗ 𝑅𝑤𝑖
+

𝜃𝑒 − 𝜃𝑖

𝐶𝑖
∗ (1 − 𝜂𝐻𝑅𝐸) ∗ �̇�𝐴𝐿 +

1

𝐶𝑖
∗ Φℎ +

𝑔𝐴

𝐶𝑖
∗ Φ𝑠 +

1

𝐶𝑖
∗ Φ𝐷𝐼𝑉 

 
(4) 

𝑑𝜃𝑤

𝑑𝑡
=

𝜃𝑖 − 𝜃𝑤

𝐶𝑤 ∗ 𝑅𝑤𝑖
+

𝜃𝑒 − 𝜃𝑤

𝐶𝑤 ∗ 𝑅𝑤𝑒
 

 
(5) 

𝑑𝑧𝑖

𝑑𝑡
=

�̇�𝐶𝑂2

𝑉
+ (𝑧𝑒 ∗ 𝑧𝑖) ∗

�̇�𝐴𝐿

𝑉
 

 
(6) 

The differential equations are composed of known input data, unknown parameters, and state 
variables. The variables for equations 1 through 6, are described here. 
State variables: 

• θi … interior temperature [°C] 
• θw … wall temperature [°C] 
• zi … CO2 concentration in the interior [ppm] 

Known input data: 
• θe … external temperature [°C] 
• ze … external CO2 concentration [ppm] 
• ηHRE … effective heat recovery efficiency [-] 
• Φh … heat load [kW] 
• Φs … solar radiation [kW] 
• ΦDIV … combination of diverse heat flow’s (internal gains from people; internal gains 

from electrical devices; the heat flow between the neighbour rooms) [kW] 
• �̇�𝐶𝑂2… CO2 volume flow caused by people present [m³/h] 
• V … room volume [m³] 

Unknown(free) parameters: 
• Ci … interior capacity [kWh/K] 
• Cw … wall capacity [kWh/K] 
• Rwi … external wall resistance on inner side [K/kW] 
• Rwe … external wall resistance on exterior side [K/kW] 
• gA … solar aperture [m²] 
• �̇�𝐴𝐿 … volume flow between the inside and the outside [m³/h] 

 
Furthermore, for the training of the model and thus the determination of the unknown 
parameters, measurement equations are needed. For the 2C+V model the two trivial 
equations, where the observed state variables are set equal to the measured data are needed as 
documented in formula (7) and (8). 

𝜃𝑖 = 𝜃𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 
 (7) 

𝑧𝑖 = 𝑧𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 
 (8) 

3 METHODS - MODEL TRAINING 

 
3.1 Case study description 

The described models were trained using measurement data from on office building in eastern Austria. The 
building belongs to the research institute Forschung Burgenland and is equipped with a great number of sensors, 

including room sensors for temperature, relative humidity, CO2-concentration, supply and extract air flows, 
supply air temperature as well as an outdoor weather station. The office room number “02” was used for the 

following analysis. It is usually occupied by one person (occasionally by two) on three to five working days per 

Peer Reviewed Paper

254 | P a g e



week. The nominal ventilation rate in this room is 55 m³/h. Room “02” is located in the upper floor and its glass 
façade faces south-south-east, see Figure 4. The relevant parameters are summarized in  

 
Table 1. 
 

  
Figure 4: Left: Picture of the south-south-east façade of the case study building “Energetikum”. Right: Upstairs 

floorplan with investigated room “02”. Source: Forschung Burgenland. 

 
Table 1: Building and room parameters and assumptions 

Parameters & assumptions Value Unit 

Area external wall: Room “02” 18.8 [m²] 
U-value external wall: Room “02” 1.10 [W/(m²K)] 
Floor area: Room “02” 26.04 [m²] 
Height: Room “02” 3.17 [m] 
Average U-value: Entire building 0.39 [W/(m²K)] 
Avg. thermal cap. estimate: Entire building 204 [Wh/(m²K)] 
Occupancy assumption (7:00-16:00) 5 [d/week] 
Occupant sensible heat rate 76 [W] 
Occupant CO2 emission 18 [L/h] 

 

Table 2: Initial values and limiting bounds for free model parameters 

Parameter Source for initial value Initial-

value 

Units MIN MAX 

R Resistance Energy Performance Cert. 48.4 [K/kW] 1 500 
Ci(+Cw) Capacity Estimate [PHPP] 5.3 [kWh/K] 0.01 500 
L Position of the 

wall-capacity 
Estimate 0.50 [-] 0.1 0.9 

gA solar aperture Estimate 5.00 [m²] 0.1 50 
�̇�𝐴𝐿  airflow Measurement data mean [m³/h] 50 300 
HLC Heat-Loss-

Coefficient 
=1/(R) 20.7 [W/K] 

  

 
3.2 Parameter identification 

In order to obtain a suitable model that can be used for simulation, the unknown/free 
parameters described in section 2 had to be identified. For this purpose, the System 
Identification Toolbox from the software MATLAB was used. Therein the grey-box 
estimation algorithm was used to identify the free parameters that minimise the cost function, 
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i.e. the sum of squares of the difference between simulated and measured values from the 
training period. Initial values and limiting bounds were defined for the unknown parameters 
according to  Results from the model parameter estimation are documented in Table 3. 
. These should lie within a physically reasonable range. For the 2C models the resistance R is 
split using the factor L, representing the position of the effective wall capacity Cw. Results 
from the model parameter estimation are documented in Table 3. 
Table 3: Estimated model parameters for 1C, 2C and 2C+V model. Initial value and design value (if known) are 

also listed for comparison. 

Parameter Initial-

value 

1C 

estimation 

2C 

estimation 

2C+V 

estimation 

Design 

value 
Units 

HLC Heat-Loss-
Coefficient 20.7 14.5 16.6 9.6 20.7 [W/K] 

Ci(+Cw) Capacity 5.3 4.8 8.7 19.2 n.a. [kWh/K] 
L Position of the 

wall-capacity 0.50 n.a. 0.67 0.39 n.a. [-] 

gA solar aperture 5.00 1.45 1.9 2.6 unknown [m²] 
�̇�𝐴𝐿  airflow 4 n.a. n.a. 134 55 [m³/h] 

 
3.3 Exemplary tests for fault detection (FD) 

In order to test the usability of the proposed combined model (2C+V) for FD the trained 
models were used to predict the temperature and CO2 concentration for a three-day long 
period immediately after a four-weeks long training period. Note that the presented prediction 
is a simulation for the entire three-day prediction period and not a 1-step ahead prediction as 
often used in this context. As concluded in previous studies, evaluating the multi-step 
prediction (in this case even for three days), might provide a better model assessment 
(Reynders et al. 2021). The simulation was initialized with measured data at the beginning of 
the prediction period. 
This paper presents the first results for testing with rather “simple” fault cases, see Table 4. 
They were produced artificially, by altering the measurement data, simulating e.g. a faulty 
sensor, or, they occurred in reality, as for the open window “fault”. Note that these simple 
faults may also be detected with simpler FD-schemes, e.g. rule-based FD techniques. 
However, the proposed method with physically based grey-box models has the potential to 
provide further capabilities like fault diagnosis, e.g. by continuously retraining the models and 
interpreting the identified parameters. Further, more complex and more realistic faults will be 
tested in this ongoing work. 

Table 4: Preliminary fault detecation test cases 

Fault 
 

Training start Prediction start 
Fault 

duration 

Temperature sensor faulty Sensor outputs +2 K 
(artificial) 2022-11-03 11:15 2022-12-01 11:15 60 hrs 

CO2 sensor faulty Sensor outputs +200 ppm 
(artificial) 2022-01-27 11:15 2022-02-24 11:15 60 hrs 

Window left open 
Window was left open 

unintentionally 
(real occurrence) 

2022-09-01 7:40 2022-09-29 7:40 
2022-09-30 7:40 

8 hrs 
6 hrs 

 
4 RESULTS 

 
Using the thermal models one can detect only anomalies that alter the thermal behaviour, i.e. 
the temperature sensor fault and the open window in herein presented cases. Looking at 
evolution of the measured and simulated temperature during the training month one can see 
that the simple model with one thermal capacity (1C) follows the general trend fairly well, but 
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cannot follow the daily temperature variation fully, see Figure 5 (left). The 2C model is able 
to reduce the root-mean-square of the error/residuals (RMSE) by reproducing the daily 
variations slightly better, see Figure 5 (right). The temperature simulation of the 2C+V model 
is very similar to the 2C model, see Figure 6 (left). In all three cases the temperature sensor 
offset of +2 K can easily be identified by comparing the RMSE between prediction and 
training period. The RMSE increases by around 200%, i.e. triples, with all three models, see 
Table 5. 

 
Figure 5: Result for 1C model (left) and 2C model (right) for temperature sensor fault case: Measured and 

simulated indoor temperature evolution during training (4 weeks) and prediction (3 days) phase. The end of 
training phase is marked with a vertical line. 

As seen in Figure 6 (right) the simulated CO2-concentration can reproduce the measured CO2-
concentration roughly, but the parameter identification algorithm seems to overestimate the 
ventilation rate (134 m³/h). Therefore, the simulated daily peaks fall short compared to the 
measured ones. Nevertheless, the CO2-concentration is reproduced in a decent manner, 
considering that the occupancy (and the corresponding emission rate) is just based on the 
naïve assumption using a fix working schedule (Mo-Fr, 7:00-16:00) for the presented results. 
One of the difficulties in this case is, that the ventilation rate is controlled via schedule and 
CO2 concentration and is therefore not a fix value. However, a varying ventilation rate cannot 
be depicted in this model variant. This issue was addressed in a model extension, see below. 
With that, a ventilation rate of around 90-100 m³/h was estimated during regular working 
hours. Note that the measurements provided by the building control sensors provided 
unrealistic values of around 10-15 m³/h. 
 

 
Figure 6: Result for 2C+V model for temperature sensor fault case: measured and simulated indoor temperature 
(left) and CO2 concentration (right) evolution during training (4 weeks) and prediction (3 days) phase. The end 

of training phase is marked with a vertical line. 

Figure 7 shows the prediction results for the case where a faulty CO2 sensor is simulated. 
While the RMSE of the prediction period shows no increase, the RMSE of the predicted CO2 
concentration increases by almost 300%, allowing a fault detection if an occupancy estimate 
(or measurement) is available, see Table 5. When only rough occupancy estimates are 
available, then a prolonged prediction period would be advisable to average out the rough 
estimate. See “open window” test case, where inaccurate occupancy estimate hinders the fault 
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detection. Note that this model can be altered to allow for a prediction of CO2 emission rate 
instead of indoor concentration, see below. 
 

 
Figure 7: Result for 2C+V model for CO2 sensor fault case: measured and simulated indoor temperature (left) 
and CO2 concentration (right) evolution during training (1 month) and prediction (3 days) phase. The end of 

training phase is marked with a vertical line. 

The results for the “open window fault case” is shown in Figure 8. As can be seen, the 
temperature drop due to the open window is clearly visible and increases the residuals 
(RMSE) between simulation and measurement substantially, see also Table 5. Looking at 
Figure 8 (right) one can also see that the difference between simulated and measured CO2-
concentration is rather large. However, due to the fact that the occupancy estimate is rough 
and due to the fact that the volume flow control is not depicted in this model, the RMSE is 
also rather high for the training period. Therefore, the RMSE increase of the CO2-simulation 
cannot be used to detect the open window state for this particular case. Possibilities to 
increase CO2 prediction accuracy by allowing better occupancy estimates are currently 
investigated further. 
 

 
Figure 8: Result for 2C+V model for “open window fault” case: measured and simulated indoor temperature 

(left) and CO2 concentration (right) evolution during training (1 month) and prediction (3 days) phase. The end 
of training phase is marked with a vertical line. 

Table 5: Summary table of prediction results. The fields were coloured as follows. Green: fault present and RMS 
increase >100%; yellow: fault present and RMS increase >33%; red: fault present and RMS increase <33%. 

  
Failure type 

  
T sensor offset 

(February) 

CO2 sensor offset 

(November) 

Window left open 

(September)   
T [K] CO2 [ppm] T [K] CO2 [ppm] T [K] CO2 [ppm] 

1C RMS train. 0.70 n.a. 0.74 n.a. 0.51 n.a. 
RMS pred. w/o 

fault 
0.65 n.a. 0.37 n.a. n.a. n.a. 

RMS pred. 
with fault 

2.16 n.a. 0.37 n.a. 1.10 n.a. 

RMS increase 209% n.a. -50% n.a. 116% n.a. 
2C RMS train. 0.64 n.a. 0.70 n.a. 0.77 n.a. 
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RMS pred. w/o 
fault 

0.52 n.a. 0.42 n.a. n.a. n.a. 

RMS pred. 
with fault 

1.85 n.a. 0.42 n.a. 1.10 n.a. 

RMS increase 189% n.a. -40% n.a. 43% n.a. 
2C-V RMS train. 0.64 82 0.65 65 0.49 99 

RMS pred. w/o 
fault 

0.58 50 0.56 137 n.a. n.a. 

RMS pred. 
with fault 

2.09 50 0.56 250 1.13 103 

RMS increase 227% -39% -14% 285% 131% 4% 

 
5 OUTLOOK 

5.1 Stepwise parameter identification 

Previous work has shown that physical parameter identification can be challenging (Rojas et 
al. 2023). The tighter that certain free parameters, e.g. building thermal mass, can be bounded, 
the easier it is for the algorithm to find physical sensible values, in particular for more 
complex models with higher number of free parameters. In an ongoing work, the following 
stepwise identification procedures are being compared:  

• IC1 (as used in for the results presented in section 4): The starting values of the 
parameters are defined via the energy performance certificate of the case study 
whenever possible and the bounding limits are left fairly loose. 

• IC2: The parameters are first identified as in method IC1, but with training data in the 
winter period. The value of these parameters then serves as the starting value for the 
actual parameter identification. The lower and upper limit are defined +/-95% from 
this determined value in the winter period. 

• IC3: With this method, the parameters are first determined with the simple model from 
section 2.1 (1C). The identified values are used as initial values and for defining 
boundaries (+/- 95%). Then the same procedure as within method IC2 is followed. 

 

5.2 Emission rate prediction 

The 2C+V model can be adapted to output CO2-emission rate instead of the CO2-room 
concentration. This could be used to extract room occupancy for improving FD prediction 
models or other application such as model predictive control. Figure 9 shows preliminary 
results with such an adapted model for the “open window test case”. 

 
Figure 9: Result for adapted 2C+V model outputting CO2 emission rate for “open window fault” case. 

“Measured value” refers to the naïve occupancy assumption. A validation with an actual measured occupancy 
profile has not been performed yet. 

5.3 Accounting variable ventilation rates 

As noted above, the 2C+V model has the limitation, that only a fix/static ventilation rate can 
be modelled and identified. Introducing model states with a modified external temperature 
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and modified external CO2 concentration which use the ventilation flow control signal to alter 
the measured values accordingly, are being tested to account variable ventilation rates. 
 
6 CONCLUSIONS 

This paper documents work-in-progress for combining a thermal grey-box model with a simple 
ventilation mass balance model, i.e. a model that reproduces the CO2 concentration in a room. 
Both models are coupled via the ventilation rate. The models are applied to an office room of a 
case study building. The model parameters are identified with measurement data for a four-
weeks long training period. Their values compare well with design values from the energy 
certificate. The identified models are used to predict the timely evolution during a three-day 
long prediction period. By comparing residuals (measurement minus simulation) between 
training phase and prediction phase, this work investigates the model’s capabilities to detect 
simple exemplary faults, like temperature or CO2 sensor faults or (unintentionally) left-open 
windows. The preliminary results show that larger indoor temperature anomalies can be 
detected well with this approach. Anomalies in CO2-concentration are also detectable but 
depend on the available occupancy estimation (or measurement). It should be noted that the 
herein investigated faults are simplified and additional testing is needed. Further investigations 
are underway to test possible adaptions to the presented approach to allow for better occupancy 
estimation and/or account variable ventilation rates. 
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1 BACKGROUND 

The installation of central mechanical ventilation with heat recovery (MVHR) in renovated 
apartment buildings presents considerable challenges, primarily due to insufficient space for 
ductwork. Consequently, many renovation projects are installing decentralised MVHR units, 
catering to individual apartments. Many of these devices offer the option of communicating 
with their controllers via Modbus, BACnet, KNX, or internet APIs, provided the necessary 
resources are available for the connection. Unlike central MVHR units, which offer the 
opportunity for centralised commissioning and maintenance, these decentralised units are 
frequently located in suspended ceilings or cabinets in refurbished apartments. This placement 
makes them challenging to access without a coordinated effort. Therefore, monitoring these 
decentralised MVHR units via available communication links – a concept commonly referred 
to as 'smart ventilation' - proves to be more convenient and less labour-intensive. Most MVHR 
units come with standard data sets, which typically include supply and exhaust fan signals and 
temperature sensors located before and after the heat exchanger for both the supply and exhaust 
airflows. The controller uses these temperature measurements, as depicted in Figure 1, to adjust 
the bypass damper's opening position, thereby modulating heat recovery. This adjustment aims 
not only to achieve the specified supply temperature set-point but also to prevent frost 
accumulation by raising the exhaust temperature when necessary. During the commissioning 
phase, the installer seeks to balance the supply and exhaust airflows to maximise heat recovery 
and minimise infiltration or exfiltration. However, reaching the specified airflows for each zone 
proves difficult. Even when achieved, this balance could degrade over time due to dust 
accumulation on components or occupants' interference with the valves. 'Smart ventilation' data 
can be used to optimise heat recovery by ensuring balanced supply and exhaust airflows. By 
performing an energy balance, 'virtual sensors' can be created to indicate the airflow balance. 
In this study, we utilized 'smart ventilation' data from 100 apartments in Frederikshavn, 
Denmark, to assess the supply temperature set-points and airflow balance. 

 
Figure 1. Common data from a residential AHU with a plate heat exchanger. 
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2 METHODS 

We aimed to create a simple indicator assessing heat recovery. We started with the energy 
balance for heat transfer in the exchanger, where 𝑄𝑠𝑢𝑝𝑝𝑙𝑦 = �̇�𝑠𝑢𝑝𝑝𝑙𝑦 𝑐𝑝 (𝑇𝑠𝑢𝑝𝑝𝑙𝑦 − 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟) 
was set equal to 𝑄𝑒𝑥ℎ𝑎𝑢𝑠𝑡 = �̇�𝑒𝑥ℎ𝑎𝑢𝑠𝑡  𝑐𝑝 (𝑇𝑖𝑛𝑑𝑜𝑜𝑟 − 𝑇𝑒𝑥ℎ𝑎𝑢𝑠𝑡). The validity of this equivalence 
depends on four key assumptions: (1) All mechanically driven supply and exhaust airflow 
pass through the heat exchanger. (2) The temperature changes are large enough to offset 
measurement errors. (3) The ratio of volume flows remains constant. (4) There is no 
condensation inside the heat exchanger. As such, we only consider data satisfying the 
corresponding conditions: (1) The bypass damper is fully closed. (2) The outdoor temperature 
is less than 10°C. (3) The exhaust fan signal remains un-boosted. (4) The exhaust temperature 
is above the dewpoint temperature of the indoor air. Ventilation heat exchangers have high 
nominal efficiencies, so the temperature difference between airflows is small longitudinally. 
Therefore, we assume the supply and exhaust airflows have roughly similar specific heat 
capacities (cp) and air densities (ρ). This led to Equation 1 – the flow ratio (Fr) of supply and 
exhaust airflows. 

𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑖𝑜, 𝐹𝑟 =
�̇�𝑠𝑢𝑝𝑝𝑙𝑦

�̇�𝑒𝑥ℎ𝑎𝑢𝑠𝑡
=

𝜌𝑠𝑢𝑝𝑝𝑙𝑦

𝜌𝑒𝑥ℎ𝑎𝑢𝑠𝑡
∙

�̇�𝒔𝒖𝒑𝒑𝒍𝒚

�̇�𝒆𝒙𝒉𝒂𝒖𝒔𝒕

=
(𝑇𝑠𝑢𝑝𝑝𝑙𝑦 − 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟)

(𝑇𝑖𝑛𝑑𝑜𝑜𝑟 − 𝑇𝑒𝑥ℎ𝑎𝑢𝑠𝑡)
 (1) 

In the Danish temperate climate, the outdoor temperatures rarely rise above freezing, 
suggesting that the bypass damper should remain closed for nearly the entire heating season. 
If the bypass damper is open excessively, it could indicate that the supply temperature 
setpoint is too low, triggering unnecessary bypass of heat recovery (or an undetected sensor 
fault). We aimed to create a bar plot wherein the magnitude of each bar shows the balance of 
airflows while each bar’s colour indicates whether the applied filters removed most (red) or 
very little (green)of the data. A red bar indicates an excessive opening of the bypass damper, 
potentially due to low supply temperature set-points or other errors. It also suggests a high 
degree of uncertainty, arising from the invalidity of the previously stated assumptions. 
 
3 MAIN RESULTS AND CONCLUSIONS 

Figure 1 shows the constructed indicators for all 100 ‘smart ventilation’ units in an apartment 
building. It indicates that the ventilation is poorly balanced in most units. Several apartments 
had most of their data filtered out (red), possibly due to low supply temperature setpoints or 
other faults. The next step involves manually investigating these problematic apartments. 
 

 
Figure 1. Flow ratios for 100 ‘smart ventilation’ units.  
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SUMMARY 
 
Measurements of the installed base of balanced ventilation systems in houses often show that 
optimal performance is not achieved. The installed base however, is a mix of various 
generations of units that have been developed over the years, starting in 1980. As a result, 
energy benefit and perceived comfort for residents is underestimated. Since 2015, improved 
knowledge has led to new technologies that have been implemented in the newest generation 
balanced ventilation units. In the following paragraphs, seven technologies are described that 
guarantee the fresh air flow as well as the balance between the supply and return air stream. 
This ensures a constant refreshment, an optimal energy benefit of recovery and resultingly a 
better comfort of the supplied fresh air flow for occupants. 
 
KEYWORDS 

 
Balanced ventilation, optimal heat recovery, adaptive comfort, modulating bypass, season 
detection 
 
1.1 Automated fan speed adjustment during commissioning 

For older units, produced before 2015, the factory-default fan speeds of supply and return fans 
should be adjusted to the resistances in the supply and return ducts during commissioning. This 
ensures the flow rates match the desired values. Adjusting the fan speeds is often omitted, 
forgotten, or done incorrectly by installers. In the contrary, newer units have an automated 
calibration cycle that 'senses' the resistances. Fan speeds are then automatically adjusted so that 
both airflows have the desired flow rate, and are balanced. This technology prevents incorrect 
settings, and therefore unnecessary noise, as well as unbalance and cold supply temperatures in 
winter. 
 
1.2 Balance in mass flow rate rather than volume flow rate 

In older units, airflow balance depends on the installer's measurements and fan speed settings. 
When temperature differences occurred between supply airflow and return airflow, the 
installer's measurement was not precise enough to balance the mass flow. Newer units 
continuously adjust mass airflow rates. This takes into account temperature differences. As a 
result, the mass flow is always balanced and there is optimal energy exchange between the 
airflows. This prevents varying recovery efficiency with varying temperature differences. 
 
1.3 Automated fan speed correction (Flow Control) 

In older units, the fan speed does not change over time. New units have a control for constant 
mass flow rate with changing system resistances. The resistance may change with condensation 
in the exchanger (medium-term) and with filter degradation (long-term). To avoid unwanted 
noise changes, short-term resistance changes due to for example wind pressure are not 
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corrected. This automatic speed control maintains optimal recovery efficiency (and thus 
prevents draughts) even if outdoor temperatures get colder and/or filters get dirty. 
 
1.4 Comfort levels instead of values 

Older units have a "comfort temperature" setting. This setting makes sure passive cooling by 
activation of a bypass comes into effect when the return temperature rises above the comfort 
temperature. The value of this comfort temperature can be adjusted by a resident, but is often 
misunderstood, leading to excessively low or high values. Newer units use a temperature profile 
(COOL, NORMAL or WARM). In COOL, the bypass is activated more often for passive 
cooling. With WARM, on the other hand, the bypass is activated less. This prevents incorrect 
settings by residents and is consistent with a resident's psychological well-being.  
 
1.5 Adaptive comfort technology 

Older units have a "comfort temperature" setting that does not change over time unless 
manually adjusted by the resident. Throughout the year, therefore, the comfort temperature is 
always the same. Newer appliances use three temperature profiles (COOL, NORMAL and 
WARM), within which the "comfort temperature" adapts to prevailing outdoor temperatures. 
This makes use of adaptive comfort, where people accept a slightly higher indoor temperature 
when outdoor temperatures are high.  This prevents incorrect adjustment of the comfort 
temperature and therefore incorrect deployment of the bypass. In short, automatically more 
comfort for the resident. 
 
1.6 Modulating bypass technology 

Older units had a bypass that alternated between fully closed (maximum recovery) or fully open 
(maximum passive cooling). At outdoor temperatures below 13°C, the bypass could not open 
because condensation could occur directly on the outside of the supply ducts. Newer units have 
a bypass that can be continuously controlled from maximum recovery to full passive cooling. 
This controls the supply temperature between the outdoor and indoor temperatures. This allows 
passive cooling to be applied in well-insulated houses, even at outdoor temperatures lower than 
about 13°C, without condensation forming on the outside of the supply ducts. This prevents 
unnecessary and unwanted heat recovery in well-insulated houses in the mid-season and 
summer seasons. 
 
1.7 Season detection 

Older units assumed a fixed limit for the start of the heating season, regardless of the location 
of the house, its orientation to the sun, the degree of insulation and the resident's wishes. Newer 
units have settings for heating and cooling season limits. The default value for these limits can 
be adjusted according to the specific conditions of the home and the resident's wishes. In better-
insulated houses, this prevents the bypass from being unused for a long time because the unit 
thinks that heating is still going on in the house. 
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FOREWORD  
 
The AIVC is preparing a series of VIP on national regulations and trends in airtightness for various countries 
(numbered VIP 45.XX), detailing for both building and ductwork airtightness: 

- the national requirements and drivers (regulations, incentives, justifications and sanctions)  
- whether it is taken into account in the energy performance calculations and how; 
- the test protocol (testers qualifications, national guidelines, requirements on measuring devices); 
- the tests already performed and whether there is a results database; 
- key documents. 

This presentation focuses on the airtightness trends in Norway. 
 

KEYWORDS 
 
Building airtightness, ductwork airtightness, regulation, trends, Norway 
 
1 BUILDING AIRTIGHTNESS 

 
Building airtightness has been important for centuries in Norway, being a cold and windy 
nation. Quantifying airtightness of building came to our country around 1980, inspired from 
Sweden. The oil crisis in 1973 played an important role and European energy directives have 
played a central role, even though Norway only link to EU through the EUS-treatment. 
 
For detached houses, requirements have changed gradually in steps from n50 ≤ 4 /h to the 
ambitious level of n50 ≤ 0.6 /h about 10 years back in time. Dwellings in general may still be 
documented according to a simplified «measures method», where n50 ≤ 0.6 /h is the target value, 
but a maximum value of n50 ≤ 1.5 /h is still allowed, if there is documentation of other extra 
energy means compensating for this. In general, all buildings must have airtightness n50 ≤ 1.5 
/h. For “other buildings” than dwellings this is unchanged since 1980; which is not very 
ambitious. 
 
The official view in Norway is that all new buildings shall be tested, but in practice the 
percentage of new buildings being tested is probably much less than 100%. Ambitious n50 
values are easy to achieve for large buildings, but very tricky for small apartments. A 
consequence is that contractors avoid measuring single flats in a block, and instead measure the 
whole building, with all doors to the stairway open.  
 
2 DUCTWORK AIRTIGHTNESS 
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The energy legislation in Norway requires that balanced mechanical ventilation with heat 
recovery has to be used for all new buildings.  
 
Airtightness of ventilation ducts is probably not an important topic in Norway, the way we 
build: We use spiro ducts with gaskets and the duct system is usually within the heat-insulated 
building construction. Small leakages may more be a topic related to internal vent adjustment 
and to a very small degree influencing energy or air quality. 
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FOREWORD  
 
The AIVC is preparing a series of VIP on national regulations and trends in airtightness for various countries 
(numbered VIP 45.XX), detailing for both building and ductwork airtightness: 

- the national requirements and drivers (regulations, incentives, justifications and sanctions)  
- whether it is taken into account in the energy performance calculations and how; 
- the test protocol (testers qualifications, national guidelines, requirements on measuring devices); 
- the tests already performed and whether there is a results database; 
- key documents. 

This presentation focuses on the airtightness trends in the Netherlands. 
 

KEYWORDS 
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1 BUILDING AIRTIGHTNESS 

 
In the last few years there has been an increased level of awareness on the topic of climate 
change, and the required energy transition in the Netherlands. Laws and regulations such as the 
quality law (wet kwaliteitsborging) have been delayed but are slowly being implemented. 
 
The Dutch Construction Law (Bouwbesluit 2012 article 5.4) provides an overall maximum air 
permeability of 0.2 m3/s (200 l/s for a maximum of 500m3 of building volume, after which the 
rate pro rata considered for larger volumes). This value should be measured as per the NEN 
2686 standard. This leakage rate is not considered stringent, but is considered as a minimum 
baseline. 
 
Generally speaking, contractors are more aware of the requirements of airtightness, but a 
knowledge gap still exists for some. Certain contractors are very active in improving their 
quality, others act as if they have never even heard of airtightness. 
 
2 DUCTWORK AIRTIGHTNESS 

 
In the Netherlands, there is currently no legal requirement to test the airtightness of ventilation 
systems. For residential building testing is close to zero. The testing of non-residential 
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construction is fully controlled by LuKa, the Dutch association of air duct manufacturers. They 
are actively involved in promoting the quality and performance of air duct systems in the 
Netherlands.  
 
LUKA has developed its own quality assurance program, which includes testing and 
certification of air duct systems. This program aims to ensure that the manufactured air ducts 
meet the required standards and specifications, including aspects related to airtightness. While 
LUKA's certification is not a legal requirement, it is widely recognized in the industry and can 
provide assurance of the quality and performance of air duct systems. Builders and contractors 
often prefer to use LUKA-certified air ducts to ensure compliance with industry standards and 
best practices. Therefore, although not legally mandated, the involvement of LUKA and their 
certification program can play a significant role in promoting and ensuring the airtightness and 
quality of ventilation systems in the Netherlands. LUKA closely cooperates with the 
independent institute TÜV Rheinland Nederland B.V.. The quality officers of TÜV Rheinland 
Nederland B.V do regular checks on compliance with the standards.  
 
Airtightness testing is now part of the overall energy performance calculation of a building 
according to the NTA 8800:2022. This NTA is aimed at improving the energy efficiency of 
buildings and reducing energy consumption. 
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FOREWORD  
 
The AIVC is preparing a series of VIP on national regulations and trends in airtightness for various countries 
(numbered VIP 45.XX), detailing for both building and ductwork airtightness: 

- the national requirements and drivers (regulations, incentives, justifications and sanctions)  
- whether it is taken into account in the energy performance calculations and how; 
- the test protocol (testers qualifications, national guidelines, requirements on measuring devices); 
- the tests already performed and whether there is a results database; 
- key documents. 

This presentation focuses on the airtightness trends in Spain. 
 

KEYWORDS 
 
Building airtightness, ductwork airtightness, regulation, trends, Spain 
 
1 BUILDING AIRTIGHTNESS 

 
Building airtightness has not traditionally been a major priority in the Spanish construction 
industry. Because most dwellings did not have any controlled ventilation systems, air 
infiltration has been a supplemental source of air renewal together with window airing, that 
contributed to indoor space air renewal. However, current mandatory controlled ventilation 
strategies have changed the scenario. 
 
The past few years have been key regarding building airtightness in Spain. For the first time, 
the recent incorporation of whole minimum building airtightness requirements on the last 
update of Basic Document for the Energy Saving in Buildings (DB HE1), although not too 
stringent, can be seen as a way to raise awareness on this parameter and familiarize with the 
existing tools and techniques to handle it, which encourages positive progress towards energy-
efficient buildings.  
 
It is important to note that airtightness testing is not mandatory to prove compliance and usually 
reference values are used in the energy performance calculation. So far, the main drivers for 
building airtight and testing have been certifications like Passivhaus, BREEAM or LEED. 
These certifications have given way to a broader knowledge on the airtightness tests. 
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2 DUCTWORK AIRTIGHTNESS 

 
Ductwork airtightness is still an issue that does not entail much concern in the construction 
sector. 
 
Currently, ductwork airtightness is required by “Reglamento de instalaciones térmicas de los 
edificios” (RITE). Section IT 1.2.4.2.3 provides airtightness requirements, which specifies that 
the ductwork must comply at least with Class B values. This is in force since 2007 and the 
requirement makes reference to new buildings and retrofitted ones. 
 
On Section 2.2.5. of (RITE), airtightness tests are required while the system is still accessible 
for its testing according to UNE-EN 12599:01. However, this requirement is somehow recent 
and still there is not much concern among construction agents. Therefore, in practice, ductwork 
is still not always tested. There are no sanctions if a ductwork does not comply with the 
requirement. 
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FOREWORD  
 
The AIVC is preparing a series of VIP on national regulations and trends in airtightness for various countries 
(numbered VIP 45.XX), detailing for both building and ductwork airtightness: 

- the national requirements and drivers (regulations, incentives, justifications and sanctions)  
- whether it is taken into account in the energy performance calculations and how; 
- the test protocol (testers qualifications, national guidelines, requirements on measuring devices); 
- the tests already performed and whether there is a results database; 
- key documents. 

This presentation focuses on the airtightness trends in Latvia. 
 

KEYWORDS 
 
Building airtightness, ductwork airtightness, regulation, trends, Latvia 
 
1 BUILDING AIRTIGHTNESS 

 
The attention to building airtightness in Latvia started in 2010 when the European Union (EU) 
started to require blower door tests for buildings renovated with EU funds. 
 
In 2015, Latvian Construction Standard (LBN 002-01) on thermal insulation and airtightness 
became stricter, with the following requirements in force for residential houses, homes for the 
elderly, hospitals, kindergartens, and public buildings: 

- q50 ≤ 3,0 m3/(h.m²) for buildings with natural ventilation (airing); 
- q50 ≤ 2,0 m3/(h.m²) for buildings with mechanical ventilation; 
- q50 ≤ 1,5 m3/(h.m²) for buildings with mechanical ventilation equipped with a heat 

recovery system; 
- q50 ≤ 4,0 m3/(h.m²) for industrial buildings. 

There is however no mandatory justification that these requirements are achieved. And these 
required airtightness values are used as defaults values in the energy calculation, still without 
required justification, which is not a good incentive for airtightness tests. 
 
In 2021 the government recommended to provide air tightness tests for the commissioning of 
all public buildings larger than 5000 m3, so about 70-80% of public buildings are tested, but 
probably only 5-10% of industrial buildings and 5-15% of dwellings.  
 
2 DUCTWORK AIRTIGHTNESS 
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If awareness on building airtightness is emerging in Latvia, the ductwork airtightness is not 
really taken into account so far. There are no national regulations or guidelines on this subject, 
so there are no requirements on the airtightness level of ductworks. 
 
There are only rare cases in which customers initiate a ductwork airtightness test. There are no 
data collected on these tests to quantify them and follow their evolution with time. 
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ABSTRACT 
 
Airtightness is of key importance, both for indoor thermal comfort and for energy efficiency of buildings. 
Although formally regulated by the rulebook on minimum energy efficiency requirements for buildings, 
airtightness is not properly addressed in practice in Montenegro. Airtightness measurements are not mandatory, 
so there is no data in this regard for the building stock so far. 
The paper presents the results of blower door measurements on a limited sample of apartments in multi-family 
residential buildings. Measurements were carried out in accordance with the ISO 9972:2015 standard. The aim 
of the measurements is to have an idea of the state of the buildings in Montenegro in terms of air permeability of 
their envelope, to determine which elements of the envelope contribute the most to infiltration and what is the 
potential of window replacement as an air tightening measure. The results of the measurements unequivocally 
showed that air tightness depends mostly on the type, quality of installation and maintenance of the windows. In 
one of the apartments, blower door measurements with wooden windows before and PVC windows after 
renovation showed that window replacement is an effective measure of increasing air tightness, which brought 
the number of air changes per hour at the reference pressure difference within the limits required by the 
rulebook. 
In order to assess the energy impact of air tightness, energy consumption calculations were carried out for one of 
the apartments in accordance with the DIN 18599 standard, varying the climatic conditions, the U-value of the 
thermal envelope and the level of air tightness. The results of the calculations showed that the increase in air 
tightness is an effective energy efficiency measure, which achieves significant savings in energy consumption 
for heating, while savings for cooling are negligible. Furthermore, it is concluded that relative savings are 
significantly higher in buildings with an improved thermal envelope, located in a colder climate zone. 
 

KEYWORDS 
 
Air tightness, blower door, energy consumption, residential buildings, windows replacement  
  
1 INTRODUCTION 

 
At the local, regional and global level, various measures are being implemented to combat 
climate change. The European Union is leading the way in this, showing a strong 
determination to reduce greenhouse gas emissions. The well-known 2020 climate and energy 
package set by EU leaders in 2007 had three key targets: reducing GHG emissions by 20% 
compared to the 1990 level, increasing the share of energy from renewable sources to 20% 
and reducing energy consumption by 20% by applying energy efficiency measures. The 
European Green Deal, approved in 2020 is even more ambitious, setting an overarching aim 
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of making the European Union climate neutral by 2050. It is clear that the building sector is 
crucial for reaching the mentioned energy and environmental goals, as it is responsible for 
40% of EU energy consumption and 36% of energy-related GHG emissions. 
Increasing attention is now being paid to the air-tightness of the building envelope, given that 
strict requirements for energy efficiency cannot be achieved just by increasing the thickness 
of the insulation and installing more efficient heating systems. 
Much more attention is paid to air tightness in countries in colder regions. In the USA, for 
example, air tightness of buildings has been developed as an area of research for decades and 
there are databases with the results of thousands of fan pressurization tests (Sherman & 
Dickerhoff, 1998). Air tightness is also extensively regulated and researched in countries of 
Northern and Central Europe. Examples include studies conducted in Finland (Jokisalo, 
Kurnitski, Korpi, Kalamees, & Vinha, 2009), Ireland (Sinnot & Dyer, 2012) and the UK (Pan, 
2010). 
In countries with milder climate such as Montenegro, heat losses due to infiltration are 
relatively smaller, so the problem of air tightness is given significantly less attention. 
However, recently the results of several studies in the countries of Mediterranean Europe 
were published: Greece (Sfakianaki, et al., 2008), Italy (D’Ambrosio Alfano, Dell’Isola, 
Ficco, & Tassini, 2012), Spain (Feijó-Muñoz, et al., 2018) and Portugal (Pinto, Viegas, & de 
Freitas, 2011). Studies on the assessment of the impact of air tightness on energy consumption 
in countries with milder climate are even scarcer. One Spanish study (Poza-Casado, Meiss, 
Padilla-Marcos, & Feijó-Muñoz, 2021) report that in the Mediterranean provinces the energy 
impact of infiltration is in the range 8.61–16.44 kWh/m2year for heating and significantly 
lower for cooling. 
Although air-tightness in Montenegro is formally regulated by the rulebook on minimum 
energy efficiency requirements for buildings, measurements are not carried out and it is not 
known what the actual condition of building envelopes, whether old or new, is in this regard. 
The aims of the study, the results of which are presented in this paper, are: to get an idea of 
the state of the envelope of residential buildings in Montenegro in terms of air tightness, to 
determine which element of the envelope contributes the most to infiltration, to determine 
how much air tightness can be improved by replacing windows and finally, how different 
levels of air tightness affect energy consumption for heating and cooling.  
 
2 BACKGROUND  

 
Air tightness as the main envelope property impacting infiltration is usually defined as the 
flow of air that infiltrates the building at certain pressure difference, usually 50 Pa. The 
standard procedure for determining the airtightness of building envelope is the fan 
pressurization method. The procedure commonly known as the blower door test is explained 
in detail in the standard ISO 9972:2015 (International Organization for Standardization, 
2015). It consists in placing a fan on the door which generates pressure difference across the 
envelope. The more leaky the building envelope, the more flow will be required to achieve 
the given pressure difference. The speed of the fan is varied so that pressure differences in the 
range of 10 to 75 Pa are generated, and the relationship between pressure difference ∆𝑝 and 
air flowrate �̇� can be represented by a power law as:  
 
 �̇� = 𝑐𝐿∆𝑝𝑛, (1) 
 
where 𝑐𝐿 is the air leakage coefficient and 𝑛 is the air flow exponent. 
The generally adopted reference pressure difference is 50 Pa, since it is large enough so that 
the measurement is not affected by the weather conditions and small enough to be achieved in 
most buildings using blower door fan. In order to be able to compare buildings with each 
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other, metrics are defined that normalize air leakage at the reference pressure difference with 
something that scales with the size of the building. An overview of the metrics with their 
definitions is given in Table 1. 

Table 1: Summary of air leakage metrics 

Metric and definition Equation Unit 

Air leakage rate at the reference pressure difference of 50 Pa, �̇�50 
�̇�50 = 𝐶𝐿(50 𝑃𝑎)𝑛 m3/h  

Air change rate at the reference pressure difference of 50 Pa, 𝑛50 

𝑛50 =
�̇�50

𝑉
 h−1 The air change rate at the reference pressure difference of 50 Pa, 𝑛50,  is 

calculated by dividing the air leakage rate at the reference pressure 
difference of 50 Pa,  �̇�50, by the internal volume, 𝑉. 

Air permeability at the reference pressure difference, 𝑞50 

𝑞50 =
�̇�50

𝐴𝐸

 h−1m−2 The air permeability at the reference pressure difference of 50 Pa is 
calculated by dividing the air leakage rate at 50 Pa,  �̇�50, by the envelope 
area AE. 

Specific leakage rate at the reference pressure difference, w50 

𝑤50 =
�̇�50

𝐴𝐹

 h−1m−2 The specific leakage rate at the reference pressure difference of 50 Pa is 
calculated by dividing the air leakage rate at 50 Pa by the net floor area 
AF. 

Effective leakage area, ELA 
𝐸𝐿𝐴 = 𝑐𝐿4𝑛−0.5√

𝜌

2
 m2 Effective leakage area is the area of a fictitious orifice that allows the 

same air flow as the building envelope at the pressure difference of 4 Pa. 
 
 
3 MEASUREMENT OF AIRTIGHTNES ON A LIMITED SAMPLE OF 

APARTMENT BUILDINGS IN MONTENEGRO 

 
The blower door tests were performed using Minneapolis Blower Door Model 4.1, product of 
BlowerDoor GmbH which has a flow range from 25 to 7800 m3/h at 50 Pa. The fan was 
mounted on the front door. The calibrated fan was connected to the speed controller which is 
connected to the digital pressure gauge DG700 and a computer. The test was fully automated 
by the accompanying TECTITE Express software installed on the computer. The software 
processed the data, fit the regression curve through a set of points (∆𝑝, �̇�), plotted the charts 
and calculated the airtightness metrics. Blower door fan mounted on the front door of one of 
the tested apartments is shown in Figure 1. 

 
Figure 1: Blower door fan mounted on the front door of the apartment 
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In all tested cases, the apartments were kept depressurized for a certain period of time, during 
which the envelope was inspected to determine the most contributing leakage points. During 
all measurements, the requirements of the ISO 9972:2015 standard were met: the wind speed 
was less than 6 m/s and the product of the building’s height and the indoor outdoor 
temperature difference was less than 250 mK.  
The results of all blower door tests with calculated airtightness metrics are given in Table 2, 
while air leakage curves are shown in Figure 2. 

Table 2: Results of the blower door tests  
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1 53 127 2006 1001 7.87 18.89 228.8 90.6 0.614 Wood 
2 43 114 2011 679 5.95 15.78 148.5 57.4 0.631 Aluminium 
3 58 162 2012 711 4.38 12.26 150.1 56.9 0.646 PVC 
4 68 190 1963 1831 9.63 26.92 453.3 187.6 0.582 Wood 
5 68 190 1963 1225 6.45 18.02 280.2 111.0 0.614 Wood/PVC 
6 68 190 1963 305 1.60 4.48 63.1 23.6 0.654 PVC 
7 85 227 1986 1418 6.25 16.69 334.5 134.8 0.602 Wood 
8 85 227 1986 174 0.77 2.05 37.5 14.4 0.637 PVC 

 
In all cases, most of the leaks were detected around the windows. The main air pathways were 
the gaps due to week abutment of the sash on the frame, as well as between the frame and 
carcass opening. In addition, significant leakages were recorded around the wooden shutter 
boxes of the windows that had them. The current Montenegrin rulebook on minimum energy 
efficiency requirements stipulates that n50 must not exceed 3.0 h−1 for buildings without 
mechanical ventilation and 1.5 h−1 for buildings with mechanical ventilation.  The results in 
Table 1 show that this condition is met in only 2 out of 8 cases, and in both cases, these are 
apartments where PVC windows were subsequently installed (blower door tests 6 and 8). In 
general, all apartments with wooden windows (blower door tests 1, 4 and 7) turned out to be 
poorly sealed. The reasons are the poor quality of the old wooden windows themselves, as 
well as their installation, the fact that they do not have rubber seals, age and lack of proper 
maintenance. The only analysed building with aluminium windows also performed poorly in 
terms of air tightness. The reason was the sliding balcony doors where brush seals cannot 
sufficiently prevent air leakage. 
The potential of window replacement as a measure to increase air tightness can best be seen 
by comparing the blower door tests 4, 5 and 6, as well as the blower door tests 7 and 8. 
4, 5 and 6 are three completely identical two-bedroom apartments in the same building. In 
apartment 4, all windows are original, wooden. In apartment 5, windows on the east side are 
still wooden, while those on the west side have been replaced with PVC windows. In 
apartment 6, all wooden windows were replaced with PVC windows. By partially replacing 
wooden windows with PVC ones, the air change rate decreases from 9.63 h−1 to 6.45 h−1, or 
by about 33%. By completely replacing the windows, the air change rate is reduced to 1.6 h−1, 
that is, by 83%. In addition to the value of the number of air change rate, the replacement of 
the windows is reflected in the value of the air flow exponent, which indicates the size and 
shape of the dominant leaks. The value of the air flow exponent is 0.582 for wooden 
windows, 0.614 in the case when wooden windows are partially replaced with PVC ones and 
0.654 in the case of PVC windows. Those values clearly indicate that by replacing the 
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windows there is a transition from leakage through short and relatively large openings to 
leakage through long and relatively narrow ones. 
 

  
Blower door test No. 1 Blower door test No. 2 

  
Blower door test No. 3 Blower door tests No. 4, 5 and 6 

 
Blower door test No. 7 and 8 

Figure 2: Air leakage curves (numbered in accordance with Table 2: Results of the blower door testsTable 2) 

 
The most interesting blower door tests are those numbered 7 and 8. These are blower door 
tests conducted on the same three-bedroom apartment, before and after replacement of 
wooden windows with PVC windows. This apartment was convenient because the authors 
had the freedom to influence and interrupt the order and dynamics of the renovation works, to 
choose the windows to be installed and to supervise the quality of their installation. The 
building was materialized in the manner that was common for the last quarter of the 20th 
century. The external walls are uninsulated, mostly made of cast-in-place reinforced concrete. 
The former windows were wooden, casement type, double-glazed, where each pane was in its 
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own sash mounted on its own hinges and operated independently. Half of the windows and 
doors had roller shutters housed in wooden boxes. The windows did not have rubber seals. 
They were fully functional, although they lacked adequate maintenance. The new windows 
are made of Softline AD profile, a product of VEKA AG, Germany. These are five-chamber 
profiles, with a standard installation depth of 70 mm and with two seals. After the 
replacement, all windows were equipped with matching roller shutters of the same 
manufacturer. From the common diagram showing the leakage curves for blower door tests 
No. 7 and 8, it is clear that the air tightness was drastically improved by replacing the 
windows. The number of air changes at the reference pressure difference was reduced from 
6.25 h−1 to 0.77 h−1, i.e. by almost 90%, and now it not only meets the minimum requirement 
from the national regulation (3.0 h−1), but also significantly approached the requirement for 
passive houses (0.6 h−1 in most countries). 
Here, it is important to highlight that the objective was not to assess the complete building’s 
airtightness or draw conclusions solely based on measuring the airtightness of a single 
apartment. When examining the airtightness of the entire building, several practical 
limitations arise. Often, the building’s size makes it challenging to depressurize using a small 
blower door fan. Additionally, there may be numerous leaks in corridors, stairwells (such as 
elevator shafts, fire escape doors, basement, etc.) that are difficult to identify and control. 
Furthermore, accessing each individual apartment may be impractical if the building is 
already occupied. On the other hand, based on the measurement of airtightness of a single 
apartment, a general valid conclusion cannot be made about the airtightness of the entire 
building, because possible leaks that are not through the outer envelope but from the adjacent 
apartment or staircase would be taken into account even multiple times. 
 
4 THE EFECT OF AIR TIGHTNESS ON ENERGY CONSUMPTION 

 
Energy use for heating and cooling was calculated using the national MEEC software for 
calculating the energy performance of buildings, developed by the Fraunhofer Institute for 
Building Physics. Software is based on German methodology for calculation of the net, final 
and primary energy demand for heating, cooling, ventilation, domestic hot water and lighting 
(German Institute for Standardization, 2018). The aim of energy calculations is to assess the 
effect of infiltration on energy consumption for heating and cooling, as well as the influence 
of the climate zone and the condition of the thermal envelope on the reduction of energy 
consumption due to the increase in air tightness. For this analysis, the usual systems used in 
Montenegro were adopted: biomass central heating system and multi-split cooling system. 
The energy analysis was done for a three-room apartment (blower door test results 7 and 8 
from Table 2). Calculations were made for both air tightness values. In order to analyse the 
influence of climatic conditions, calculations were made for all three climatic zones in 
Montenegro. Also, the calculations were made for the case when the building envelope is as it 
currently is and for the case when it is thermally improved so that it just meets the minimum 
requirements from the national regulation. The results of the calculations of delivered energy 
for heating and cooling before and after applications of measures to improve the thermal 
envelope and airtightness are given for all three climate zones in Table 3 and Figure 3. 
For climate zone I (where the building is actually located), improving the air tightness by 
replacing the windows (reducing n50 from 6.25 h−1 to 0.77 h−1) reduces the delivered energy 
for heating (including auxiliary energy) and cooling from 155.44 kWh/m2year to 142.63 
kWh/m2year, or by about 8.2%. Interestingly, almost all of the reduction in energy 
consumption is due to a reduction for heating, while the reduction for cooling is almost 
negligible. Relative contribution of the increase in air tightness to the reduction of energy 
consumption is even greater in the case when the building envelope is thermally insulated, 
and in that case it amounts to about 15.6%. 
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Increasing air tightness as a measure of energy efficiency has an even greater effect in regions 
with a colder climate. If the same building were to be located in the north of Montenegro 
(climate zone III), the delivered energy for heating and cooling is reduced by replacing the 
windows from 258 kWh/m2year to 233.26 kWh/m2year or by about 9.6%. In the case when 
the building is thermally insulated, increasing the air tightness results in a reduction in the 
delivered energy of as much as 20.9%. 
The effect of different degrees of air tightness on the delivered energy for heating and cooling 
was also investigated by varying the number of air changes at the reference pressure 
difference of 50 Pa in the range from n50=1 h−1 to n50=15 h−1. It can be seen that with 
increasing air tightness, energy consumption for heating and cooling decreases linearly. By 
increasing n50 by a unit value, savings from 2.3 kWh/m2year in climate zone I to 4.6 
kWh/m2year in climate zone III are achieved.  
 

Table 3: Delivered energy for heating and cooling before and after the application of measures to improve the 
thermal envelope and air tightness 

Climate 

zone 
Building envelope n50 (h−1) 

Delivered energy (kWh/m2year) 

Heating Cooling Auxiliary Total 

I 

Existing  
thermal envelope 

6.25 129.84 21.78 3.82 155.44 
0.77 117.32 21.73 3.58 142.63 

Improved 
thermal envelope 

6.25 63.60 12.67 2.68 78.95 
0.77 51.57 12.67 2.37 66.61 

II 

Existing 
thermal envelope 

6.25 196.01 8.84 4.85 209.70 
0.77 176.70 9.06 4.61 190.37 

Improved 
thermal envelope 

6.25 98.02 4.85 3.43 106.30 
0.77 79.28 5.13 3.11 87.52 

III 

Existing 
thermal envelope 

6.25 248.67 3.50 6.04 258.21 
0.77 223.85 3.68 5.73 233.26 

Improved 
thermal envelope 

6.25 112.25 1.49 3.92 117.66 
0.77 87.95 1.75 3.41 93.11 

 

 
Figure 3: Delivered energy for heating and cooling 

 
Figure 4: Delivered energy for heating and cooling as a 

function of n50 

 

It is important to acknowledge that when measuring the leakage of a single apartment’s 
envelope using a blower door fan, the recorded results includes potential leaks that originate 
not only through the outer envelope, but also from the neighbouring apartments that are 
thermally conditioned. Consequently, there is a possibility that infiltration and the associated 
energy consumption might be slightly overestimated. However, the authors are convinced that 
these contributions are negligible considering the construction method and the fact that hand 
and smoke pen inspection during the depressurization did not indicate internal leakages. 
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Improving airtightness while neglecting adequate air exchange can result in poor indoor air 
quality. Among other things, there may be increased relative humidity; potentially leading to 
the formation of condensation and mould on interior walls if their temperatures fall below the 
dew point (the problem is more prominent when the envelope is not thermally insulated). In 
old buildings such as the one considered, there is often no ventilation system, except possibly 
extraction ventilation in kitchens and toilers, which is ineffective when, due to good 
airtightness, there is no possibility of sufficient air suction through the envelope. To mitigate 
these issues, regular window airing of the apartment becomes essential. However, experience 
from renovating existing buildings has shown that occupants often fail to modify their habits 
after airtightness improvements. It is worth emphasizing that when calculating energy 
consumption, the software adjusts the air change rate due to window airing as a function of 
infiltration and does not allow the total air change rate (infiltration plus window airing) to go 
below the value of 0.5 h−1, which is widely accepted as a threshold value bellow which the 
perception of poor indoor air quality can occur. 
The idea for future research is the use of whole-building energy simulation software such as 
EnergyPlus, which would enable the analysis of the impact of air tightness on infiltration and 
indoor air quality, above all on relative humidity. 
 
5 CONCLUSIONS 

 
The results of blower door tests on a limited sample of multi-family residential buildings in 
Montenegro indicate the poor performance of building envelopes in terms of airtightness and 
that this problem should be addressed in a way that it deserves. Examining the building 
envelope during the fan depressurization determined that windows are by far the most 
contributing cause of air leakage. In this respect, old wooden windows without rubber seals 
performed the worst. The replacement of windows proved to be an effective measure for 
increasing air tightness, which improves n50 almost to the standard applicable to passive 
houses. 
The analysis of energy consumption at different levels of air tightness showed that with a 
decrease in air changes rate, energy consumption for heating is significantly reduced, while 
the reduction in energy consumption for cooling is practically negligible. Furthermore, in 
relative terms, the reduction of energy consumption due to the increase in air tightness is more 
pronounced in colder climate zone and when the thermal envelope of the building is improved 
by reducing its U-value. For the observed case study, with a reduction of n50 by a unit value, 
energy savings of 2.3 kWh/m2year are achieved when the apartment is located in climate zone 
I to 4.6 kWh/m2year when it is located in climate zone III. 
The generality of the conclusions of this study is limited due to the fact that a relatively small 
sample of buildings was analysed. The idea for future research in this area is to consider a 
larger sample in order to obtain statistically credible results. 
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SUMMARY 

 
The world is facing a rapid increase of air conditioning of buildings. This is driven by multiple factors, such as 
urbanisation and densification, climate change and elevated comfort expectations together with economic growth 
in hot and densely populated climate regions of the world. The trend towards cooling seems inexorable therefore 
it is mandatory to guide this development towards sustainable solutions.  
 
Against this background, it is the motivation of Annex 80 to develop, assess and communicate solutions of resilient 
cooling and overheating protection. Resilient Cooling is used to denote low energy and low carbon cooling 
solutions that strengthen the ability of individuals and our community as a whole to withstand, and also prevent, 
thermal and other impacts of changes in global and local climates. It encompasses the assessment and Research & 
Development of both active and passive cooling technologies. 
 
A wide range of cooling technologies and solutions is already available. Nevertheless, significant joint efforts are 
still needed to really guide the mainstream development of cooling into the direction of sustainability and 
resilience. The Resilient Cooling Technology Profiles systematically assess existing cooling technologies, their 
potentials, limitations, qualities of resilience and identify barriers as well as conductive conditions to 
implementation. The aim is to provide well-structured collection of technology descriptions. The Technology 
Profiles shall support decision makers within the process of urban planning, building investment and building 
design with well-structured information to draw their attention towards resilient cooling options. 
 
The list of technologies assessed is based on the list of technologies that have already been subject of the EBC 
Annex 80 State of the Art Report. A total of 16 Technology Profiles have been developed, each one having a 
maximum of 2500 characters and/or 5 pages, excluding images and tables. The following table presents a summary 
of the technologies covered. 
 
 

Table 1: List of Resilient Cooling Technology Profiles 

1. Reducing Heat Loads to People and Indoor Environments 

1.1. Solar Shading Technologies 
1.2. Cool Envelope Materials 
1.3. Glazing Technologies 
1.4. Ventilated Façades 
1.5. Green Roofs and Green Façades 
 
2. Removing Heat from Indoor Environments (Production, Emission and Combined) 

2.1. Ventilative Cooling 
2.2. Thermal Mass Utilization 
2.3. Evaporative Cooling 
2.4. Sky Radiative Cooling 
2.5. Compression Refrigeration 
2.6. Adsorption Chillers 
2.7. Natural Heat Sinks 
2.8. Radiant Cooling 
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3. Increasing Personal Comfort Apart from Space Cooling 

3.1. Comfort Ventilation and Elevated Air Movement  
3.2. Micro-cooling and Personal Comfort Control 
 
4. Removing Latent Heat from Indoor Environments 

4.1. Dehumidification 
 

 
For every Technology Profile an author or team of authors within the Annex 80 group was assigned corresponding 
on the field of expertise. 
 
Each Technology Profile is composed of 4 chapters. The description gives information about the physical 
principles, the function, and the characteristic applications of the specific Resilient Cooling Technology. Further, 
relevant subtypes are also listed. In the next chapter, called Key Technical Properties, information about relevant 
technical qualities and indicators of the specific Resilient Cooling Technology are given. Also, properties of the 
technology which are relevant when designing and/or purchasing the system are characterized. The third chapter, 
Performance and Application, gives information on the possible effect of the specific technology on the whole 
building performance, also describing synergies with others technologies. Special information is given, in which 
way the specific technology contributes to qualities of resilience in the meaning of the Annex 80’s definition of 
resilience of a building against heat waves with or without power outage and against long-term climate change. 
Exemplary quantitative outputs from the simulation studies, for indicative building types in indicative climate 
zones in the midterm future is provided in most Technology Profiles. Information about the range of possible 
applications as well as about limitations of the specific technology is given, including aspects of climate 
dependency, building type, physical influences, such as internal gains, solar gains, ventilation, information about 
compatibility and incompatibility with other technologies and information about recent level of availability and 
about expected developments ahead. The final chapter, Further Reading, is offering links to further information to 
the reader if desired. 
 
The outcome of the collaboration are 16 created Technology Profile Sheets giving recommendations for good 
implementation, commissioning and operation, barriers to application and opportunities. These shall support the 
Annex 80 mission of a rapid transition to an environment where resilient low energy and low carbon cooling 
systems are the mainstream and preferred solutions for cooling and overheating issues in buildings.  
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SUMMARY 
 
The world is seeing a rapid increase of cooling of buildings1. This is driven by multiple factors, such as 
urbanization and densification, climate change and elevated comfort expectations together with economic growth 
in hot and densely populated regions of the world. Additionally, disruptive events, such as extreme heat and heat 
waves are occurring more often and are expected to become a common phenomenon by mid-century. The trend 
towards cooling seems inexorable. It is therefore mandatory to steer this development towards sustainable 
solutions.  
Against this background, it is the motivation of this guidebook to support practitioners to implement highly 
efficient, low-carbon, resilient cooling solutions, technologies, and strategies and contributing to a sustainable built 
environment. Resilient cooling aims to avoid heat stress to people and to maintain safe and operable conditions in 
buildings in the event of externally induced disruptions. It therefore goes beyond the upkeep of thermal comfort.  
This guidebook focuses on the design of resilient cooling against such disruptions. 
The Resilient Cooling Guideline is based on findings of the international research project of the Energy in 
Buildings and Communities (EBC) programme Annex 80 Resilient Cooling of Buildings provided by a group of 
scientists from numerous institutions in various fields such as architecture, engineering, building science and 
building physics.  
The Resilient Cooling Guideline addresses both free-running and mechanically cooled buildings and aims to 
answer the following question: How can I/we design a “resilient cooling” building?  
For such, it is important to understand the underlying concepts of resilience regarding buildings, the available 
technological solutions, and the methods and tools used to evaluate options. Several chapters are sequenced to 
assist practitioners in these areas, as shown in Table 1.2. Two chapters provide practical examples of application 
of the guidelines for case-study buildings. 
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Table 1: Chapter overview 

Chapter Overview Topics addressed 

2 Provides a definition of disruptions and 
resilient cooling and explanations of the 
disruptive events identified in the context of 
resilient cooling design 

✓ How can resilience be conceptualized?  
✓ What is the definition of resilient cooling? 

3 Provides concise information of resilient 
cooling solutions 

✓ Which resilient cooling solutions exist to improve the 
building resilience (technology specific KPIs)? 

✓ Which strategies and technologies to implement in 
building design process to be prepared for future 
disruptions?  

✓ How to size these strategies considering future climate 
uncertainties? 

✓ How to assess the performance of resilient cooling 
strategies prospectively? 

 
1 Birol, D. F. (2018). The Future of Cooling. 92. 
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4 Provides a selection of key performance 
indicators (KPI) that can be used for the 
evaluation of resilient cooling in buildings 

✓ How can the resilience of a building/cooling system be 
quantified in the case of power outages and/or heat wave 
events? 

5 Gives an overview of performance 
assessment methods and tools for the 
evaluation of operational and energy 
efficiency of buildings to identify potential 
improvements 

✓ How to select input and output parameters for simulation 
and technology assessment? 

✓ How to evaluate the resilience of a building against 
different disruptions? 

✓ How to model specific resilient cooling technologies? 
✓ How to calibrate a building simulation model? 

6 Introduces climate data necessary for resilient 
cooling design 

✓ How to account for future or extreme events?  
✓ How to select future or extreme weather data sets for 

building simulation? 
✓ How should future weather files be prepared for building 

simulations? 

7 Discusses parameters related to people and 
their use of spaces, and incorporation of these 
issues in building performance simulation 
and analysis 

✓ How do occupancy patterns impact building performance 
assessment? 

✓ How does metabolic rate impact building performance 
assessment? 

✓ What about internal gains? 

8 Addresses performance influencing factors 
such as the setting of a building and its form, 
envelope characteristics or orientation. 

✓ How does microclimate, location, landscape, and 
orientation affect building performance? 

✓ What influence do fenestration design, shading systems 
and opaque envelope characteristics have on resilient 
cooling? 
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ABSTRACT 
 
We performed residential indoor fine particle (PM2.5) measurement from 26 homes and three outdoor monitoring 
locations. Six PM2.5-bound phthalate easters (PAEs) — including dimethyl phthalate (DMP), diethyl phthalate 
(DEP), di-n-butyl phthalate (DnBP), butyl benzyl phthalate (BBP), di(2-ethylhexyl) phthalate (DEHP), and di-n-
octyl phthalate (DnOP) — were measured using a thermal desorption-gas chromatography/mass spectrometer 
method. Average concentrations of summation of six PAEs (∑6PAEs) in residential indoors (646.9 ng/m3) were 
slightly lower than the outdoor levels. DEHP was the most abundant PAE congener (80.3%) and was found at the 
highest levels, followed by BBP, DnBP, and DnOP. Strong correlations were observed between indoor DEHP 
with DnBP (rs: 0.88; p < 0.01), BBP (rs: 0.83; p < 0.01), and DnOP (rs: 0.87; p < 0.01). However, no apparent 
inter-correlations were shown for PAE congeners. Principal component analysis affirmed heterogeneous 
distribution and notable variations in PAE sources between residential indoor and ambient exposure. The results 
provide critical information for mitigation strategies, suggesting that PAEs from indoor and outdoor sources should 
be considered when exploring the inhalation risks of PAEs exposure.  
 

KEYWORDS 
 
Indoor air quality, particle-bound phthalates, DEHP  
  
1 INTRODUCTION 

 
Phthalate esters (PAEs) are a group of synthetic chemicals widely used in polyvinyl chloride 
(PVC) products and consumer products (such as commodities, medical products, cosmetics, 
and personal care products) and in households (building materials, furnishing, household goods) 
(Eichler, Cohen Hubal, & Little, 2019; Meeker, Sathyanarayana, & Swan, 2009). The negative 
impacts of PAEs on human health have raised global concerns due to their widespread use 
(IARC Working group, 2000; Katsikantami et al., 2016).  
    The International Agency for Research on Cancer and the United States Environmental 
Protection Agency (U.S. EPA) have classified DEHP and BBP as possible human carcinogens 
(Group B2 and Group C) (Caldwell, 2012; U.S. EPA, 1987). Given that a large proportion (> 
85%) of daily time is spent indoors for the general population, research efforts have been made 
to address PAEs in different indoor microenvironments, including schools, offices, and 
residential homes (Otake, Yoshinaga, & Yanagisawa, 2004) and from indoor dust (Kang, Man, 
Cheung, & Wong, 2012). Buildings offer partial protection again ambient origin particulate 
pollutants, but indoor sources of PAEs enhance the potential for overall exposures. PAEs are 
physically bound to the plastic polymer and can be easily released into the ambient atmosphere 
and adhere to indoor particles and settled house dust (Clausen, Liu, Kofoed-Sorensen, Little, & 
Wolkoff, 2012; Zhang et al., 2021). 
   The research aims are to (1) examine the occurrence and variations of PM2.5-bound PAE 
congeners (i.e., DMP, DEP, DnBP, BBP, DEHP, and DOP) in residential indoors; (2) 
characterize the within- and between- home variability of PAE congeners in residential indoor; 
(3) investigate the potential sources of PAEs in outdoor and residential indoors.  
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2 METHODOLOGY 

 
PAE congener concentrations are reported in ng/m3. The Shapiro–Wilk test is used to check 
the normality of data. Seasonal variations of targeted PAEs were analysed using the Mann–
Whitney U test. Differences in PAEs between ambient and residential indoor were calculated 
using t test. The mixed-effects model was used to calculate the within-home variance (σ2w) 
and between-home variance (σ2b) in residential indoors [37]. Statistical analyses were 
performed in R 3.5.1. A p-value < 0.05 was considered statistically significant.  
    Average indoor-to-outdoor (I/O) ratios for PAEs were calculated. We used Spearman’s 
correlation coefficients (rs) to characterize the associations of PAE congeners in and between 
exposure categories. In addition, we applied principal component analysis (PCA) to identify 
the potential sources of PAEs in ambient and residential indoor. PCA was performed by using 
IBM SPSS Statistics (Version 26.0, Armonk, NY, USA: IBM Corp). 
 
3 RESULTS 

 
3.1 Characteristics of PAEs in residential indoor 

The reported ∑6PAEs accounted for an average of 1.8 ± 3.7% indoor PM2.5 level (35.1 ± 19.0 
μg/m3). Daily residential indoor ∑6PAEs concentrations varied from 0.8 to 3245.4 ng/m3 with 
an average of 646.9 ng/m3. Average DEHP (582.2 ng/m3) was presented at the highest level in 
residential indoor PM2.5, followed by BBP (65.5 ng/m3), DnBP (27.1 ng/m3), and DnOP (20.5 
ng/m3), accounting for 80.3%, 5.8%, 11.6%, and 1.6% of ∑6PAEs concentrations, respectively. 
DMP and DEP concentrations were one to two orders of magnitude lower than other PAE 
congeners because these low-molecular-weight (LMW) PAEs tended to be present in the gas 
phase. 
 

3.2 Ambient and residential indoor relationships  

Comparing the average concentrations of PAEs indoors and outdoors, the average I/O ratios of 
PAE congeners and ∑6PAEs ranged from 1.8 to 4.8 (Table 1). For paired data, indoor ∑6PAEs 
exceeded the corresponding outdoor levels in 33.3%–50.0% of households. The median I/O 
ratios for PAE congeners < 1. As for individual PAE congeners, the highest average I/O ratio 
was shown for DnBP (4.8), and there were significant differences for outdoor with indoor DnBP 
exposure (p = 0.02), suggesting that DnBP sources are primary in some residential indoors. 
Further, DMP and DEP concentrations in different exposure categories demonstrated no 
significant differences but higher average and median I/O ratios compared with other PAE 
congeners.  
 

3.3 Source identification 

Significant correlations were shown between DMP and DEP (rs = 0.72, p < 0.01) in residential 
indoor (Table 2). In addition, strong correlations for DEHP with DnBP (rs = 0.88; p < 0.01), 
BBP (rs = 0.83; p < 0.01), and DnOP (rs = 0.87; p < 0.01) were shown in residential indoor. 
Similarly, strong correlations were demonstrated outdoors. There are moderate correlations 
between DnBP with DMP and DEP in residential indoor, suggesting that there might be 
common sources for these compounds. No such associations were found outdoors. Outdoor 
monitoring at fixed sites could not capture indoor origin pollutants.  
    We applied PCA to explore the sources of particle-bound PAEs in PM2.5 (Table 3). For 
residential indoor PAEs, three principal components accounted for 88.3% of the total variance. 
Component 1 explained 33.5% of the total variance and comprised BBP (0.90), DnOP (0.93), 
and a lesser extent of DEHP (0.58), indicating the influence of widely used plasticizers in PVC 
and other polymer products. Component 2 in residential indoors was loaded with DnBP (0.96) 
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and DEHP (0.76), which explained 28.0% of the total variance. Component 3 accounted for 
26.8% of the data variance and had high loading of DMP and DEP, indicating the household’s 
non-plastic sources (cosmetics, perfumes, and personal care products). The indoor sources of 
PAEs are more diverse and complicated compared to outdoor sources. It is difficult to 
disentangle these sources because of a lack of specific observations concerning factors 
influencing indoor PAE exposure (e.g., plastic products, wall coverings, furniture, and building 
characteristics).  

Table 1. Summary statistics of PAE congeners and ∑6PAEs in residential indoor PM2.5 

  
Indoor 

(ng/m3)   

 

        
I/O ratio  

(no unit)       
 Mean ± SD Median 95th Min – Max N σ2

b (%) σ2
w (%) Mean ± SD Median Q1 – Q3g Nd 

DMP 0.17 ± 0.17 0.12 0.43 0.01 – 1.08 61 30.3 69.7 1.9 ± 4.3 0.81 0.52 – 1.46 57 
DEP 3.22 ± 3.07 2.21 9.25 0.05 – 16.11 62 23.7 76.3 2.3 ± 5.8 0.84 0.36 – 1.75 60 
DnBP 27.1 ± 24.9 21.2 71.10 0.1 – 129.0 63 0 100 4.8 ± 15.2 0.69 0.34 – 1.93 57 
BBP 65.5 ± 122.5 12.9 315.6 0.2 – 654.4 53 0 100 1.9 ± 3.5 0.27 0.03 – 1.71 41 
DEHP 582.2 ± 604.8 409.5 2007.4 0.4 – 2330.6 59 3.7 96.3 1.8 ± 3.3 0.46 0.16 – 1.75 50 
DnOP 20.5 ± 50.1 6.4 98.9 0.1 – 243.0 50 1.6 98.4 2.8 ± 7.5 0.45 0.06 – 3.04 40 
∑6PAEs 646.9 ± 734.1 471.8 2495.5 0.8 – 3245.4 63 7.2 92.8 3.2 ± 11.6 0.46 0.16 – 1.76 55 

 
Table 2. Spearman’s correlation matrix for PAEs. 

Residential indoor (I) DMP DEP DnBP BBP DEHP DnOP 

DMP 1 0.72** 0.30* -0.003 0.30* 0.05 
DEP 

 
1 0.07 -0.16 0.03 -0.04 

DnBP 
  

1 0.73** 0.88** 0.76** 
BBP 

   
1 0.83** 0.80** 

DEHP 
    

1 0.87** 
DnOP 

     
1 

Outdoor (O)             
DMP 1 0.68** 0.09 0.11 0.11 0.07 
DEP 

 
1 -0.0005 -0.16 -0.11 -0.21 

DnBP 
  

1 0.77** 0.90** 0.81** 
BBP 

   
1 0.90** 0.93** 

DEHP 
    

1 0.93** 
DnOP 

     
1 

I-O 0.14 0.02 0.03 -0.15 -0.13 -0.16 
P-I 0.23 0.17 -0.18 0.07 -0.03 -0.02 

 

Table 3. Factor loading of principal component analysis (PCA) on PAEs 

  Residential indoor    Outdoor   

Species PC1 PC2 PC3 PC1 PC2 
DMP * * 0.86 * 0.87 
DEP * * 0.91 * 0.87 
DnBP * 0.96 * 0.74 * 
BBP 0.90 * * 0.90 * 
DEHP 0.58 0.76 * 0.93 * 
DnOP 0.93 * * 0.87 * 
Eigenvalue 2.67 1.61 1.00 3.00 1.54 
% of variance  33.5 28.0 26.8 50.0 25.7 

 
 
4 CONCLUSIONS 

 
This investigation revealed a comprehensive picture of the abundance and composition of PAE 
congeners in outdoor and residential indoors. The within-home variances dominated the total 
variability of indoor PAE congeners. DEHP was the dominant PAE congener, contributing to 
80.3% of ∑6PAEs, followed by BBP, DnBP, and DnOP. The results showed strong 
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heterogeneity for PAE congeners, and no apparent intercorrelations were observed between 
outdoor and residential indoors. We further explored the emission sources of exposure to PAEs.  
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ABSTRACT 

Maintaining a good indoor air quality level has received growing attention in the past years. Especially the smaller 
particles like PM2.5 (particles of aerodynamic diameter less than 2.5 μm) and UFP (ultrafine particles, aerodynamic 
diameter less than 100 nm) might lead to higher health risks. Vehicle cabin is one challenging environment due 
to the elevated particle concentrations from the surroundings.   

The main protection against outdoor pollutants is from the filter in the vehicle HVAC (Heating, ventilation, and 
air conditioning) unit. During the past decade, the state-of-the-art solution has been synthetic filters with integrated 
activated carbons to also cope with gaseous pollutants. These conventional filters, however, are limited by factors 
including space, reduced efficiency whilst dust-loading, and relatively low efficiencies around the particle size of 
100-300 nm. Widely varying efficiency values (20%-90%) have been reported from different vehicles. 

There is now an interest to introduce filters with higher efficiencies, for example HEPA (High-Efficiency 
Particulate Air) filters in vehicles. Besides improved efficiencies, another advantage is that the efficiency does 
not decrease much whilst dust loading. The disadvantages are increased pressure-drop and space requirements, 
which make them harder to implement in the compact vehicle environment.  

One potential improvement in the short run is to use a HEPA-filter placed in the engine bay as a pre-filter, to 
protect and potentially extend lifetime of the HVAC filter. The combined particle filtration efficiency is improved, 
and the increased pressure-drop can be acceptable when the HEPA-filter has relatively large dimension. 

In this study two filter prototypes (EPA and HEPA level) were manufactured to investigate applications of pre-
filter in a production vehicle. Vehicle test with generated particles (NaCl and Di-Ethyl-Hexyl-Sebacat) and road 
particles were performed. The inside and outside particle concentrations were measured simultaneously under 
different fan speeds and combinations of prototypes. One prototype was aged and tested in the vehicle as well.   

The tested system showed considerably improved air quality, also with an aged filter. With pre-filters applied, the 
in-cabin UFP and PM2.5 removal could achieve 99%, much higher than the original filter alone (76% and 87% 
respectively). More importantly in the particle size range below 100 nm, higher than 97% removal was achieved 
for all sizes. The limitation of such system is mainly the added pressure-drop and space in the vehicle, which 
demands a balance with the improved filter efficiency. 
 

KEYWORDS 
Pre-filtration; HEPA; vehicle cabin; particulate matter 
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1 INTRODUCTION 

Maintaining a good indoor air quality level has received growing attention in the past years. 
One important focus is the airborne particulate matter, especially small particles like PM2.5 
(particles of aerodynamic diameter less than 2.5 μm) and UFP (ultrafine particles, aerodynamic 
diameter less than 100 nm). Epidemiology studies have stated their correlations with higher 
risks of respiratory and cardiovascular diseases (Mitsakou et al. 2007; Gan et al. 2011; Shiraiwa 
et al. 2017). 

Vehicle cabin is one challenging indoor environment due to elevated particle concentrations 
from surrounding traffic (Ramos et al. 2016). The main protection against outdoor particles is 
achieved by the vehicle heating, ventilation, and air-conditioning (HVAC) system through 
filtration, combined with improved airtightness and air recirculation. The efficiency of 
common vehicle HVAC filters have a wide distribution between reported values of 20% to 90% 
(Xu et al. 2011). Electrostatically charged multi-layer filters containing active carbon exist in 
premium car models. However these filters are mainly limited by loss of efficiency as electrical 
charges deteriorate, together with increased pressure-drop (dP) due to dust loading. Besides, 
these filters normally provide lower removal (down to 20%) at the most penetrating particle 
size (MPPS) around 100-300 nm (Xu et al. 2011).  

A comprehensive study on the state-of-the-art performance, including field measurements in 
cars (Wei et al. 2020), development of a model to simulate the air quality (Wei et al. 2022) and 
the energy use under different air recirculation (Wei et al. 2023) have been carried out.    

There is now interest to introduce filters with higher efficiencies, such as HEPA (High-
Efficiency Particulate Air) filters which have been used in appliances like air cleaners, clean 
rooms, nuclear industrial applications etc. (Xu et al. 2016). HEPA filters, according EN1822 
(CEN: European Committee for Standardization, 2019), have efficiencies equal to or above 
99.95% at the MPPS. EPA (Efficient Particulate Air) filters have efficiency equal to or above 
85% at MPPS. The dust loading, unlike traditional cabin filters, normally elevates the filtration 
efficiency due to the domination of mechanical filtration. While the obvious limitation is the 
high pressure-drop from the dense material design. Accordingly, there is increased demand of 
space to limit the pressure-drop, which is more complex to meet in the vehicle context in 
comparison to more common building applications. Elevated pressure-drop in the vehicle 
climate system means higher energy consumption to deliver the same airflow, and higher risks 
of noise, vibration, and harshness (NVH) problems. 

Xu et al. (2013) performed measurements on HEPA filters applied in airlines. Filter usage 
between 2000-8000 hours contributed to around 10% of efficiency increase, however 800% of 
pressure-drop increase. Lee and Zhu (2014) studied applying improved filters in vehicles, 
which showed up to 93% removal of UFP, yet lead to 7% to 22% decrease of the airflow rate. 
There have also been investigations of building an auxiliary HEPA filtration box inside a 
modified van to filter the in-cabin air, which showed that more than 97% of UFP was removed 
(Zhu et al. 2008). The application however requires large modification, e.g., the entire first row 
of seats was removed. 

This study investigates one potential improvement, an EPA/HEPA-filter placed in the engine 
bay as a pre-filter for the original HVAC-filter. Both lab and road measurements were 
performed in a slightly modified vehicle, under common climate settings. Reduction of PM2.5 

and UFP were compared under different filtration scenarios: original HVAC filter, two-step 
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filtration; and with different particle types: road, DEHS (Di-Ethyl-Hexyl-Sebacat) and NaCl. 
Other factors including pressure-drop, and practical installation limitations in the vehicles are 
investigated. 

 

2 METHODS  

2.1 Filter Prototypes  

All the studied filters are listed in Table 1. Two pre-filter prototypes were manufactured in 
collaboration with an industry partner. The filter dimensions are designed according to 
available space in an existing production vehicle’s thermal bay. The two prototypes (P1, P2) 
have similar design, pleated particle filter (no activated carbon) made of multi-layer synthetic 
fiber. P2 (HEPA level) has slightly higher efficiency than P1 (EPA level). The tested vehicle 
has an original HVAC filter, which is an electrostatically charged multi-layer synthetic filter 
with activated carbon. The main difference of pre-filters is the media design (e.g., material, 
diameter), which allow them to achieve much higher efficiencies than conventional HVAC 
filter. Both prototypes could be stacked with a coarse protection filter of the same dimension, 
for the purpose of extending the lifetime. P2 was also loaded with ISO 12103-1 A2 Fine Dust 
(International Organization for Standardization, 2016) and environmental cycle until pressure-
drop increased by 50 Pa (80 L/s) compared to new status, to represent an aged filter status.  
Pictures of filters are shown in  

Figure 1. The prototypes are also tested at certified filter test agency for pressure-drop, 
efficiency values following the standard for vehicle compartment filters DIN 71460-1 (German 
Institute for Standardization, 2006).  

 

Table 1: Prototype dimensions and status 

Filter  Type size status 

P1  EPA synthetic filter 400*314* 30 mm new 

P2  HEPA synthetic filter 400*314* 30 mm new 

P2 HEPA synthetic filter 400*314* 30 mm aged  

P1 + protection filter 
(Two pieces stacked) EPA synthetic filter + protection particle filter 400*314* 30 mm * 2 pcs  new 

P2 + protection filter 
(Two pieces stacked) HEPA synthetic filter + protection particle filter 400*314* 30 mm * 2 pcs  new 

Original HVAC filter Synthetic filter with activated carbon 247*289*40 mm new 
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Figure 1 Filter prototypes. Left: P1, Middle: P2, Right: original HVAC filter 

2.2 Instrumentation 

Two inter-calibrated GRIMM MiniWRAS (Mini Wide Range Aerosol Spectrometer) model 
1.371 were used in the rig and vehicle measurements. The instrument measures particles of 
aerodynamic diameter from 10 nm to 35 μm, distributed into 41 channels with log interval of 
one minute. The measurable mass concentration range is 0.1 μg/m3 to 100 mg/m3 (GRIMM, 
2023). The mass and number concentration of all size channels are acquired, including PM2.5, 
UFP counts from 10 nm to 100 nm. Annual calibration was performed by supplier and 
automatic self-test done by instrument at each start-up. 

Two TSI Portable Test Aerosol Generators (Model 3073) were deployed to generate test dust 
of NaCl and DEHS. These atomizer-type devices generate particle concentrations from 85 /cm3 
to >107 /cm3 and has an output flow rate adjustable from 0.3 to 4.5 L/min. According to 
specification the generated DEHS aerosol distribution has mode diameter between 0.15 to 0.3 
µm, and for NaCl 0.05-0.2 µm (TSI, 2023). 

 

2.3 Vehicle measurement 

The prototypes (P1, P2) were installed in a production vehicle’s thermal bay as pre-filters 
(VOLVO XC40 BEV model-year 2021) as shown in Figure 2. Part of the original storage 
accessory was removed and replaced with a 3D-printed filter holder, which was connected to 
the original HVAC system air inlet. The air intake to the pre-filter is from the front grille. The 
holder is designed so that the hood could be closed as normal. The vehicle measurements were 
performed both inside an indoor vehicle test room with generated particles, and in a road tunnel 
in Gothenburg, Sweden (at emergency parking). On both occasions the vehicle was standing-
still with climate system operating.  

 

Figure 2 Pre-filter prototype installation in an existing production vehicle‘s thermal compartment 
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Vehicle measurements were performed between February and June 2022. The measurement 
method is the same as described in the Methods section of a previous paper (Wei et al. 2020). 
Here a brief description is given.  

The climate settings were AC off and desired temperature of 22 ℃, as well as a constant ratio 
of airflow at panel and floor vents, no air recirculation. The varied climate parameters are 
mainly the airflow rates (extra low (Xlow), low, medium, high), which were controlled by a 
software connected to the vehicle climate control unit (Estimated airflow rates at these 4 levels 
are around 20, 40, 60, 85 L/s respectively). Different scenarios were tested: original HVAC 
filter alone, and pre-filter (P1 or P2) + original HVAC filter.  

The in-cabin and outside particle concentrations were measured simultaneously. An outside 
sampling tube was placed in front of the pre-filter. The inside sampling tube was placed above 
the middle armrest between the front seats. A data collection interval of around 5-10 minutes 
is logged when the in-cabin concentration is relatively stable. At least 3 repetitions were logged 
for each combination of parameters, leading to in total 164 valid datasets collected. 

 

3 RESULTS 

3.1 Removal of UFP and PM2.5 from generated particles  

The average in-cabin removal percentage of PM2.5 and UFP with generated particles are 
presented in Table 2. Different filter combinations are compared. The removal percentage is 
calculated from the simultaneously measured inside to outside (I/O) concentration ratio, i.e., 
Removal percentage = 1 –I/O ratio. The mass concentration of PM2.5 (μg/m3) and count 
concentration of UFP (N/cm3) are used in calculation. All the data points are the means of 
repetitions under the same test conditions.  

Table 2 Comparison of in-cabin removal percentage of UFP and PM2.5 with different filter combinations and 
dust type (DEHS and NaCl). Original: the original HVAC filter alone. Airflow Low level (around 40 L/s), no 
recirculation. Standard deviations are not presented due to smaller than 3% units in all cases. Each arithmetic 
mean is based on around 20 repetition samples. 

 PM2.5 removal percentage 

Arithmetic Mean  

UFP removal percentage 

Arithmetic Mean 

 NaCl DEHS NaCl DEHS 

Original  94.6% 98.2% 94.5% 78.2% 
P2 + Original  99.8% 99.9% 99.9% 99.1% 

P2 aged + Original 99.9% 99.9% 99.9% 98.2% 

 

Table 2 shows that application of P2 as pre-filter achieved removal percentage higher than 99% 
in all conditions for both PM2.5 and UFP. Even after P2 is loaded with dust to represent aged 
status, 98% removal was maintained. In comparison, when only the vehicle’s original HVAC 
filter is installed, average removal of DEHS UFP is 78%, which is lower than NaCl UFP 
removal of 94%. The atomized aerosols in this study are not neutralized. According to 
investigation from Shi et al. (2013), DEHS is practically without electrical charges. This could 
result in the original HVAC filter has lower efficiency of removing the DEHS UFP. 
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Furthermore, independent sample t-tests were performed on results in Table 2 and p-values are 
summarized in Table 3. All comparisons showed statistically significant difference, except that 
P2 aged+Original is able to maintain the same level of UFP NaCl removal as P2 + Original. 

Table 3 P values of independent sample t-tests between three filter combinations, categorized by particle type 
and particle size. 

 PM2.5 UFP 
 NaCl DEHS NaCl DEHS 

Original & P2+Original 4.15E-11 3.62E-10 4.50E-09 2.44E-11 
Original & P2 aged +Original 2.55E-11 5.73E-10 4.52E-09 2.38E-11 

P2 + Original & P2 aged +Original 1.81E-03 1.48E-03 4.44E-01 1.32E-02 
3.2 Removal of UFP and PM2.5 from road particles  
 

Table 4 Comparison of in-cabin removal percentage of UFP and PM2.5 with different filter combinations. 
Measurements performed with road particles in Lundby tunnel, Gothenburg, Sweden. Original: the original 
HVAC filter alone. Airflow Low level (around 40 L/s), no recirculation.  

 Removal percentage of road particles 

 PM2.5 UFP 
 Arithmetic 

Mean 
Standard 

Deviation 

Arithmetic 

Mean 
Standard 

Deviation 

Original  86.8% 3.9% 75.7% 5.9% 
P1  97.6% 0 93.1% 0 
P2 98.3% 0.5% 98.7% 0.5% 
P1 + Original 99.7% 0 96.0% 0 
P2 + Original 99.1% 0.7% 99.3% 0.6% 

 

In Table 4 the similar comparison of particle removal percentage is presented for 
measurements performed on the road. Clearly the application of pre-filter, either P1 or P2 
enhances the removal of particles. Especially with P2 as pre-filter, the removal of UFP and 
PM2.5 is 99%. The original filter removes only 76%-87% of particles. Applying P1 as pre-filter 
improves the UFP removal up to 96% and PM2.5 to 99%. 

 

3.3 Size-resolved removal percentage of particles 

Generated particles and road particles have different size distributions, and the removal 
percentages vary with size.  Figure 3 presents the comparison of size-resolved removal 
percentage of all particles. When only the HVAC filter is installed, the removal at MPPS is 69% 
for road particles, 70% for DEHS and 87% for NaCl. The combination of original HVAC filter 
with P2, either new or aged, lead to an enhancement. In all sizes, higher than 97%, up to 99% 
removal of particles are achieved. This enhancement is very important since UFP has more 
potential of entering human body, thus lead to cardiovascular problems.  
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Figure 3 Size-resolved in-cabin removal percentage of particles in the vehicle measurements. NaCl, DEHS and 
road particles are compared. Plotted data are the average of all repetitions. Original: the original HVAC filter 
alone. Airflow Low level (around 40 L/s), no recirculation. The P2 aged+original line almost overlap with 
P2+Original line in all graphs. 
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3.4 Pressure-drop 

 

 

Figure 4 Pressure-drop of filter prototypes measured following standard DIN 71460-1. Test airflow 80L/s 

Figure 4 presents the pressure-drop of filter prototypes under airflow 80 L/s measured in 
certified agency, following the standard DIN 71460-1, Air filters for passenger compartments. 
The pressure-drop of P2 is higher than P1 due to the filter media and layer design. When a 
protection filter is applied before, 8 Pa and 12 Pa are added on P1 and P2 respectively.  

It should be noted that the dimension of original filter is smaller than the pre-filter (see Table 

1). P1 has similar level of pressure-drop as the original HVAC filter, which means the 
application of pre-filter almost doubles the total pressure-drop from filters. The influence on 
the climate system operation, specifically the fan power depends on the fan control strategy. 

 

4 DISCUSSION 

The same filters showed somewhat different removal percentages when tested with different 
aerosols. This could be related to the particle characteristics such as size distribution, which 
influences the filtration performance, and also particle loss in the ducting etc. These factors are 
now discussed. 

Figure 5 presents four examples of different particle size distributions, for NaCl, DEHS, road 
air in this study, and a previous road air measurement in China (Wei et al. 2020) respectively. 
All examples have outside PM2.5 concentration around 100 μg/m3. While from the figure it’s 
observed that the particle distributions are quite different.  

The road measurement in this study has a large mass portion around 100 nm and 3 μm. The 
previous China measurement however has more mass in the nano-meter range, with two peaks 
around 100 nm and 3 μm. The NaCl and DEHS are more focused in only one peak, around 100 
nm and 2 μm respectively. When the count distribution is compared, a different trend is that all 
the examples only have one mode around 70-100 nm. And DEHS has 5-15 times lower count 
concentration in the mode size than others.   
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Figure 5 Outside air particle size distribution comparison of both count concentration (N/cm3) and mass 
concentration(μg/m3). Examples of the generated dust of DEHS, NaCl, road air in this study and a previous 
measurement in China 2019 (Wei et al. 2020) are compared. Four examples all have PM2.5 concentration around 
100 μg/m3

 

This comparison point out that, different aerosol types would mean different challenges for 

the filters, and thus different removal of PM2.5 or UFP. For example, the NaCl mass size 

distribution is close to the MPPS which may lead to a low PM2.5 removal as opposed to the 

case with DEHS in Table 2Table 2 Comparison of in-cabin removal percentage of UFP and PM2.5 with 
different filter combinations and dust type (DEHS and NaCl). Original: the original HVAC filter alone. Airflow 
Low level (around 40 L/s), no recirculation. Standard deviations are not presented due to smaller than 3% units 
in all cases. Each arithmetic mean is based on around 20 repetition samples. 

 PM2.5 removal percentage 

Arithmetic Mean  

UFP removal percentage 

Arithmetic Mean 

 NaCl DEHS NaCl DEHS 

Original  94.6% 98.2% 94.5% 78.2% 
P2 + Original  99.8% 99.9% 99.9% 99.1% 
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P2 aged + Original 99.9% 99.9% 99.9% 98.2% 

, which has a peak mass concentration at far larger particles where the filter efficiency is 
high. 

On the other hand, when the MPPS efficiency is compared in Figure 3, DEHS and road 
particles show similar values around 70%, yet NaCl with substantially higher 84%. One 
possible reason could be that the NaCl aerosol can be expected to have more electrostatic 
charges. 

It should also be noted that the removal percentages are reflecting the particles lost in the filter 
and other surface in the HVAC system. Qi et al. (2008) have reported 8% in non-winter 
condition and 39% in winter of particle removal when no filter is installed in the vehicle. This 
value would be influenced by the particle type. Moreover, the modification of ducting in this 
study added more surface and duct bends, where particle losses are more likely to happen 
compared with straight ducts (Jeong et al. 2009). 

In general, vehicle tests with real particles from roadways may differ from the vehicle test and 
laboratory test with standardized particles (Lee and Zhu 2014). Road measurements are closer 
to the real application scenarios, while standardized test rigs provide stable and more repeatable 
conditions. A combination of extensive test methods would be beneficial. To correlate the 
results, for example the NaCl possibly need to be neutralized according to Shi et al., (2013). 
Another useful measure is to compare the MPPS efficiency in addition to the total removal of 
PM2.5 or UFP, where the comparison is more straightforward in a narrow size range. 

 

5 CONCLUSION  

This study investigates the application of a pre-filter in an existing vehicle with small 
modifications, which improves the overall particle removal, and thus the cabin air quality.  

Two prototypes were tested feasible with regards to achieving better cabin air quality. The 
vehicle removal of PM2.5 was improved from 87% to 99% with both prototypes. The removal 
of UFP was improved from 76% to above 96% with prototype 1 and 99% with prototype 2. 
This performance was also maintained with an aged prototype 2. It means that the service 
interval is possibly mainly dependent on the pressure-drop increase and other aspects like gas 
absorption, microbial growth etc., not the particle efficiency. 

On the other hand, the choice of filter quality in real vehicles would be a complex balance 
between filtration efficiency, dimension, cost, climate comfort and pressure-drop to reduce the 
fan power, i.e. the energy consumption and to reduce NVH problems. For example, the 
application of P1 would give considerable improvement on filtration as well as adding lower 
pressure-drop. The cost per filter unit is also normally lower for P1 than P2. 

Furthermore, the pre-filters with a protection filter had similar performance and slight increase 
of the pressure-drop; around 10 Pa. It could possibly extend the pre-filter lifetime if space is 
adequate. The studied pre-filters could also be applied alone to filter particles effectively, which 
however demands proper design to required gas absorption.  

This study also aimed at contributing to the development of vehicle particle filtration test 
methods, especially by comparing on road tests and lab tests with generated particles. Different 

Peer Reviewed Paper

299 | P a g e



characteristics and behaviours of particles are observed. The same vehicle test setup of original 
HVAC filter removes 76% of road UFP, while corresponding values for DEHS and NaCl are 
78% and 94%. This points out the need of further correlating standardized tests with real road 
conditions, where the latter is the user scenario.  

The findings provide inputs to the design of vehicle climate system with good air quality and 
pressure-drop balance. Relationships among efficiencies, pressure-drop and filter age could be 
further studied to facilitate the decision on proper filter service interval.  
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ABSTRACT 
 
The risen awareness of improved indoor air quality has resulted in an increased energy demand for HVAC systems 
due to higher air exchange rates and the additional operation of air purifiers. Therefore, the need for energy-
efficient methods to improve indoor air quality has grown. In this experimental study, we develop an innovative 
wet scrubber concept to remove solid particles from the airflow. In contrast to conventional wet scrubbers, this 
concept uses a perforated plate and the hydrostatic pressure to feed water droplets into the air stream. The absence 
of injectors reduces the energy demand compared to common wet scrubbers, as the required pressure to generate 
the water droplets is significantly lower. In addition, the larger droplet sizes enable the usage of a matching droplet 
separator with negligible pressure drop. Within the scope of this work, we investigate the particle removal 
efficiency and the pressure drop for a range of ambient conditions, which represent the different seasons: summer, 
winter and transition period. Furthermore, we analyze three different volume flow rates of water to cover a broad 
spectrum of droplet formation regimes. In the scenarios investigated, we measure a pressure drop of 4 – 7 Pa and 
a particle removal efficiency of up to 38 %. The results show that the ambient conditions have little influence on 
the particle removal efficiency. However, the presented wet scrubber concept displays the same behavior as 
common wet scrubbers, where the particle removal is less efficient for smaller particles. The investigated wet 
scrubber concept demonstrates a significant decrease in particle removal efficiency for droplets with a diameter 
below 4 μm. Higher water flow rates improve the particle removal efficiency but also increase the pressure drop 
across the wet scrubber. 
 

KEYWORDS 
 
wet scrubber, removal efficiency, energy efficient, particle, pressure drop 
 
1 INTRODUCTION 

 
Air pollution is one of the greatest environmental risks to human health. Ambient air consists 
of many harmful substances, which originate from numerous natural and anthropogenic 
sources. Among the various pollutants, fine and coarse particulate matter is one major 
contributor. They can penetrate deeply into the respiratory tract and increase mortality and 
morbidity even at low concentrations (World Health Organization, 2016). Many studies have 
shown that particulate matter is positively associated with an increased risk for cardiovascular 
diseases and respiratory diseases that, as a result, lead to increased hospital admissions (Adar 
et al., 2014; Beelen et al., 2014; Lu et al., 2015; Hystad et al., 2020; Yee et al., 2021). 
Therefore, the removal of fine and coarse particulate matter from the supply air of buildings is 
necessary to improve indoor air quality and reduce the risk to human health. Fabric filters and 
wet scrubbers are common and efficient technologies in practical applications. Fabric filters are 
easy to install and can filter up to 99.99 % of the particles contained in the air stream. However, 
they are only useable in dry conditions due to fouling and need to be replaced periodically due 
to clogging caused by particulate build-up over time. In comparison, wet scrubbers are less 
efficient at removing particulate matter, especially at small particle sizes. However, they have 
the advantage of filtering both solid and gaseous pollutants and can be used in high humidity 
conditions (Cheremisinoff, 2002).  
There are different wet scrubber concepts, which differ in particle removal efficiency and 
pressure drop in the airflow. The simplest wet scrubbers are spray towers or spray columns. 
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They achieve particle removal efficiencies of 90 % or higher for particles that are larger than 
5 μm. However, the efficiency drops to 50 % or less for particles that are smaller than 3 μm. 
Cyclonic wet scrubbers and venturi scrubbers achieve higher efficiencies due to higher relative 
velocities and higher turbulence at the expense of higher pressure drops. Venturi scrubbers can 
achieve up to 99 % particle removal efficiency for particles larger than 1 μm. For submicron 
particles, the efficiency drops to 50 %. The pressure drop across a venturi scrubber can vary 
between 2400 Pa and 37 000 Pa. Higher velocities in a venturi scrubber will result in higher 
efficiencies but also to increased pressure drops (Schifftner and Hesketh, 2017).  
Table 1 shows the particle removal efficiencies, the pressure drops and the particle sizes 
investigated in previous particle removal studies of wet scrubbers. (Biswas et al., 2008) 
investigated the influence of various parameters on the hydrodynamics of a counter-flow spray 
column. They found that the pressure drop increases with rising gas flow rates, liquid flow rates 
and solid loading conditions in the inlet. The droplets were in the range of 80 – 200 μm. (Raj 
Mohan and Meikap, 2009) investigated a two-stage “spray-cum-bubble” column scrubber to 
remove particulate matter in the range of 1 – 200 μm. This concept consists of a bubble column 
mounted above a spray column with a twin fluid air-assist atomizer. They studied the particle 
removal efficiency for varying water heights, gas flow rates and spray liquid flow rates. The 
droplets were in the range of 80 – 200 μm. They found that the contribution of the spray section 
of the combined wet scrubber is prominent. However, the bubble section can remove very fine 
particles that escaped the spray section. (Zhao and Zheng, 2008) performed a numerical flow 
simulation analysis of a gravitational wet scrubber with electrostatically charged particles and 
droplets. They found that the electrostatic enhancement increases the removal efficiency. (Lee 
et al., 2013) developed a turbulent wet scrubber by using high-velocity supply gas to displace 
water in a water reservoir, which creates droplets and turbulence. They found that the particle 
removal efficiency and the pressure drop increased with increasing water levels and gas flow 
rates. (Hu et al., 2021) conducted an experimental study on the particle removal efficiency of a 
wet scrubber with a radial mixing impeller. The mixing impeller generates a fine mist with the 
supplied water and separates the water-dust mixture through centrifugal force. They varied the 
number of blades and the water intake. The mixing impeller with 16 blades and medium water 
intake achieved the highest particle removal efficiency. The pressure drop increased with 
increased water intake. However, the particle removal efficiency did not correlate linearly with 
the number of blades. (Qian et al., 2022) proposed a numerical model to consider particle 
aggregation and particulate removal with a cyclonic wet scrubber with swirling flow. The gas 
flow rate, spray flow rate and particle concentration were varied to investigate the particle 
removal efficiency. High turbulent kinetic energy facilitated the high particle removal 
efficiency because turbulence supports particle aggregation. Furthermore, a big contact area 
between droplets and particles due to higher water flow rates was also positively associated 
with particle removal efficiency.  

 

Table 1: Literature overview of particle removal efficiency, pressure drop and particle sizes 

Author Particle removal 

efficiency / % 

Pressure drop 

/ Pa 

Particle sizes 

/ μm 

Wet scrubber 

Biswas  100 – 327  2 – 200  Counter-flow spray Columns 
Raj Mohan 57.5 – 99.3    2 – 200  Spray & bubble column scrubber 
Zhao 5  < 1  Gravitational wet scrubber, no charge  
 99  < 1  Gravitational wet scrubber, charged 
Lee 87 – 99  1176 – 2157  > 0.95 Turbulent wet scrubber 
 43 – 79  1176 – 2157 < 0.95 Turbulent wet scrubber 
Hu 96 170 0.8 – 75  Radial mixing impeller, 16 blades 
 86 264 0.8 – 75 Radial mixing impeller, 20 blades 
Qian 99.7  1 – 12.1  Cyclone water spray, swirling gas flow 
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Previous studies on wet scrubbers regarding particle removal mainly focus on different 
approaches to improve the removal efficiency of particulate matter, especially fine particles. 
These modified wet scrubber concepts can remove even fine particles very well. However, the 
studies do not consider the energy demand required to remove the particulate matter. With 
increasing particle removal efficiencies, the need for energy efficient methods has grown. Wet 
scrubbers are rarely used in residential buildings. They are mostly part of industrial applications 
with high particle loads in the exhaust air, such as coal combustion (Qian et al., 2022). 
In this study, we investigate a wet scrubber concept, which aims at reducing the operational 
energy demand by reducing the pressure drop across the wet scrubber and by modifying the 
droplet generation method. We replace the spray injection of water droplets that wet scrubbers 
commonly use with a perforated plate and the droplets are fed into the airstream by dripping 
through the perforated plate. This reduces the required power to feed water into the wet scrubber 
because spray injections usually require a substantial pump head. Furthermore, the generated 
droplets in this wet scrubber feature a bigger diameter than droplets generated by spray 
injection. Hence, a droplet separator for bigger droplets with less pressure drop can be used to 
remove excess water droplets from the supply air vent (Bürkholz and Muschelknautz, 1972). 
 
2 EXPERIMENTAL SETUP 

 
2.1 Ventilation test bench 

In order to analyze the removal efficiency and pressure drop of this wet scrubber concept we 
develop a test bench. Figure 1 shows the developed wet scrubber test bench and the positions 
of the utilized sensors. The air duct features a 300 mm x 300 mm cross-section, which tapers 
into a 130 mm diameter pipe at the end. The first HEPA filter at the beginning of the air duct 
removes ambient particulate matter in the supply air. An aerosol generator feeds the particles 
into the airflow downstream of the first HEPA filter. The particle feed’s nozzle is positioned in 
the center of six horizontal cylinders that are staggered vertically. Each cylinder has a diameter 
of 35 mm. This cylinder arrangement introduces additional turbulence and facilitates a 
homogenous distribution of the particles within the air duct. A calming section of 1000 mm 
between wet scrubber section and cylinders enables particle mixing into the airflow and a 
homogenous flow structure. At the end of the wet scrubber section, a honeycomb structure with 
a depth of 80 mm and at an angle of 13° to the vent acts as a droplet separator. Another 
honeycomb structure with a depth of 40 mm directly downstream of the first one acts as a flow 
straightener. The honeycomb structures in this study have a diameter of 9 mm. The second 
HEPA filter downstream of the wet scrubber section protects the fan at the end of the pipe from 
the remaining particulate matter in the airflow. 

 
Figure 1: Schematic diagram of test bench 
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2.2 Wet scrubber section 

The wet scrubber section consists of a water basin on top of the air duct, a perforated plate, a 
collection tank below the air duct, honeycomb structures, a pipe system and a pump. Figure 2 
shows the perforated plate that separates the water basin from the air duct. The plate has a 
thickness of 1 mm. 

 
Figure 2: Perforated plate, dimensions in mm 

 
Another horizontal honeycomb between the air duct and the collection tank prevents falling 
drops from bouncing back into the air duct after impinging on the water surface. A pipe system 
connects the water basin and the collection tank. It contains a pump, a line regulating valve and 
a filter. The pump circulates the water within the pipe system and controls the water mass flow. 
The line regulating valve supports pump control at low water flow rates by increasing the 
pressure drop and shifting the system’s characteristic curve into the operating range of the 
pump. The filter has a 0.6 mm mesh and protects the pump from coarse particulate matter. 
 
2.3 Sensors 

A differential pressure sensor measures the pressure drop Δ𝑝rw across the wet scrubber section. 
Another differential pressure sensor measures the pressure difference relative to the ambient air 
Δ𝑝u. This measurement allows the pressure in the duct to be monitored and adjusted in the case 
of overpressure. The pressure within the duct has a significant effect on the droplet shape due 
to the low pressures used to generate the droplets in this wet scrubber concept. A third 
differential pressure sensor measures the pressure drop Δ𝑝f across the first HEPA filter to 
monitor the clogging of the filter. We use combination sensors to measure the temperature and 
the relative humidity before (𝐹1, 𝑇1) and after (𝐹2, 𝑇2) the wet scrubber section. A temperature 
sensor measures the water temperature 𝑇w within the water basin. The water temperature is not 
controlled in this study. An optical particle sizer (OPS) measures the particle sizes and particle 
size distribution. The measurable particle sizes range from 0.3 – 10 μm. A 9 mm probe in the 
center of the air duct is installed 470 mm downstream of the wet scrubber area (𝐴1). It is 
oriented parallel to the flow direction and guides the collected particles through a 90° elbow 
tube into the OPS. An external vacuum pump is connected to the probe to ensure isokinetic 
sampling. A venturi throttle in accordance to DIN 51678-1 measures the airflow rate 𝑉�̇�. The 
fan of the test bench uses this measurement to adjust its fan speed according to the external air 
supply settings. An electromagnetic flowmeter measures the water volume rate �̇�W in the pipe 
system. The programmable logic controller monitors the sensor values and adjusts the water 
and airflow rates. It measures the sensor data every 10 ms and averages the values. 
An external air supply system provides the test bench with conditioned air via a tube. Figure 3 
shows the setup of this external system. The air supply system consists of a sorption dryer, a 
fan, a cooler, a heater, a steam humidifier and various valves. The air supply system sucks in 
ambient air and conditions it according to the set boundary conditions. The different valves 
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regulate the airflow within the system and into the test bench. The supply system controls 
temperature and humidity using the sensor values of the wet scrubber test bench. 

 
Figure 3: Schematic diagram of air supply system (Kremer and Mathis, 2020) 

 
3 EXPERIMENTAL METHODS 

 
During this study’s experiments, the airflow rate is kept constant at 560 m3/h. The aerosol 
mass flow rate is also kept constant throughout all experiments at 1.11 g/h. To evaluate the 
performance of the wet scrubber we define the particle removal efficiency 𝜂 as: 
 𝜂 = 1 −

𝐾𝑤𝑒𝑡

𝐾𝑑𝑟𝑦
 (1) 

where 𝐾we𝑡 and 𝐾dry are the particle numbers per cubic meter with and without the wet scrubber 
running, respectively. The particle removal efficiency and the pressure drop are investigated 
for three different scenarios, which differ in temperature and humidity. Table 2 sums up the 
boundary conditions for each scenario.  

Table 2: Boundary conditions of investigated scenarios 

Scenario Temperature [°C] Rel. Humidity [%] 

Summer 32 30 
Transition 13 55 
Winter 3 72 

 
An experiment to determine the particle removal efficiency consists of two phases. In the first 
phase, the particle concentration is measured without the wet scrubber running. In the second 
phase, the measurement is performed under the same boundary conditions with an active wet 
scrubber. In each phase, the particle concentrations are measured for five minutes. These 
concentrations are used to calculate the particle removal efficiency. After each phase, a five-
minute break is included to prepare for the next phase. The break after phase one ensures that 
there is sufficient time for the water in the water basin to reach a stationary level. The pause 
after phase two allows sufficient time for the water basin and the duct walls to dry. 
The water flow rate is used to determine the critical Weber number. The critical Weber number 
defines the transition from dripping to jetting. (Clanet and Lascheras, 1999) experimentally 
determined the critical Weber number for the transition from dripping to jetting for needles. 
Although the present study does not investigate needle dripping, the findings from Clanet will 
be used to approximate the transition boundaries for our perforated plate. The critical Weber 
number for the transition from periodic dripping to chaotic dripping and from chaotic dripping 
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to jetting are approximately 1.07 and 3.16, respectively. Table 3 summarizes the regimes and 
the Weber number for the investigated water flow rates. The investigated water flow rates 
(2 m3/h, 4 m3/h and 6 m3/h) cover three different regimes. 

Table 3: Droplet Regime 

Water flow rate Weber Number Regime 

2 m3/h 0.74 Periodic dripping 
4 m3/h 2.96 Chaotic dripping 
6 m3/h 6.65 Jetting 

 
The OPS uses scattered light to determine the optical diameters of the particles. It divides the 
particle into 17 bins. From now on, unless otherwise noted, the diameter will always refer to 
the optical diameter. Table 4 shows the particle size ranges each bin covers. The OPS cannot 
size particles with a diameter greater than 10 μm and assigns them to bin 17. 

Table 4: OPS bin particle size range 

Bin 1 2 3 4 5 

Range [μm] 0.3 - 0.374 0.374 – 0.465 0.465 – 0.579 0.579 – 0.721 0.721 – 0.801 
Bin 6 7 8 9 10 

Range [μm] 0.801 – 1.001 1.001 – 1.391 1.391 – 1.732 1.732 – 2.156 2.156 – 2.501 
Bin 11 12 13 14 15 

Range [μm] 2.501 - 3 3 – 4.162 4.162 – 5.182 5.182 – 6.451 6.451 – 8.031 
Bin 16 17    

Range [μm] 8.031 - 10 > 10    
 
For each of the investigated cases ten experiments are performed. The measurements are 
averaged in each case and the uncertainty of the measurement is determined according to 
(JCGM, 2008). 
 
4 RESULTS 

 
Figure 4 illustrates the particle count for each bin on a logarithmic y-scale for a case without 
active wet scrubber. The bin with the smallest particles (0.3 – 0.374 μm) has the highest number 
of particles with a count of approximately two million particles. The particle count decreases 
with larger particle sizes. Bin 6 and bin 9 show a slight deviation from the overall trend as their 
particle count is higher than both their neighboring bins. The bin with the largest particle sizes 
(> 10 μm) consists of approximately 370 particles. 

 
Figure 4: Particle count for one experiment without wet scrubber running 

Figure 5 shows the pressure drop of the investigated wet scrubber over the water flow rate for 
all cases. The pressure drop increases with higher water flow rate. Depending on the water flow 
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rate, the pressure drop ranges from 3.6 Pa to 6.9 Pa. The difference in pressure drop among the 
first three settings is 1 Pa on average. There is, however, a slight jump of approximately 2 Pa 
in the pressure drop at the highest water flow rate investigated.  

 
Figure 5: Pressure drop over water flow rate of all cases 

 
Figure 6 displays the particle removal efficiency over the particle bins for the transition scenario 
at the three investigated water flow rates. The particle removal efficiency for bin 12 
(3 – 4.162 μm) and lower bins is negative. This indicates that the particle count in the 
measurements with an active wet scrubber is higher than in the measurements with an inactive 
wet scrubber. In bin 13, the particle removal efficiency is positive for the highest water flow 
rate of 6 m3/h only. Starting from bin 14, the particle removal efficiencies are positive. In these 
bins, the particle removal efficiency increases with rising water flow rate and larger particle 
sizes. The efficiency rises up to 29 % for the largest particle sizes at the highest water flow rate. 
The uncertainty bars indicate a very good repeatability of the measurements at low bin numbers. 
The uncertainty increases with higher bin numbers to ±3 percentage points (pp). The negative 
particle removal efficiencies range from -1.2 % to -3 % with an uncertainty of approximately 
±0.23 to ±0.36 pp. The most negative particle removal efficiency occurs in bin 6 for a water 
flow rate of 4 m3/h. The described behavior can also be observed in the other scenarios. 
 

 
Figure 6: Particle removal efficiency for different water flow rates over the particle bins in the transition scenario 

Figure 7 shows the particle removal efficiency for the various scenarios at a water flow rate of 
2 m3/h (top), 4 m3/h (center) and 6 m3/h (bottom). At a water flow rate of 2 m3/h, negative 
particle removal efficiencies occur in bins 14 and lower. The transition scenario shows the 
highest particle removal efficiency at approximately 14 % for particle sizes larger than 10 μm. 
Overall, all scenarios achieve similar efficiencies in all bins except in bin 17, where the 
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transition scenario has an approximately 6 pp higher efficiency than the other scenarios. At a 
water flow rate of 4 m3/h, the efficiencies behave similarly to the cases with a water flow rate 
of 2 m3/h. However, in the higher bins, the positive particle removal efficiencies of the 
different scenarios are in the same range. At a water flow rate of 6 m3/h, the particle removal 
efficiency in the summer scenario is about 8 – 10 pp higher than in other two scenarios, which 
show similar efficiencies. Across all water flow rates similar negative particle removal 
efficiencies are detected in the lower particle bins. In analogy to Figure 6 the particle removal 
efficiency increases for higher water flow rates in all scenarios. 

 
Figure 7: Particle removal efficiency for all scenarios at 2 m3/h (top), 4 m3/h (center) and 6 m3/h (bottom) for 

all particle bins 

 
5 DISCUSSION 

 
The high particle count in the lower bins allows for a better repeatability among the 
measurements because stochastic deviations are less significant compared to the total count. 
The pressure drop across the investigated wet scrubber is 1 – 2 orders of magnitudes less than 
in already existing wet scrubbers. This wet scrubber concept achieves a particle removal 
efficiency of up to 38 % depending on water flow rate and particle size. However, the particle 
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removal efficiency of the investigated wet scrubber is significantly lower than for existing wet 
scrubbers due to the relatively low number of droplets in this concept. The water is not atomized 
due to the low pressures applied. Therefore, the droplet sizes for the investigated concept are 
larger than those for existing wet scrubber concepts. The investigated wet scrubber concept has 
a smaller water surface area as it produces less droplets and droplets with larger diameters. This 
results in a lower particle removal efficiency because particle removal via interception is less 
likely with less contact area between the water and the particles. The generated droplets are also 
significantly larger than the hole diameter of the perforated plate because the water wets the 
plate surface and coalesces into larger droplets before falling. At a water flow rate of 6 m3/h, 
the water forms ligaments through the plate holes without wetting the plate surface. These 
ligaments break into small droplets due to the relative velocity between the airflow and the 
water. The increase in particle removal efficiency at higher water flow rates is a result of the 
increased water surface area due to an increase in the number of droplets. The negative particle 
removal efficiencies may indicate an agglomeration of particles outside of the measureable 
range. However, the current OPS does not allow further investigation of particles smaller than 
0.3 μm in diameter. Furthermore, the OPS detected an insignificant amount of particles in 
experiments with an active wet scrubber and an inactive particle feed. Hence, small water 
droplets that passed the droplet separator are not the cause of the significant increase in 
measured particles in the active wet scrubber measurements. Overall, the particle removal 
efficiency of each bin is approximately the same for the different scenarios. Therefore, 
temperature and humidity appear to have little influence on the particle removal efficiency. On 
the other hand, the particle removal efficiency increases with higher water flow rates. 
 
6 CONCLUSION 

 
We have developed a test bench to investigate our new wet scrubber concept. This wet scrubber 
concept reduces the energy demand by not using sprays to generate droplets and by having low 
pressure drops across the wet scrubber. The experimental results show, that the particle removal 
efficiency for coarse particles increases with higher water flow rates. A plate with a shorter 
perforated section may result in better droplet generation because the hydrostatic pressure is 
higher for the same water flow rate. Hence, the length of the perforated section shall be 
investigated in future studies. There is no particle removal detected for fine particles. However, 
if particle agglomeration occurs and increases particle sizes to larger diameters, this wet 
scrubber concept can be used as a pre-filter to another method that removes fine particles.  
Further investigations could also address the adhesion of water to the plate surface. The 
adjustment of the adhesion between plate surface and droplet can result in better dripping 
behavior and smaller droplets, which increase the water surface area. An increased water 
surface area facilitates the particle removal efficiency for fine and coarse particles. The 
adhesion can be influenced by altering the roughness of the plate surface or by applying a 
waterproof coating to the plate surface. Wet scrubbers can remove particulate and gaseous 
pollutant. Therefore, the removal of gaseous pollutant needs to be investigated in future studies 
to facilitate a holistic evaluation of this wet scrubber concept. 
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ABSTRACT 

The predicted and measured carbon dioxide (CO2) emitted by human respiration into an occupied space has been 
used as an indicator for controlling buildings' ventilation rates. However, this application assumes a constant 
emission rate for the entire population. Conversely, new knowledge has shown that this variable depends on the 
number of people in the room and their sex, diet, height, and above all, body mass and metabolic rate. This paper 
applies the latter model and a previously used sampling approach to identify the variability of CO2 emission rates 
and excess CO2 concentrations in school classrooms in Chile, and compares them with those in the USA. This 
time, we collected data from local sources and public databases to model an evidence-based average classroom of 
29 students –15 men and 14 women– following the Chilean regulations and the ASHRAE 62.1 and SHRAE 241 
standards for ventilation. Then, using Python and a Monte Carlo sampling approach, we calculated the emission 
rates for the local population in the classrooms of children between 5 and 18 years old. Results show that the mean 
body weights of the USA and Chilean child populations are statistically different, but the excess CO2 
concentrations can vary by only 4% between demographics. The difference in excess CO2 concentrations between 
countries reflects their differences in occupancy densities. Finally, there is a significant difference in excess CO2 
concentrations for the two standards but little difference between countries for the same standard. 

KEYWORDS 

CO2 concentrations; ventilation; indoor air quality; proxy indicator 
1 INTRODUCTION 

Carbon dioxide (CO2) is a product of respiration and so is emitted in any spaces where people 
are present. Indoor CO2 concentrations have long been used as a proxy indicator of the per 

capita ventilation rates, and a model of CO2 generation rates has been developed that is based 
on principles of human metabolism and exercise physiology. It explicitly accounts for age, sex, 
and body mass (Persily & de Jong 2017). CO2 has, however, been used without an adequate 
understanding or explanation of the limitations of doing so, and so ASHRAE (Laue, J., 2018) 
recently outlined key limitations. It states that when using CO2 as an indicator of the outdoor 
air, ventilation rate, space type, occupant density, and occupant characteristics must be 
considered as factors into any analysis. Occupant characteristics include age, body mass (which 
is a function of sex), and activity levels. A recent investigation of uncertainty in the relationship 
between indoor steady-state CO2 concentrations and ventilation rates in US school classrooms 
looked at the variation in emission rate of US children aged between 4 to 19 years (Molina et 
al. 2021). It showed that the rate of change and uncertainty in body mass is most significant in 
children between the ages of 4 and 14 years old. Furthermore, a global sensitivity analysis 
determined that the most important input into the emission rate model of Persily & de Jong is 
body mass. This means that standards and guidelines should use existing body mass data used 
by health services to determine appropriate values of mean emission rate to represent a local 
population. Molina et al. determined CO2 emission rates for US children using government-
published weight-for-age percentiles and sex ratios, and representative values of child 
metabolic rates in schools. The emission rates varied between 3.1 and 5.1 cm3 per person (or 
ppm m3 s-1 per person). 
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As the body mass of US school children may not be comparable to those in other countries, the 
emission rates derived for them may not apply in other countries. Therefore, this study aims to 
determine if physiological data for another country may produce different emission rates, using 
Chilean school-age children as an example. 
2 METHOD  

A steady state indoor CO2 concentration, 𝐶𝑖,𝑠𝑠, can be used to evaluate a per capita ventilation 
rate. 

 𝑄𝑜 = V̇𝐶𝑂2
(𝐶𝑖,𝑠𝑠 − 𝐶𝑜)

−1
= V̇𝐶𝑂2

𝐶𝑒,𝑠𝑠
−1  (1) 

Here, 𝑄𝑜 is the outdoor air ventilation rate per capita (m3 s-1 per  person), V̇𝐶𝑂2
 is the generation 

rate of CO2 per capita (cm3 s-1 per person), 𝐶𝑖,𝑠𝑠 is the steady-state indoor CO2 concentration 
(ppm), and 𝐶𝑜 is the outdoor CO2 concentration (ppm). The difference between 𝐶𝑖,𝑠𝑠 and 𝐶𝑜 is 
known as the excess CO2 steady-state concentration 𝐶𝑒,𝑠𝑠 (ppm), which is typically a more 
useful metric because 𝐶𝑜 varies by location and diurnally, and is steadily increasing over time. 
Here we note that ppm, which is equivalent to one μL of CO2 per L of air, is used herein for 
CO2 concentrations. 
2.1 Model of CO2 emission rates 

A full description of Persily and de Jong's CO2 emission rate model is given elsewhere (Persily 
& de Jong, 2017) and so only a summary is given here. The generation rate of CO2 per capita 
(cm3 s-1 per person) is given by 

 V̇𝐶𝑂2
= BMR 𝑀 RQ V̇𝑂2

 𝑇 𝑃−1    (2) 

Here, BMR is the essential energy a person requires to sustain life, known as the basal metabolic 

rate (J s-1 per person). We assumed it is a linear function of body mass requiring sex and age 
dependent gradients and intercepts, which are given in Table 1 of Persily & de Jong (2017). M 
is a dimensionless metabolic rate that describes the ratio of a person's energy demand required 
to complete a specific physical activity relative to their BMR. 𝑅𝑄 is the ratio of the volumetric 
rate at which CO2 is produced to the rate at which oxygen is consumed, known as the 
respiratory quotient. For well-nourished people in a normal weight range, its primary 
determinant is diet. Fractions of dietary carbohydrates, fats, proteins, and alcohol by sex are 
derived from the US National Health and Nutrition Examination Surveys (Wright & Wang, 
2010). They are assumed to be constant because uncertainties in these values are not given, and 
we also assume that children do not consume alcohol. �̇�𝑂2

 is a person's rate of oxygen 
consumption (cm3 J-1) and implicitly assumes that 1 kcal (4.2 J) of energy use requires 206 cm3 
of oxygen consumption. Finally, T is the ratio of the air temperature to 273.15 K, and P is the 
ratio of the air pressure to 101.325 kPa. We assume indoor temperatures and pressures are 
293.15 K and 101.325 Pa, respectively, so 𝑇 and 𝑃 are 1.07 and 1.00, respectively, throughout. 
2.2 Sources of information and assumptions 

Child body mass and BMI values are sampled by age, and extracted from the standardized 
growth patterns for the child and adolescent population issued by the Chilean Ministry of Health 
(MINSAL, 2018). The corresponding age was allocated for each school grade following the 
grades given by the Ministry of Education of Chile. Each grade is mixed-sex and each class has 
29 students, comprising 15 males and 14 females, reflecting the Chilean population sex ratios 
between 1950 and 2020. 

The metabolic rate, 𝑀, is determined as a function of age, and three activities of different 
physical intensities are considered to occur in a classroom: playing on the computer, watching 
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TV, and household chores, with a time-weighted ratio of 0.75:0.15:0.1, respectively, to give a 
weighted 𝑀. This weighted factor accounts for high-intensity activities that do not usually occur 
for prolonged periods. Therefore, its values are higher than those used by Molina et al. (2020), 
and Equation (2) shows that this should increase the value of V̇𝐶𝑂2

. 𝑀 is then calculated by age 
band following Pfeiffer (2017). Pfeiffer's analysis is for the US child population, so we 
compared the two population samples using the T-test. 

An appropriate value of RQ for well-nourished children is around 0.85, following Wright et al. 
(2010). However, only around 37% of children in Chile can be considered well nourished (Lira, 
M., 2022)., and so we assume it is normally distributed with a mean of 0.82 and a standard 
deviation of 0.07. 
2.3 Sampling method 

The sampling method uses a Monte Carlo (MC) approach written in Python code to interrogate 
the probability space. The model requires input variates that are specified deterministically or 
are described by continuous probability distributions. They are applied to the �̇�𝐶𝑂2

 model and, 

 
Figure 1: Model system diagram  
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by systematically varying the variates and running multiple simulations, distributions of �̇�𝐶𝑂2
 

are generated that quantify the uncertainty in �̇�𝐶𝑂2
. The modeling approach is shown in Figure 1. 

Inputs were sampled to form a class of children for each age group. The Python code was run 
until a normal distribution of the means of each age class was obtained. A Lillie test is used to 
confirm the normality of the sampling distribution of means. 
2.4. Comparison to standards 
Classrooms in the US use ASHRAE standards 62.1. to determine outdoor air delivery rates, 
which comprise the sum of a per capita air flow rate and a flow rate of 0.6L/s per unit floor 
area. The per capita air flow rate and classroom occupancy density are different for children 
aged 5 to 8 years and those aged 9 or more years old. ASHRAE Standard 241 gives airflow 
rates designed to control of infectious aerosols, requiring 20L/s per person. Equation 1 is used 
to determine the excess concentration 𝐶𝑒,𝑠𝑠 and are compared for each age group and each 
standard (using default occupancy densities for 62.1). 
 
3 RESULTS AND DISCUSSION  

Figure 1 shows the distributions of V̇𝐶𝑂2
 by age group. The change is non-linear, plateauing as 

the children reach around 14 years of age. It also shows a clear difference between 5 and 18-
year-old children. This is reflected by the relationship between V̇𝐶𝑂2

 and body mass, shown in 
Figure 3. The body weights of the USA and Chilean child populations are found to be different 
at a statistically significant level by using the T-test. 

Figure 2 shows that the distributions of V̇𝐶𝑂2
 are not normal, which agrees with the findings of 

Molina et al. Therefore, an appropriate representative statistic is the median, and so these are 
given in Table 1 for each age band. 

Table 1 also gives the excess concentrations 𝐶𝑒,𝑠𝑠 for each age group and for each standard 
(using default occupancy densities for 62.1) applying Equation 1. This shows that there is a 
significant difference in 𝐶𝑒,𝑠𝑠 for the two standards (T-test, p << .01; Cohen´s d, strong effect 
for both countries), but there is very little difference between countries for the same standard 
(Cohen's d; above the minimum for the ASHRAE 62.1, and no effect for the ASHRAE 241). 

 
Figure 2: Distribution of V̇𝐶𝑂2

 emission by age group 
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The reason for the higher excess concentrations in Chilean classrooms, despite their lower 
emission rates, is because occupancy densities are different, at around 60 people per 100m2 as 
opposed to the 25 and 35 people per 100m2 in the US for 5-8 year olds and over 9 year olds, 
respectively. This shows that standardized values of  𝐶𝑒,𝑠𝑠 need to be country specific if the 
occupancy densities differ. 

The differences in 𝐶𝑒,𝑠𝑠 and V̇𝐶𝑂2
 for the age bands of each country are small. The magnitude 

of V̇𝐶𝑂2
 is heavily dependent on the body mass of the children. The difference between the 

distributions of body mass for each age band for each country is tested using a T-test to show 
that there is not enough evidence to conclude that their means are different (p >.05). When 

 
Figure 3: The relationship between V̇𝐶𝑂2

 and body weight for both sexes combined. 

Table 1: V̇𝐶𝑂2
 and 𝐶𝑒,𝑠𝑠 for ASHRAE standards governing classrooms. 

All values given to 2 significant figures. 

Age Median �̇�𝑪𝑶𝟐
 Excess concentration, 𝑪𝒆,𝒔𝒔 

  ASHRAE 62.1 ASHRAE 241 
 USA Chile USA Chile USA Chile 

5 3.1 3.0 420 490 160 150 
6 3.3 3.1 440 510 160 160 
7 3.4 3.2 460 540 170 160 
8 3.6 3.4 490 570 180 170 
9 3.9 3.6 580 600 200 180 
10 3.9 3.8 580 630 200 190 
11 4.1 4.0 610 660 210 200 
12 4.3 4.2 640 700 220 210 
13 4.5 4.4 670 740 230 220 
14 4.8 4.6 720 760 240 230 
15 5.0 4.8 750 790 250 240 
16 4.9 4.9 730 810 250 240 
17 5.0 5.0 750 830 250 250 
18 5.1 5.0 760 830 260 250 
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considering emission rates for other countries, if the body mass of the new population is like 
those used for existing calculations of V̇𝐶𝑂2

, there is no need to revise them. 

Finally, when a building is run in infection risk mitigation mode when ASHRAE Standard 241 
applies, then an excess concentration of 150 ppm ensures the children of all age groups meet 
its requirements. 
3.1 Limitations  

When this same model was used by Molina et al. (2021) for the calculation of the US 
population, extensive databases were found with information on inputs, such as body mass, 
height, and BMI. For Chile, however, information on the nutritional status of the child and the 
adolescent population is scarce and unavailable to the general public. The Ministry of Health 
of Chile has some limited public reports, but they do not cover all age groups. It does project 
the body mass, height, and BMI of the child and adolescent population to compare them against 
the same projections made by the World Health Organisation. 
 
4 CONCLUSIONS 

Metabolic CO2 emission rates for US and Chilean children for the same activities in school 
classrooms are broadly similar, and they follow the same age-related trends. This is because 
differences in the body mass of both populations of children are statistically insignificant. The 
existing uncertainties in estimating a per capita ventilation rate from a steady state carbon 
dioxide concentration mean that it is possible for other countries whose distributions of child 
body mass broadly agree with those in the US to use the emission rates derived for the US. 
There are differences between the CO2 emission rates of 5- and 18-year-old students, which 
range between 3 and 5 cm3 s-1 per person. If the age of students is unknown, or if they may vary 
over some period, the smaller value should be used to determine an excess steady-state 
concentration threshold. 
Finally, excess steady-state concentration thresholds should be determined locally if the 
standardized airflow rates are a function of the classroom floor area. This is because occupancy 
densities are inconsistent. 
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ABSTRACT 
 
Sleep is essential for overall health and well-being. The quality and efficiency of sleep are strongly influenced by 
the sleep environment, including indoor air quality. This study investigates the influence of mechanical ventilation 
on bedroom air quality during sleep and its impact on sleep efficiency and quality. Objective and subjective 
measurements were conducted to assess the effects of operating a mechanical ventilation system. The results 
showed that both objective and subjective evaluations of sleep quality demonstrated the improvement of sleep 
quality when the ventilation system was in operation. Conversely, when the ventilation system was not used, the 
objective indicator of sleep efficiency was lower, indicating an increase in sleep disturbances. These findings 
suggested that maintaining low CO2 concentrations could enhance the sleep efficiency and quality. These findings 
provide foundational insights for further studies on appropriate sleep environment. 
 

KEYWORDS 
 
Sleep efficiency, Sleep quality, Mechanical ventilation, Bedroom environment, CO2 concentrations 
  
1 INTRODUCTION 

 
1.1 Background 

 
Sleep is essential for energy restoration, physical and mental recovery, and maintaining 

bodily functions, accounting for approximately one-third of the total time (M.R. Opp, 2009). 
The quality of sleep is influenced by various internal factors, such as indoor environmental 
conditions, individuals' health status, and emotional state. Good sleep is generally crucial for 
human health and well-being, and many factors of indoor environmental quality (IEQ) affect 
the quality of sleep including air temperature and relative humidity, air velocity, concentration 
of particle matter, lighting levels, noise levels, and ventilation rates. While most people may 
not consciously perceive environmental changes during sleep, research findings are suggesting 
that indoor environmental factors such as indoor air quality, temperature, and relative humidity 
(RH) have a significant impact on sleep quality (Lan et al, 2017, He et al, 2019).  Indoor air 
quality and thermal environment significantly contribute to the recovery of psychological and 
physical fatigue accumulated during sleep (Lan et al., 2014; Wang et al., 2015). To ensure sleep 
quality, it is important to have an appropriate thermal environment, lighting, noise control, and 
healthy indoor air quality. Zhang et al. (2021) suggest that the sleep environment, in contrast to 
factors like psychological state and physical conditions, can be easily modified and controlled. 
Therefore, conducting additional research is deemed valuable to gather conclusive evidence on 
the significant impact of indoor environmental factors, such as air quality, temperature, and 
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relative humidity, on sleep quality. Healthy indoor air refers to air that contains sufficient 
oxygen, has lower carbon dioxide levels, and contains normal air ions. Additionally, there is an 
increasing interest in creating healthier and safer indoor spaces due to the recent COVID-19 
pandemic. Bedrooms in residential spaces often have smaller volumes compared to living 
rooms and are more likely to lack ventilation systems. As occupants may not consciously 
implement planned ventilation in the bedroom, adequate ventilation is crucial for maintaining 
good indoor air quality. There is limited research focusing on the impact of bedroom air quality 
and ventilation on sleep quality (Xiong et al., 2020; Storm-Tejsen, 2016). Therefore, this study 
aims to analyse the difference in sleep efficiency based on the operation of bedroom ventilation 
systems. 
 

1.2 Scope of the study 

 
In this study, we analyzed the difference in sleep efficiency depending on the operation of 

the ventilation system in an experimental testbed with two bedrooms, which was designed to 
replicate a real residential environment. A total of four university students participated in the 
experiment. Participants slept in separate bedrooms within the environmental chamber. The 
ventilation system was controlled while the participants were sleeping, and changes in carbon 
dioxide concentrations were monitored. Objective sleep efficiency was measured using 
Actigraph during sleep, and participants' subjective evaluation of sleep quality was conducted 
after the experiment to assess the appropriateness related to ventilation during sleep from a 
comfort perspective. 
 
2 METHOD 

 
2.1 Experimental facility and subjects 

 
This study aimed to analyse the difference in sleep efficiency of occupants based on the 

operation of the ventilation system during sleep in a typical residential space. The study 
included a total of four healthy young adults, two males and two females in their 20s. The 
experiments were conducted in the Smart Living Testbed, a chamber designed to simulate a 
residential unit (dimensions: length (L) 8m x width (W) 5m x height (H) 2.7m) (Figure 1). The 
experimental testbed, as shown in Figure 1, was located inside a bigger indoor space with 
climate control systems. There are two bedrooms in the testbed, and participants of the same 
gender entered their rooms to sleep respectively. Participants were instructed to exclude factors 
that could affect the experiment, such as excessive physical exertion, alcohol consumption, 
smoking, and should try to maintain their normal lifestyle. Additionally, to eliminate factors 
that could affect the experiment, participants were provided with sleepwear and bedding, and 
were encouraged to sleep from 12 AM to 8 AM. 
 

  
Figure 1: Images of the Smart Living Testbed for sleep experiments 
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2.2 Experimental design  

 
To investigate the impact of indoor air quality on sleep, sleep experiments were conducted 

with a mechanical ventilation system. The experimental conditions were set to be identical 
except for the use of the ventilation systems. The ventilation system was operated within a 
range (150m3/h) that had been determined through pre-experiments to ensure it did not disturb 
the participants' sleep. The qualitative evaluation of sleep was conducted using a sleep 
questionnaire, and the quantitative evaluation was performed using Actigraph (Table 1). 
Actigraph is a research-oriented device based on technology that measures sleep and 
wakefulness activity, allowing for accurate investigation of sleep patterns in healthy adults or 
patients(Figure 2). Although Actigraph cannot classify sleep stages, it provides data on total 
sleep time, sleep onset latency, sleep efficiency, and the number of awakenings during sleep. 
The questionnaire used in this study evaluated subjective sleep quality based on the criteria 
proposed by Zilli et al., including 6 items such as calmness of sleep, ease of falling asleep, ease 
of awakening, freshness after awakening, satisfaction about sleep, and sufficient sleep (Zilli et 
al, 2009).  Each item included five levels (Fully, Fairly, Moderately, Not much, and Not at all), 
with higher level indicating higher sleep quality. The question regarding sufficient sleep is 
scored on a 1-point scale, with "Yes" or "No" options. The total score for the 6 items is 26 
points. Previous research has shown that the results of this questionnaire align with EEG 
measurements (Lan et al., 2014). 
 

 
Figure 2: Sleep efficiency measurement bands(Actigraph) 

 
 

Table 1: Sleep assessment methodology 

Criteria Variables Unit/Range Interpretation Interval 

Sleep quality 
(Zilli et al, 2009) Survey 0-26 

0 = bad, 26 = 
good(Sleep 
Quality) 

Daily 

Actigraph Length of sleep minutes - 1 min 

 No. of awakenings  - 1 min 

 Sleep efficiency 0%-100% - Daily 
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Each experimental session was conducted from 22:00 (10:00 PM) to 8:30 the following day, 
as shown in Figure 3. The participants attended the orientation of the experiment and changed 
cloth into the provided sleepwear. They were provided with an 8oz standard bedding. On the 
day of each experiment, participants arrived at the experiment site 2 hours before the start of 
the experiment and wore the equipment, and acclimatized to the experimental environment. 
Sleep was initiated at 24:00 (12:00 AM) after lights were turned off, and the evaluation of the 
previous night's sleep was conducted upon waking up. 
 

 
Figure 3: Experimental procedure 

 
3 RESULT 

 
The carbon dioxide (CO2) levels according to the operation of the ventilation system are 

presented in Figure 4. In Case A, the ventilation system was operated, while in Case B, the 
ventilation system was not operated. In Case A, where the ventilation system was operating, 
the CO2 concentrations ranged from a minimum of 394 to a maximum of 573 ppm. In contrast,  
in Case B, where the ventilation system was not operating, the CO2 concentrations ranged from 
a minimum of 449 to a maximum of 1,321 ppm. Before the experiment, with no occupants in 
the bedroom, the initial CO2 concentrations were measured between 394 and 575 ppm. 
Subsequently, in Case A (ventilation on) the CO2 concentrations remained at similar levels to 
the initial measurements, whereas in Case B, the CO2 concentrations gradually increased. The 
average CO2 concentration in Case A was 492 to 537 ppm, while in Case B, it ranged from 
1,019 to 1,152 ppm. In Case B, the CO2 concentration increased from an initial average of 495 
ppm to a maximum of 1,321 ppm. It can be concluded that without the operation of the 
ventilation system, the CO2 concentration increased due to the occupants' respiration. 
Therefore, when the ventilation system was not in operation in this testbed, it was not able to 
meet the requirements for indoor CO2 concentration levels specified in international ventilation 
standards such as ASHRAE and CEN.  
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Figure 4: CO2 Concentration 

 
The quantitative evaluation of participants' sleep was measured using Actigraph. Table 2 

presents the participants' sleep movements for each case. The more movements during sleep, 
the lower the sleep efficiency. In Case A, the average number of sleep movements ranged from 
7 to 35, with a mean of 17.5. In Case B, the average number of sleep movements ranged from 
29 to 94, with a mean of 52.3. Sleep movements decreased by approximately 66% when the 
ventilation system was operated during sleep. 
 

Table 2: Subject's Sleep State 

 Case A (Ventilation On) Case B (Ventilation Off) 

Subject1 

  

Subject2 
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Subject3 

  

Subject4 

  
 

Investigating the individual evaluations of participants' sleep, in terms of quantitative 
evaluation results, the sleep quality of Subject 2 showed the most significant improvement, 
while Subject 3 showed the lowest improvement. The sleep efficiency of Subject 2 was the 
lowest in Case B, at 79%, and increased by 17.5% to 95.7% in Case A. The sleep efficiency of 
Subject 3 was the highest in Case B, at 92.8%, and increased by 3.7% to 96.4% in Case A. In 
subjective evaluation results, represented by the sleep questionnaire, Subject 2 also showed the 
most significant improvement, while Subject 3 reported similar sleep quality regardless of 
ventilation operation. The sleep quality of Subject 2 was the lowest in Case B, at 6 points, and 
improved by 57% to 14 points in Case A. 
 

 
(a) Sleep efficiency                                                                        (b) Sleep quality 

Figure 5: Sleep efficiency and quality depending on the operation of the ventilation system  

 
The comprehensive analysis of the participants' sleep results revealed that in Case A, where 

the ventilation system was operational, the sleep efficiency ranged from 95.7% to 98%, with an 
average sleep efficiency of 97%. On the other hand, in Case B, where the ventilation system 
was not operational, the sleep efficiency ranged from 79% to 92.8%, with an average sleep 
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efficiency of 86% (Table 3). This indicates that the operation of a mechanical ventilation system 
can lead to a maximum improvement of 17.5% in sleep efficiency. 

Furthermore, the qualitative assessment using a sleep questionnaire, with a total score of 26 
points, showed that in Case A, the sleep quality ranged from 12 to 21 points, with an average 
sleep quality of 15 points. In Case B, the sleep quality ranged from 6 to 15 points, with an 
average sleep quality of 10 points (Table 3). This indicates that the operation of a mechanical 
ventilation system resulted in a maximum improvement of 57% in sleep quality. 

 
Table 3: Sleep assessment scores using Actigraph and questionnaires 

 
Case A (Ventilation On) Case B (Ventilation Off) 

Avg Min Max Avg Min Max 

Sleep efficiency (%) 97.0 95.7 98.0 868.8 79.0 92.8 

Awakenings (No.) 17.5 7.0 35.0 52.3 29.0 94.0 

Sleep quality (points) 14.8 12.0 21.0 10.5 6.0 15.0 

 
These results indicate that the operation of the ventilation system has a positive impact on 

sleep efficiency and sleep quality. By maintaining appropriate CO2 levels in a bedroom, the 
sleep environment could be improved, leading to a positive influence on the participants' sleep. 
 
4 CONCLUSIONS 

 
In this study, we investigated the impact of mechanical ventilation in bedroom on sleep 

quality. Objective and subjective measurements of sleep efficiency were conducted according 
to the operation of the ventilation system. The results showed that both objective and subjective 
evaluations of sleep quality were improved in the case where the ventilation system was 
operated. In the case where the ventilation system was not operated, the objective indicator of 
sleep efficiency was lower, indicating an increase in the number of awakenings during sleep. 
Although these research findings may not be statistically significant, the overall results suggest 
that improving sleep quality and efficiency can be achieved by introducing outdoor air through 
a mechanical ventilation system. Future research should consider increasing the number of 
participants for further analysis and conducting experiments with various combinations of sleep 
parameters. These research findings could serve as foundational data for studies on appropriate 
sleep environment. 
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ABSTRACT 
 
Outdoor PM2.5 has a continuous and significant effect on the indoor environment, and lobby floors, in particular, 
can be exposed to high concentrations due to entrance doors and greater airflow rates than other floors. In this 
study, the PM2.5 indoor-to-outdoor (I/O) ratio for lobby floors was evaluated according to the operation type and 
configuration of entrance doors. Airflow analysis was conducted for an office building with multi-zone network 
simulation, and the I/O ratio was evaluated for different entrance strategies according to the occupant traffic 
schedule. This study analyzed door configurations with and without vestibules using swinging doors and revolving 
doors. As airflow analysis results, the neutral pressure level is located at 40% of the total height of the building. 
The pressure difference across the envelope of the lobby floor was less than the top floor, whereas the airflow was 
the greatest within the building. As contaminant analysis results, PM2.5 I/O ratios reaching a steady state for the 
single-type (S-S, S-R) was higher than the box and combo-type (B-S, B-R, C-S, C-R) due to vestibule. Entrances 
consisting of a single door with no vestibule are directly connected to the outdoor environment and can be exposed 
to PM2.5 concentrations equal to or higher than outdoor levels. However, the boxed doorway with a vestibule was 
exposed to concentrations closer to the outdoors, with a maximum I/O ratio of 1.024 when there was no difference 
in operating time between the two doors. This indicates that the vestibule strategy is meaningless in a scenario 
where both doors open and close simultaneously. Therefore, architectural methods to design door configurations 
and additional measures to control door operations are needed to ensure and manage indoor air quality in lobbies. 
 

KEYWORDS 
 
Entrance Door, PM2.5, Multi-zone Network Simulation, Indoor Air Quality 
  
1 INTRODUCTION 

 
In Korea, the number of days exceeding the World Health Organization's daily average criteria 
of 25 g/m3 is greater than 50% in a year (Lee, 2014). The concentration of indoor PM2.5, in 
the absence of an indoor source, is increased by penetration from the outdoor environment and 
30%–75% of indoor PM2.5, originating from the outdoor environment (Dockery et al., 1981, 
Xiong et al., 2004). Outdoor PM2.5 has a continuous and significant effect on the indoor 
environment.  
Outdoor PM2.5 can be transported indoors by relying on airflow. In high-rise buildings, during 
winter, indoor-outdoor temperature difference causes to be drawn from the bottom of the 
building and rise along vertical paths (such as elevator shafts and stairwells) to carry PM2.5.  
Many studies have confirmed the significant impact of PM2.5 on indoor environments on the 
lower floors of a multistory building (Lee et al., 2017, Fu et al., 2022, Park et al., 2022). Lobby 
floors, in particular, can be exposed to high concentrations due to entrance doors and greater 
airflow rates than other floors. Therefore, it is necessary to evaluate the impact of entrance 
doors on indoor PM2.5 to implement appropriate particle control measures. 
The PM2.5 penetration between two zones through doors or cracks has been studied, providing 
insight into the transport of pollutants (Thatcher et al., 1995, Lv et al., 2018). The investigations 
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have suggested that architectural characteristics, such as airtightness level, affect the indoor 
particle concentration (Stephens et al., 2012). However, only a few studies have been conducted 
in high-rise buildings and multi-zones (Lee et al., 2017). In addition, there is a lack of research 
focusing on entrance doors as a main pathway for outdoor PM2.5. 
In this study, the PM2.5 I/O ratio for lobby floors was evaluated according to the operation type 
and configuration of entrance doors. Airflow analysis was conducted for an office building with 
multi-zone network simulation, and the I/O ratio was evaluated for different entrance strategies 
according to the occupant traffic schedule. The purpose of this is to provide a basis for designing 
entrance doors for lobby floors, which are the main penetration pathways for PM2.5 in high-rise 
buildings. 
 
 
2 APPROACH 

 
2.1 Penetration of PM2.5 through entrance doors 

 
The mechanism of indoor PM2.5 concentration consists of indoor-outdoor exchange, exchange 
between indoor spaces, deposition on indoor surfaces, suspension, and generation (Raunemaa 
et al., 1989, Kulmala et al., 1999). In this study, it was assumed that no resuspension and 
generation occurred to focus on the penetration process of outdoor PM2.5. Therefore, the 
indoor PM2.5 concentrations can be expressed as follows: 

 

 𝑉 (
𝑑𝐶𝑖

𝑑𝑡
) = 𝑄𝑖𝑜𝑃𝐶𝑜 − 𝑄𝑖𝑗𝐶𝑖 − 𝐾𝑉𝐶𝑖 (1) 

Where, 
𝑉, volume of the room, m3 
𝐶𝑖, 𝐶𝑜, indoor and outdoor particle concentration,  #/m3  
𝑄𝑖𝑜, 𝑄𝑖𝑗, indoor-outdoor and zone i-j exchange rate, m3/s 
𝑃, penetration coefficient 
𝐾,  particle deposition rate 
 
The three terms on the left-hand side of equation (1) represent indoor-outdoor exchange, 
exchange between indoor zones, and deposition. The deposition process is affected by the 
gravity of the particle mass. The indoor concentration is determined by the air exchange rate 
(𝑄𝑖𝑜 , 𝑄𝑖𝑖). Airflow in a building is defined by the following power law:  
 
 𝑄 = 𝐶(∆𝑃)𝑛 (2) 
 
Where the pressure difference (∆𝑃) is determined by the geometry of the building and 
weather conditions, and 𝐶 and 𝑛 represent the characteristics of the opening through which 
the air passes. The airflow through an entrance door depends on its type of operation and 
configuration. In office buildings, swing, revolving, and sliding doors are typically used, 
along with vestibules if necessary. For effective lobby floor planning, the variation in the 
PM2.5 I/O ratio with door configuration was analyzed in a simulation case study. 
 
2.2 Simulation conditions 

 
CONTAM, a multizone network simulation software, was used to evaluate indoor PM2.5 
concentrations under different door conditions. The model building is a 15-story educational 
facility located in South Korea. Table 1 summarized the building. The building has two main 
entrances on the first floor, a podium on floors 1st-4th, and a tower on floors 5th-15th. The 
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offices and classrooms are located in the tower section. Assuming an office building with 
constant occupancy traffic, we derived the expected occupancy load and traffic rate based on 
the floor area, as shown in Figure 1. The traffic rate can be divided into ranges I and II. Both 
ranges have the same number of occupants; however, the difference is that range I has a 
normal distribution over a five-hour range, whereas range II has a normal distribution over a 
seven-hour range. 
 

Table 1 Summary of model building 

Parameter Content 
Location Incheon, Korea 
Floor 15 F 
Gross floor area 25,813 m2 
Office floor area 10,534 m2 
Occupant density (IBC, 2012) 9.3 m2/people 

 

 
Figure 1 Occupancy schedule (right) and occupancy traffic rates (left) of model building 

 
The input data for the airflow and contaminant analysis of the model building are listed in 
Table 2. The airflow analysis was performed for the entire building, while the contaminant 
analysis was focused on the lobby floor. The indoor and outdoor air temperatures and outdoor 
PM2.5 concentrations were kept constant to evaluate the PM2.5 I/O ratio for the entrance door 
conditions. Swing doors and revolving doors were used in this study, whereas sliding doors, 
which are mostly automatic, were excluded because they require analyzing the opening time. 
Swing doors and revolving doors, which are the focus of this study, differ in the rate of 
airflow when the door is operating, i.e., when it is open. Swing doors have an opening size of 
the door leaf, whereas revolving doors have minimal airflow due to the rotation of the door 
leaf (Lee et al. 2017). Therefore, while both doors had the same air leakage rate in the closed 
state, the data when the doors were open were different. 
 

Table 2 Input parameters of model building 

Parameter Data Unit Reference 

Temperature Indoor 20 C ASHRAE, 2017 

Outdoor −10.2 C ASHRAE, 2017 

Air leakage Envelope 1500 cm3/s.m2@75Pa ASHRAE, 2017 

Elevator door 325 cm2/item@10Pa Jo et al., 2005 

Entrance door Stop  
(close, stationary) 

150 cfm@50Pa Schutrum et al., 1961 

Operating  
(revolving) 

600 cfm@50Pa Schutrum et al., 1961 
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Operating  
(swing door open) 

1.8 m2/door Opening area 

Contaminants Particle density 1.27 g/cm2 Kim et al., 2018 

Particle diameter 0.001-
2.5 

m - 

Outdoor concentration 31.2 g/m3 Lee, 2014 

 
Case I consisted of a single type without a vestibule and a box/combo type with a vestibule. 
The PM2.5 I/O ratio was evaluated for the door operation type and entrance configuration. 
Case II evaluated the changes in the I/O ratios according to the difference in operation time 
between the two doors in the box type. The case consisted of a box-type entrance with two 
swing doors. The main variable in Case II was the time difference between the doors, which 
can be adjusted using the space between the doors of the vestibule entrance in an actual 
building. B-0 means that the doors operate simultaneously, B-5 means that the first door 
operates, and the other door operates 5 s later.  
 

Table 3 Cases for contaminant analysis 

Case I Vestibule type Operation type Diagram 

S-S Single Swing  

S-R Single Revolving  

B-S Box Swing+ 
swing  

B-R Box Revolving+revolving 
 

C-S Box (Combo) Swing(outside)+revolving(inside) 
 

C-R Box (Combo) Revolving(outside)+swing(inside) 
 

Case II Vestibule type Operation type 
Time difference of  

door operation 

B-0 Box Swing+swing 0 s 

B-1 Box Swing+swing 1 s 

B-2 Box Swing+swing 2 s 

B-3 Box Swing+swing 3 s 

B-4 Box Swing+swing 4 s 

B-5 Box Swing+swing 5 s 
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3 IMPACT OF ENTRANCE DOOR ON PM2.5 I/O RATIO 

 
3.1 Airflow analysis for model building 

 
The airflow analysis was performed using CONTAM, a multi-zone network simulation, to 
determine the pressure difference and airflow rate in the lobby floor. The model building 
includes the entrance of B-S with a vestibule on swing doors, with the doors closed and in 
steady state. Figure 2 shows the pressure profile of the building and the airflow rate in the 
envelope. 

 
Figure 2 Results for airflow analysis of the model building 

 
The neutral pressure level is located at the 7th floor, 40% of the total height of the building. It 
is located below the center of the building due to the large envelope area of the lower floors 
(1-4F) and the entrance doors. The envelope pressure difference on the first floor was 12 Pa, 
which was lower than the top floor (25 Pa). However, the lobby level, the first floor, had a 
higher airflow rate of 1,634 m3/h than the top floor (1,102 m3/h)  due to the entrance door and 
large envelope area. Based on this airflow analysis, the air movement path of the lobby floor 
for the contaminant analysis was derived.  
 
3.2 PM2.5 I/O ratio based on operation type 

 
The simulation was conducted from 12:00 on January 1 to 12:00 on January 3, with 48 h 
intervals of 1 s. The target period was from January 2 at 0:00 to January 2 at 24:00, with 12 h 
of indoor concentration stabilization before and after the target period. In all cases, the initial 
indoor concentration was set to the outdoor concentration, resulting in an initial I/O ratio of 1. 
The pressure difference between the outside and lobby spaces was set to 12 Pa, which was 
derived from the airflow analysis. Figure 4 shows the concentration stabilization areas for 
Case I. The I/O ratio of concentrations reaching a steady state for the single type (S-S, S-R) 
was 0.518, which was higher than 0.491 for the box and combo types (B-S, B-R, C-S, C-R). 
This was caused by the decrease in airflow due to the use of the vestibule. 
 

-40 -20 0 20 40

15

14

13

12

11

10

9

8

7

6

5

4

3

2

1

-2000 -1000 0 1000 2000

15

14

13

12

11

10

9

8

7

6

5

4

3

2

1

H
ei

gh
t (

flo
or

)

Pressure difference (Pa) Airflow rate (m3/h)

H
ei

gh
t (

flo
or

)

Pressure difference across
Envelope
Shaft door

(c) Elevation plan

4F

15F

Airflow rate via envelope

1F
Lobby

Podium

Office

(b) Airflow rate through envelope (a) Pressure profile

332 | P a g e



 
Figure 3 Stabilization of indoor PM2.5 concentrations before the target period 

 
Table 4 and Figure 4 show the I/O rate results for the 24 hours. The minimum value of each 
case is the steady state value, and the results were divided into single-type and box/combo-
type. In the box/combo-type, the cases with at least one revolving door, B-R, C-S, and C-R 
tended to have similar behavior in the entire range. 
 

Table 4 PM2.5 I/O ratio of Case I during the target period 

Case S-S S-R B-S B-R C-S C-R 

PM2.5  
I/O ratio 

Min. 0.518 0.518 0.491 0.491 0.491 0.491 
Avr. 0.768 0.522 0.504 0.492 0.492 0.492 
Max. (Range I) 1.293 0.531 0.551 0.494 0.495 0.495 
Max. (Range II) 1.21 0.53 0.521 0.493 0.494 0.494 

Increase rate 
(%) 

Range I 149.6 2.5 12.2 0.6 0.8 0.8 
Range II 106.5 2.1 5.5 0.4 0.6 0.6 

 

 
Figure 4 PM2.5 I/O ratio of Case I during the target period (Single-type cases (left) and cases without P-S (right)) 

 
Figure 5 shows the I/O ratio for the results of single-type cases (S-S, S-R) and cases without 
P-S. In all cases, the I/O ratio increased more rapidly in range I, where the occupant traffic 
rate was higher. The I/O ratio for S-S was higher than the other cases and increased to 1.29 at 
the peak of occupant traffic, indicating that the lobby floor can be exposed to higher indoor 
PM2.5 concentrations than outdoor concentrations. Due to the vestibule, the minimum value of 
S-R is higher compared to the box and combo cases (B-S, B-R, C-S, S-R), which can lead to 
higher background concentration. Cases except B-S included a revolving door, which had the 
smallest change in the ratio (within 1%). S-R had a relatively large range of 2.5% because it 
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included a revolving door but was a single type. B-S had the highest percentage increase from 
normal to peak concentration (12%). Depending on the door operation schedule, there were 
periods when the I/O rate in B-S was higher than in S-R. The I/O rates of the B-R, C-S, and 
C-R groups were not significantly different, suggesting that installing at least one revolving 
door at the entrance door can effectively block PM2.5 inflow when occupants enter and exit. 
 
3.3 PM2.5 I/O ratio according to operation time difference 

 
The lobby-to-outside I/O ratio was investigated for differences in door operation time. The 
case study was conducted at a box-type entrance consisting of two swing doors, while the 
door operation time in an actual building may vary depending on the space between the two 
doors. Table 5 and Figure 6 present the results of the I/O ratios during the target period. 
 

Table 5 PM2.5 I/O ratio of Case II during the target period 

Case B-0 B-1 B-2 B-3 B-4 B-5 

PM2.5  
I/O ratio 

Min. 0.491 0.491 0.491 0.491 0.491 0.491 
Avr. 0.663 0.504 0.504 0.505 0.504 0.503 
Max. 1.024 0.551 0.549 0.548 0.545 0.543 

Increase rate (%) 108.5 12.2 11.8 11.6 11.0 10.6 
 

 
Figure 5 PM2.5 I/O ratio of Case II during the target period (Time series data (left) and boxplot (right)) 

 
The I/O ratio of B-0 was higher than those of the other cases. The maximum ratio for this case 
in the high traffic range I was 1.024, showing that it can be exposed to PM2.5 concentrations 
close to the outdoor concentration. B-0 is a scenario in which both doors open and close 
simultaneously, which is the same as the single-type operation. As the time difference 
increased from B-1 to B-5, the maximum ratio decreased; however, the difference was 
insignificant from 10.6% to 12.2%, which can be considered the same level. This means that 
even if an entrance with a vestibule strategy is applied, it is possible to achieve the same level 
of results as single-type depending on how the door is operated and controlled. 
 
4 CONCLUSION 

 
In this study, the I/O ratio of the lobby floor to the outdoor PM2.5 concentrations according to 
the operation type and configuration of the entrance was evaluated with a case study. The 
outdoor PM2.5 intake at the lobby space varied owing to different airflow rates, depending on 
the door operation. This was depicted in this study using swing and revolving doors and 
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analyzed based on the door configuration, with and without a vestibule. An entrance 
consisting of a single door without a vestibule is directly connected to the outdoor ambient. It 
can be exposed to PM2.5, which is equal to or higher than the outdoor concentration level, 
depending on the occupancy schedule. Additionally, an entrance with a vestibule can be 
exposed to high concentrations when no difference exists in the operating times of the two 
doors. Therefore, in order to ensure and manage indoor air quality at the lobby, architectural 
methods to design the configuration of the doors and additional measures to control the 
operation of the doors are required.  
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ABSTRACT 
 

The main task of every ventilation system is to dilute and extract pollutants from indoor air, most importantly in 

occupied space. This is usually achieved by exchanging polluted indoor air with less polluted outdoor air. In the 

case of a mechanical ventilation system, this process requires a fan power to be provided which is approximately 

proportional to the power of three to the resulting airflow. Because of this, reducing the necessary airflow to be 

provided by the ventilation unit e.g., by 10% would lead to a reduced power supply of about 27%. Vice versa, a 

necessary increase of 10% of the airflow provided by the unit, would result in an increased power supply of about 

33%. To determine whether a reduced unit airflow is feasible or an increase in unit airflow is required, it is 

important to evaluate the ventilation efficiency for the occupied zone and any other zone with certain air change 

rate requirements. Unfortunately, this evaluation process is time-consuming as well as labour-intensive and can't 

be done for every indoor zone separately yet. However, for those situations where it has been performed, a common 

procedure for comparing them in a comprehensible graphical way would be helpful. This paper proposes a diagram 

to visualize how efficiently certain ventilation systems provide their unit air change rate as a room air change rate. 

As characteristic physical limits and isolines the values for ideal mixed ventilation and plug flow are included as 

well. Furthermore, the diagram has been applied to visualize air change rates from a literature review. The 

overview indicates, other than often assumed, real buildings do not necessarily reach ideally mixed ventilation. 

Pointing out that, it must be admitted as well, that currently the available data for such a comparison is often not 

based on a uniform measurement and evaluation procedure. Nevertheless, the proposed diagram can be a useful 

tool to communicate the air exchange performance of ventilation systems. 

 

KEYWORDS 
 

air change rate, air change efficiency, literature review 

  

1 INTRODUCTION 

 

Due to the challenges we all face because of climate change, the building sector needs to 

contribute to energy savings by more airtight building envelopes combined with controlled 

ventilation systems. To keep the required power consumption of these systems as low as 

possible, it is essential to strive for a high ventilation or air change efficiency. However, this 

requires awareness in the design-phase of building of the fact that it is not sufficient to only 

move air, but also assure "fresh" or better younger air is provided where it is actually needed. 

Vice versa, a ventilation system has to efficiently extract polluted, or older air from the sources 

of these pollutants. Unfortunately, in practice, it is often assumed unit air change rates according 

to Equation (1) are equal to the air change rate present in any point within a ventilated space. 

This assumption is, for example, implicitly made in the German standard DIN 1946-6, which 
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means every ventilation system reaches by default the air change efficiency of ideal mixed 

ventilation or εj
a = 50 %. This is problematic because with such an assumption, there is no 

motivation to further improve the most relevant characteristic of a ventilation system. 

 nj = 
V̇j

Vj

 = 
1

τj
 (1) 

 nj Nominal air change rate of a system j [h
-1

]  

 V̇j Effective volume flow for a ventilated system j to 

exchange the air 

[m3 h
-1]  

 Vj Entire volume of the system j to be ventilated [m3]  

 τj Nominal time constant of the system j as a 

characteristic statistical measure for the time air 

spends at least within that system 

[h]  

 

2 THEORY 

 

To better understand the theoretical background of air change efficiency, it helps to imagine a 

simplified real room like in Figure 1. Most importantly, a real indoor space cannot be ideally 

mixed, rather it can be viewed as a more or less coarse or fine discretized mesh of zones filled 

with air of different ages which interact with each other. 

 

 

Figure 1: Simplified sketch of a ventilated room with various air ages, where the exhaust catches air of some 

room average air age. A fraction of older air is stagnating in few regions of the indoor space (Auerswald 2023). 

 

The assumption of mixed ventilation means that the average air age 〈α̅〉j of all locations over 

the whole space equals the nominal time constant τj of that space. The condition of ideal mixed 

ventilation is a theoretical reference condition, where every location or zone xi has that average 

air age (α̅(xi) = 〈α̅〉j = τj, εj
a = 50 %). The other two theoretical reference conditions are 

complete short-cut (εj
a = 0 %), where the air age in every indoor location is infinity (α̅(xi) = ∞). 

And plug-flow (εj
a = 100 %), where the air crosses the indoor space on the most direct path from 

supply to exhaust without leaving a single location unventilated. The air age α̅(xi) under plug 

flow conditions increases linearly from 0 at the supply to τj at the exhaust, which means the 

average air age is 〈α̅〉j = 0,5 ⋅ τj. With this said, the definition of the absolute air change 

efficiency εj
a follows than Equation (2) (Skåret 1986; Mundt and Mathisen 2004; Sandberg and 

Sjöberg 1983; Sandberg 1981). 
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 εj
a = 

τj

〈tj̅〉
 = 

1

2

τj

〈αj̅〉
 = 

1

1 + μ
2
'*(τj)

 = 
1

2

〈nj̅〉

nj
 = 

〈n̅e,j〉

nj
 (2) 

 εj
a Absolute air change efficiency of a system j [- ]  

 τj Nominal time constant of the system j as a 

characteristic statistical measure for the time air 

spends at least within that system 

[h]  

 〈tj̅〉 Average residence time of air within the system j or 

air age in the exhaust plane of that system 

[h]  

 〈αj̅〉 Average air age within the system j [h]  

 μ
2
'*(τj) Dimensionless second order central moment or 

dimensionless variance of the statistical distribution 

of residence times outside the system 

[- ]  

 〈nj̅〉 Average room air change rate [h
-1

]  

 nj Nominal air change rate of a system j [h
-1

]  

 〈n̅e,j〉 Average room air change rate in the exhaust plane of 

the system j 

[h
-1

]  

 

However, often it is neither relevant nor practically feasible to measure or otherwise evaluate 

the absolute air change efficiency. One example is here air volumes, which are enclosed by 

furniture. Relevant for the air exchange is mostly the zone occupied by persons. In order to 

reduce the complex reality and to consider the relevance of various zone for the use cases of 

the indoor space, it is helpful to set up a model which discretizes an indoor space into 

subsystems. With this in mind, it is logical to define a relative air change efficiency 〈εj
a〉i for a 

subsystem i inside the system j, according to Equation (3). 

 

 〈εj
a〉i = 

τj

〈tj̅〉i
 = 

1

2

τj

〈αj̅〉i
 = 

1

2

〈nj̅〉i

nj
 = 

〈n̅e,j〉i

nj
 (3) 

 〈εj
a〉i  Relative air change efficiency of a subsystem i in j [- ]  

 〈tj̅〉i Average residence time of air within the subsystem i 

or air age in the exhaust plane of that subsystem 

[h]  

 〈αj̅〉i Average air age within the subsystem i in j [h]  

 〈nj̅〉i Average room air change rate in the subsystem i [h
-1

]  

 〈n̅e,j〉i Average room air change rate in the exhaust plane of 

the subsystem i 

[h
-1

]  

 

Since air change efficiencies are a ratio of the achieved room air change rate to the nominal air 

change rate provided by the ventilation unit, it can be seen as a ratio of the benefit in relation 

to the necessary effort. 

 

3 EFFORT-BENEFIT DIAGRAM FOR THE AIR CHANGE EFFICIENCY 

 

Even though the evaluation of the air change efficiencies provides a method to quantify the 

performance of a ventilation system's capability to exchange indoor air, it is rarely used. The 

reason for this is the effort it takes to measure or simulate it. Also, because of the wide range 

of individual definitions for 〈εj
a〉i and even sometimes an unclear differentiation from the 

absolute air change efficiency, εj
a makes it difficult to further optimize existing ventilation 

system configurations. However, for those cases where the air change efficiency has been, and 

more importantly, will be evaluated, the effort-benefit-diagram for ventilation systems in Figure 

2 can be a graphical method to reduce the burden of comparing different ventilation systems. 
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Furthermore, the diagram can be used to better communicate expectations from standards and 

regulations for ventilation systems. 

 

 

Figure 2: Effort-benefit-diagram to visualize how efficiently a ventilation system provides a certain unit air 

change rate to the indoor space (Auerswald 2023). 

The proposed diagram shows the ratio between the provided nominal or unit air change rate nj 

in relation to the achieved room air change rate 〈nj̅〉i. As a result, the diagonal isolines 

correspond to the relative air change efficiency 〈εj
a〉i. If 〈nj̅〉i covers the entire indoor space 

where nj has been provided to, these lines become the isolines for εj
a. The two bold diagonal 

lines mark the values for the two reference cases, mixed ventilation and plug flow. The grey 

area is physically not possible to reach. If 〈nj̅〉i considers the requirement zone like the breathing 

level and Skåret's (1986) rules are considered, then efficient ventilation systems shall be 

designed for a relative air change efficiency 〈εj
a〉i above the 50%-level. Additionally, the four 

vertical lines mark, as an example, the reference air change rates for the four indoor air quality 

expectation categories (IEQ) for a residential indoor space according to DIN EN 16798-1 (p. 

56, table B.11). Since the standard suggest assuring an IEQ well above IV and to design for II, 

the area framed in bold lines in the diagram represents the target range for ventilation systems. 

 

4 REVIEW OF RESULTS FOR THE RELATIVE AIR CHANGE EFFICIENCY 

 

The following section provides an overview of measured and simulated air change efficiencies 

based on a literature review of scientific publications. Besides Google-Scholar the AIVC 

Airbase has been used to search for publications regarding ventilation efficiency, air change 

efficiency and air age evaluations. From the publications found the review considers only the 

reported points of interest inside the evaluated space. In the case of centralized ventilation 

systems with a continuous unidirectional flow, this data is sometimes provided additionally to 
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the easier accessible data in the exhaust ductwork, which leads to an absolute air change 

efficiency εj
a. Especially for decentralized systems with alternating flow, the accessibility 

between εj
a and 〈εj

a〉i is precisely the opposite, since there is no such location which continuously 

represents the exhaust duct only measurement data for the indoor space can be measured 

directly. For all presented data, it must be considered that there is no common practice how to 

exactly install the trace gas measurement equipment and how detailed the uncertainties of these 

evaluations shall be determined. Even though it shall be mentioned that there are the standards 

DIN EN ISO 12569 (2018) and DIN ISO 16000-8 (2008) which describe the tracer gas 

technique and how to calculate 〈nj̅〉i or 〈αj̅〉i respectively based on the measurement data. Of 

these two standards the second is more detailed. Based on the procedure in DIN ISO 16000-

8 (2008) Auerswald (2023) presents an improved evaluation method for the measurement data 

and their uncertainties. 

 

The first results on air change efficiency were published by Lidwell (1960), Sandberg (1981), 

and Skåret and Mathisen (1982). They transferred the tracer measurement technique to 

ventilation systems and tested it in the laboratory using nominal air change rates higher than 

those used in common practice for most buildings nowadays. Further investigations in a 

laboratory environment were carried out by Tomasi et al. (2013). A comprehensive summary 

of field measurement results in non-residential buildings (NRB) can be found in Fisk and 

Faulkner (1992). Data on the air change efficiency of residential ventilation systems are 

published by Merzkirch (2015), Mikola et al. (2017) and FGK e. V. (ed.) (2019). The 

classification of the studies considered by building and system type is listed in Table 1. Figure 

3 visualizes the results of these studies by the introduced effort-benefit diagram. 

Table 1: References for evaluations of the nominal and room air change rate, as well the resulting relative air 

change efficiencies. TS = test facility or simulation, NRB = non-residential building, H = including a heat source 

Reference Building type System type 

 TS NRB flat centralized decentralized 

    continuous alternating 

Sandberg (1981) •   •   

Sandberg and Sjöberg (1983) •   •   

Sandberg (1984) • •  •   

Fisk et al. (1985)  •  •   

Offermann and Int-Hout (1987)  •  •   

Fisk et al. (1988)  •  •   

Persily and Dols (1991)  •  •   

Fisk et al. (1991) •   •   

Bauman et al. (1992) •   •   

Persily et al. (1994)  •  • •  

Manz et al. (2000) •, H    • • 

Olesen et al. (2011) •, H   • •  

Tomasi et al. (2013) •   • •  

Merzkirch (2015)   • • • • 

Mikola et al. (2017)   •  •, H • 

FGK e. V. (ed.) (2019) •   • • • 

Auerswald (2023)   •  • • 

 

5 CONCLUSIONS 

 

From this small overview it can be concluded, that ventilation systems installed in buildings 

tend to not achieve at least mixed ventilation and thus do not satisfy Skåret's (1986) rules. 

Especially for those systems in residential buildings in Germany, it seems they tend to be under-
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dimensioned. From references found and considered here, most of the systems which satisfied 

the requirement 〈εj
a〉i ≥ 0.5 are test facilities. This indicates that there may be a transfer gap 

from accepted scientific knowledge for the indoor air exchange to real-world buildings. 

 

 

Figure 3: Effort-benefit-diagram applied to the comparison of data from a literature review about nominal air 

change rates to room air change rate, as well as the resulting air change efficiencies. Red = test facility, blue = 

non-residential building, green = residential building, orange = simulation (residential), triangle = centralized 

continuous system, rectangle = decentralized continuous system, circle = decentralized alternating system 

 

6 ACKNOWLEDGEMENTS 

 

This work was funded by the European Union’s research and innovation programme ‘Horizon 

2020’ under Grant Agreement no. 101079961. The project „DigitAl and physical incrEmental 

342 | P a g e

https://research-and-innovation.ec.europa.eu/funding/funding-opportunities/funding-programmes-and-open-calls/horizon-2020_en
https://research-and-innovation.ec.europa.eu/funding/funding-opportunities/funding-programmes-and-open-calls/horizon-2020_en
https://cordis.europa.eu/project/id/101079961
https://aegirproject.eu/


renovation packaGes/systems enhancing envIronmental and energetic behaviour and use of 

Resources“ (AEGIR) runs from 01.10.2022 to 30.09.2026. 

 

7 REFERENCES 

 

Auerswald, Sven (2023): Dezentrale Fassaden-Integrierte Wohnungslüftungsgeräte. 

Kombinierte Bewertung des erzielten Luftaustausches und der Energieeffizienz. 

Dissertation. Albert-Ludwigs-Universität Freiburg, Freiburg im Breisgau. Fraunhofer 

ISE. 

Bauman, F. S.; Faulkner, D.; Arens, E. A. (1992): Air Movement, Comfort and Ventilation in 

Workstations. In ASHRAE Transactions (98). Available online at 

https://escholarship.org/content/qt65s9f50g/qt65s9f50g.pdf, checked on 1/13/2022. 

DIN EN 16798-1, 03.2022: Energetische Bewertung von Gebäuden – Lüftung von Gebäuden 

–. Available online at https://www.beuth.de/de/norm/din-en-16798-1/349622591, 

checked on 6/8/2022. 

Fachverband Gebäude-Klima e. V. (Ed.) (2019): EwWalt – Energetische Bewertung der 

dezentralen kontrollierten Wohnraumlüftung in alternierender Betriebsweise. 

Abschlussbericht. Aktenzeichen SWD-10.08.18.7-16.32. With assistance of Paul 

Mathis, Bernd Dipl.-Ing Klein, Thomas Prof. Dr.-Ing Hartmann, Christine Dipl.-Ing 

Knaus. Rheinisch-Westfälischen Technischen Hochschule Aachen (RWTH); 

Forschungsgesellschaft HLK Stuttgart mbH (HLK Stuttgart); Institute for Energy 

Efficient Buildings and Indoor Climate - E.ON Energy Research Center (EBC - E.ON 

ERC); Institut für Technische Gebäudeausrüstung Dresden - Forschung und 

Anwendung GmbH (ITG Dresden). Aachen (TGA Report). Available online at 

https://downloads.fgk.de/335_TGA-Report_06_EwWalt.pdf, checked on 7/8/2019. 

Fisk, William J.; Binenboym, J.; Kaboli, H.; Grimsrud, D. T.; Robb, A. W.; Weber, B. J. (1985): 

Multi-Tracer System For Measuring Ventilation Rates and Ventilation Efficiencies in 

Large Mechanically-Ventilated Buildings. In : AIC Conference. AIC Conference. Het 

Meerdal, NL, checked on 1/13/2022. 

Fisk, William J.; Faulkner, D. (1992): Air Exchange Effectiveness in Office Buildings: 

Measurement Techniques and Results. In. International Symposium on Room Air 

Convection and Ventilation Effectiveness. Tokyo, 1992-07-22/1992-07-24,. Available 

online at https://escholarship.org/uc/item/29d9w25z, checked on 10/13/2021. 

Fisk, William J.; Faulkner, D.; Prill, R. J. (1991): Air Exchange Effectiveness of Conventional 

and Task Ventilation for Offices. In : Healthy Buildings. IAQ'91 Conference. 

Washington, DC, USA, 04.09.1991/08.09.1991. Available online at 

https://escholarship.org/uc/item/4799p1s0, checked on 1/13/2022. 

Fisk, William J.; Prill, R. J.; Seppänen, Olli (1988): Commercial Building Ventilation 

Measurements Using Multiple Tracer Gases. In : Effective Ventilation. 9th AIVC. 

Ghent, Belgium, 12.09.1988/15.09.1988, checked on 1/14/2022. 

DIN ISO 16000-8, 12.2008: Innenraumluftverunreinigungen – Teil 8: Bestimmung des lokalen 

Alters der Luft in Gebäuden zur Charakterisierung der Lüftungsbedingungen (ISO 

16000-8:2007). Available online at https://www.beuth.de/de/norm/din-iso-16000-

8/102342071, checked on 5/18/2018. 

Lidwell, O. M. (1960): The Evaluation of Ventilation. In The Journal of Hygiene 58 (3), 

pp. 297–305. Available online at http://www.jstor.org/stable/3861194, checked on 

9/17/2016. 

343 | P a g e



Manz, Heinrich; Huber, Heinrich Prof.; Schälin, A.; Weber, A.; Ferrazzini, M.; Studer, M. 

(2000): Performance of single room ventilation units with recuperative or regenerative 

heat recovery. In Energy and Buildings 31 (1), pp. 37–47. DOI: 10.1016/S0378-

7788(98)00077-2. 

Merzkirch, Alexander (2015): Energieeffizienz, Nutzerkomfort und Kostenanalyse von 

Lüftungsanlagen in Wohngebäuden. Dissertation. University of Luxembourg (uni.lu), 

Luxemburg. RUES - Research Unit in Engineering Sciences. Available online at 

https://www.shaker.de/de/content/catalogue/index.asp?lang=de&ID=8&ISBN=978-3-

8440-3675-6&search=yes, checked on 7/6/2021. 

Mikola, Alo; Kalamees, Targo; Kõiv, Teet-Andrus (2017): Performance of ventilation in 

Estonian apartment buildings. In Energy Procedia 132, pp. 963–968. DOI: 

10.1016/j.egypro.2017.09.681. 

Mundt, Elisabeth; Mathisen, Hans Martin (2004): Ventilation effectiveness. With assistance of 

Peter Vilhelm Nielsen, Alfred Moser, Mats Prof. Ph.D (Eng) Sandberg, Dirk Prof. Dr.-

Ing. Müller, Klaus Fitzner, Olli Seppänen, Derrick Braham. Bruselas: Rehva 

(Guidebook, 2). Available online at https://www.rehva.eu/eshop/course-detail/no02-

ventilation-effectiveness, checked on 4/23/2023. 

Offermann, Francis J.; Int-Hout, Dan (1987): Ventilation Effectiveness and ADPI 

measurements of three supply/retrun air configurations. In : Indoor Air'87. 4th 

International Conference on Indoor Air Quality and Climate. Berlin, 1987-08-17/1987-

08-21. Institute for Water, Soil and Air Hygiene. Available online at 

https://www.aivc.org/sites/default/files/airbase_2814.pdf, checked on 1/16/2022. 

Olesen, Bjarne Wilkens; Simone, Angela; KrajcÍik, Michal; Causone, Francesco; Carli, 

Michele de (2011): Experimental Study of Air Distribution and Ventilation 

Effectiveness in a Room with a Combination of Different Mechanical Ventilation and 

Heating/Cooling Systems. In International Journal of Ventilation 9 (9 // 4), pp. 371–

383. DOI: 10.1080/14733315.2011.11683895. 

Persily, Andrew K.; Dols, W. Stuart (1991): Field Measurements of Ventilation and Ventilation 

Effectiveness in an Office/Library Building. In Indoor Air 1 (3), pp. 229–245. DOI: 

10.1111/j.1600-0668.1991.03-13.x. 

Persily, Andrew K.; Dols, W. Stuart; Nabinger, Steven J. (1994): Air Change Effectiveness 

Measurements in Two Modern Office Buildings. In Indoor Air 4 (1), pp. 40–55. DOI: 

10.1111/j.1600-0668.1994.t01-3-00006.x. 

DIN 1946-6, 12.2019: Raumlufttechnik – Teil 6: Lüftung von Wohnungen – Allgemeine 

Anforderungen, Anforderungen an die Auslegung, Ausführung, Inbetriebnahme und 

Übergabe sowie Instandhaltung, checked on 1/15/2020. 

Sandberg, Mats (1981): What is ventilation efficiency? In Building and Environment 16 (2), 

pp. 123–135. DOI: 10.1016/0360-1323(81)90028-7. 

Sandberg, Mats; Sjöberg, Mats (1983): The use of moments for assessing air quality in 

ventilated rooms. In Building and Environment 18 (4), pp. 181–197. DOI: 

10.1016/0360-1323(83)90026-4. 

Sandberg, Mats Prof. Ph.D (Eng) (1984): The multi-chamber theory reconsidered from the 

viewpoint of air quality studies. In Building and Environment 19 (4), pp. 221–233. DOI: 

10.1016/0360-1323(84)90003-9. 

344 | P a g e



Skåret, Eimund (1986): Contaminant removal performance in terms of ventilation 

effectiveness. In Environment International 12 (1-4), pp. 419–427. DOI: 10.1016/0160-

4120(86)90057-7. 

Skåret, Eimund; Mathisen, Hans Martin (1982): Ventilation efficiency. In Environment 

International 8 (1-6), pp. 473–481. DOI: 10.1016/0160-4120(82)90065-4. 

Tomasi, Roberta; Krajčík, M.; Simone, A.; Olesen, Bjarne Wilkens (2013): Experimental 

evaluation of air distribution in mechanically ventilated residential rooms: Thermal 

comfort and ventilation effectiveness. In Energy and Buildings 60, pp. 28–37. DOI: 

10.1016/j.enbuild.2013.01.003. 

DIN EN ISO 12569, 04.2018: Wärmetechnisches Verhalten von Gebäuden und Werkstoffen - 

Bestimmung des spezifischen Luftvolumenstroms in Gebäuden - Indikatorgasverfahren 

(ISO 12569:2017); Deutsche Fassung EN ISO 12569:2017. Available online at 

https://www.beuth.de/de/norm/din-en-iso-12569/272434270. 

 

345 | P a g e



Experimental Investigation of Indoor Air Quality in an 

Open Office Environment 
 

Altug Alp Erdogan1, Mustafa Zeki Yilmazoglu*2, Umit Gencturk1 
 

1 ÜNTES Heating Air Conditioning Company 

Fatih Sultan Mehmet Blv., No:348 

Kahramankazan, 06980 

Ankara, Türkiye 

 

2 Gazi University, Faculty of Engineering, 

Department of Mechanical Engineering, 

Ankara, Türkiye 

*Corresponding author: zekiyilmazoglu@gazi.edu.tr 

 

 

ABSTRACT 
 
Open offices, where more than one person works, have been used frequently in recent years. However, there are 
many studies on the efficiency of the indoor air quality of the employees in these offices. It has also been shown 
that the risk of cross-contamination is higher in such offices during the COVID period, but this risk can be reduced 
by increasing the amount of fresh air. For both efficiency and a healthy working environment, an experimental 
investigation of indoor air quality (IAQ) according to scenarios was carried out experimentally with the living 
laboratory created in the R&D center. Working together with 8 engineers in the open office environment 
investigation was measured with an indoor air quality measuring device at different points throughout the day. 
With these measurements, both the comfort of the employees was compared and the possible improvements to be 
made in the devices in order to increase the indoor air quality were examined. According to the results obtained, 
it was found that suitable conditions in terms of thermal comfort are provided during working hours and the CO2 
level is generally kept below 1000 ppm. 
 

KEYWORDS 
 
HVAC, Indoor air quality (IAQ), Thermal comfort, Sustainability, Energy efficiency 
  
1 INTRODUCTION 

 
Rapid urbanization, ongoing climate changes, and previous epidemic periods such as COVID-
19 have highlighted the importance of ensuring suitable indoor air quality (IAQ) in office areas. 
With employees typically spending more than 80% of their time indoors, IAQ becomes a 
critical factor in their overall well-being (Marc et al., 2018). The progression of climate change 
is expected to worsen outdoor air quality due to increasing CO2 and temperature levels, leading 
to extreme conditions such as higher indoor temperatures, infiltration of outdoor airborne 
allergens, and humidity fluctuations (EPA, 2022). Poor IAQ can result in various health issues, 
including cross-infection, sick-building syndrome (SBS), eye irritation, respiratory illnesses, 
and allergies (Wojciech et al., 2007; Wyon and Wargocki, 2013), while prolonged exposure 
can cause up to a 15% decline in office employees' performance (Wargocki and Wyon, 2017). 
Thus, it is crucial to maintain acceptable IAQ in office environments. To achieve acceptable 
IAQ in office areas, reducing CO2 levels through proper ventilation and meeting minimum 
thermal comfort requirements are essential. Thermal comfort depends on seven factors 
consisting of air temperature, humidity, radiant temperature, air velocity, metabolic heat rate, 
clothing, and possible occupant adaptations (Borowski et al., 2022). Recommended measures 
to provide thermal comfort in office environments include maintaining a temperature range of 
20-24°C, a relative humidity range of 30-60% (Sakhare and Ralegaonkar, 2014), and a mean 
radiant temperature (MRT) range of 18-27°C (Choudhury et al., 2011), along with adequate 
ventilation. However, ensuring appropriate ventilation is a complex procedure that requires 
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detailed considerations. ANSI/ASHRAE Standard 62.1-2019 recommends a minimum outdoor 
air rate of 2.5 L/s per occupant at the breathing zone for acceptable IAQ in office spaces 
(ASHRAE, 2019). Controlling airflow patterns has also been emphasized in a position 
document (Stewart et al., 2020). In contrast, REHVA published a guideline for post-COVID 
target ventilation rates, emphasizing the adjustment of outdoor air supply based on indoor CO2 
levels. For health-based ventilation, maintaining a CO2 setpoint of 550 ppm is recommended, 
while a setpoint of 650 ppm is suggested for comfort ventilation, resulting in a ventilation rate 
of 15-25 L/s.person during normal periods (REHVA, 2022). Given the energy consumption of 
HVAC equipment and the importance of meeting thermal comfort requirements, the potential 
impacts of these variations in outdoor air rates would obviously be crucial for design 
considerations. To enhance the precision of design-specific strategies, further studies are 
required that investigate the indoor air quality (IAQ) of various office environments and 
ventilation layouts experimentally. 
 
Various experimental studies investigated several optimization strategies of IAQ, thermal 
comfort and energy for various HVAC applications. Table 1 shows a summary of several 
related studies. As can be seen, there are various strategies to improve IAQ and thermal comfort 
rather than directly increasing airflow rates inside the space. Up to 35% energy savings could 
be achieved by occupancy-based control (OBC) strategy with an acceptable air quality and 
thermal comfort (Kong et al., 2022). Studies also showed that energy consumption can be 
reduced by up to 55.8% via demand-controlled ventilation (DCV) strategies without reducing 
the IAQ (Sun et al., 2011). 
 
Table 1: Several studies from the literature that investigate several strategies to improve IAQ in different indoor 

environments. 

No Reference Space Type 
Mechanical 

Applications 
Control Strategies 

Variable 

Parameters 
Examined Parameters 

1 Ming et al. 
(2023) 

Office 
Meeting Room 

4-Way Active 
Chilled Beam 
Ventilation 

- - Heat Gains 
- Terminal Layouts 

- Operation Ranges 
- Contamination Removal Efficiency 
- Heat Removal Efficiency 

2 Wang et al. 
(2023) Lecture Room 

Radiators 
& Natural 
Ventilation 

- Occupant-Based 
Heating and Natural 
Ventilation Control 

- Heat Losses 
- CO2 
Concentrations 

- Thermal Comfort 
- Energy Consumption 

3 Yang et al. 
(2023) Office Personal Heating 

Devices - 
- Indoor and 
Ambient 
Temperatures 

- Thermal Comfort Votes 
- Thermal Sensation Votes 
- Energy Consumption 

4 Tsay et al. 
(2023) Office 

Fresh Air Heat 
Recovery Unit 
(HRU) & Air 
Conditioner 

- Thermal Comfort 
Control 
- Energy Savings 
Control 
- Productivity Control 

- Indoor 
Temperatures 
- Air Velocities 
- Predicted Mean 
Vote (PMV) 
- Predicted Percent 
Dissatisfaction 
(PPD) 

- Thermal Sensation 
- Thermal Comfort 
- Air Quality 
- Energy Savings 

5 Kong et al. 
(2022) Office 

Air Treatment 
Modules (ATMs)  
& Dedicated 
Outdoor Air 
Handler (DOA) 

- Thermal Comfort 
Control 
- Energy Savings 
Control 
- Productivity Control 

- Supply/Return 
Air Temperatures 
- Outdoor Air 
Temperature 
- Occupancy Rate 

- Thermal Sensation 
- Thermal Comfort 
- Air Quality 
- Energy Savings 

6 Sun et al. 
(2011) 

Multi-Zone Office 
Building 

Central Air 
Handling Unit 
(AHU) With 
Cooling Coils 
& Variable Air 
Volume (VAV) 

- CO2-Based 
Adaptive Demand 
Controlled 
Ventilation 

- CO2 
Concentrations - Energy Consumption 
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Since the ventilation layout and airflow patterns inside office environments are as much 
important as the amount of minimum outdoor air supplied, further case-specific studies are 
required to improve IAQ in a sustainable and economical way. Also, ventilation layouts should 
be reoriented in a way to provide reduction in the cross-infection risks in office environments 
without increasing energy demands. In this study, the effects of a different ventilation strategy 
on IAQ of an open office environment are investigated experimentally. The results obtained 
from the measurements are evaluated in order to provide some alternatives for the improvement 
of IAQ inside the office. Also, design considerations for the HVAC&R system design were 
presented in detail. 
 
2 METHODOLOGY 

 
2.1 Layout of the Selected Office 

 
The selected space is an R&D office, which is located in Ankara, Türkiye and has an open 
office layout as described in Figure 1. Except for the adjacent spaces shown in Figure 1, all 
envelopes of the office are open to outdoor environment. The R&D office is planned to be 
served by a dedicated HVAC&R system, which is separated from the system of adjacent 
conditioned areas. The office space is located on the attic floor and the structure of the roof did 
not allow a homogeneous ceiling height. Therefore, suspended ceiling through the long 
perimeters of the space, which covers the dotted areas presented in Fig. 1, has a clean ceiling 
height of 2.25 m, and the clean height at the middle area is 2.6 m. U-values of exterior walls, 
roof and windows were calculated to be 0.23 W/m2K, 0.67 W/m2K, and 2.45 W/m2K, 
respectively. Although the office was designed for 13 office employees, the office was occupied 
by 8 people during the measurements, while each occupant was using a laptop along with a 
monitor. Also, there are 8 LED lights placed to the ceiling, which have 20x20 cm2 footprint 
area. The total cooling load caused by the equipment including laptops, monitors and the printer 
is calculated as 500 W, and the cooling load due to the lighting is assumed to be 10 W/m2. 
 

 
Figure 1: 2D layout of the considered R&D open office. 

2.2 Design Calculations and Resulting HVAC&R System 

 
Resulting design data for the considered R&D office were presented in Table 1. For the design 
of outdoor air and heating-cooling systems, minimum outdoor air rates were determined 
according to ANSI/ASHRAE 62.1 Standard (ASHRAE, 2019), whereas heating-cooling loads 
were calculated via Carrier HAP v4.90 software, which utilizes the methodology explained in 
S. Zaphar (2018). Annual design conditions for the outdoor air were retrieved from ASHRAE 
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Climatic Design Conditions, which were obtained from Ankara Murted Station as being the 
closest station to the R&D office. Since return air grills were planned to be located below 2.8 
m and the occupancy in that space corresponds to 50% of the total of the ventilation zone, air 
distribution effectiveness (Ez) and system ventilation efficiency (Ev) were considered to be 0.8 
and 0.66, respectively. As a result, required outdoor air rate with 30% safety factor (qsafe) was 
calculated to be 514 m3/h, whereas design outdoor air rate (qdesign) was determined to be 600 
m3/h. 

Table 2: Design calculations for the HVAC&R system. 

Design Conditions Outdoor Air Rate 
Cooling-Heating Load Calculations 

Load 

Source 

Load 

Details 

Cooling Heating 

Parameter Value Parameter Value Sensible Latent Sensible 
aLatitude 40.079 N bqocc 2.5 L/s.person Qwindows 18 m2 2733 W - 1497 W 
aLongitude 32.566 E Nocc 13 person Qwalls 48 m2 80 W - 369 W 
aElevation 843 m bqarea 0.3 L/s.m2 Qroof 84 m2 1485 W - 1910 W 

Design Heating Area 85 m2 Qlighting 8 lights 422 W - - 
aDB -12°C qreq 58 L/s (208.8 m3/h) Qequipment 8 laptops 500 W - - 
Setpoint 22°C bEz 0.8 

 
1 printer 

  
 

Design Cooling bEv 0.66 Qocc 13 people 975 W 780 W - 
aDB 31.9°C bqcalc 396 m3/h Safety 10% 620 W 78 W 378 W 
aWB 16.8°C   (Qtot)space - 6815 W 858 W 4154 W 
Setpoint 24°C qsafe 514 m3/h (Qtot)vent 600 m3/h 976 W 6058 W 
  qdesign 600 m3/h Qtot 8649 W 10212 W 

a The data were retrieved from ASHRAE Climatic Design Conditions website (ASHRAE, 2021). 
b Values were retrieved from ANSI/ASHRAE Standard 62.1 “Ventilation for Acceptable Indoor Air Quality” (ANSI/ASHRAE, 2019). 
Minimum air requirements per each occupant (qocc) and per unit area (qarea) were obtained by considering the space as an office, whereas the 
air distribution effectiveness (Ez) and system ventilation efficiency (Ev) were defined by evaluating the ventilation layout described in Figure 
1 and Figure 2. The total amount of required outdoor air rate (qcalc) was calculated in accordance with the methodology presented in the 
standard. 

The resulting 2D layout of HVAC&R systems and the airflow rates obtained from field 
measurements are presented in Fig. 2. Accordingly, the outdoor air is provided by UTFP-100 
model heat recovery unit (HRU) operating with 100% fresh air. The outdoor air is supplied 
from 4 swirl diffusers and the air is then exhausted to the HRU from 4 return grills. Each utilized 
FCU has a heating capacity of 2.2 kW with the usage of 30% ethylene glycol, and there are 4 
FCUs placed on the middle region of the suspended ceiling. All FCUs are served by a dedicated 
heat pump system having a maximum heating capacity of 16 kW. Aside from the literature, 
outdoor air supply diffusers were located at the middle region, and the return air grills were 
placed at the lower suspended ceiling. Thermal comfort measurements were carried out at M1, 
M2 and M3 points shown in Figure 2. 
 

 
Figure 2: 2D layout of the considered R&D open office. 
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2.3 Experimental Procedure 

 
IAQ measurements were carried out with Testo® 440 air velocity and IAQ measurement device, 
which has a turbulence probe (0 - 5 ± 0.03 m/s), CO2 probe (0 – 10000 ± 50 ppm), humidity-
temperature probe (-20…+70 ± 0.5°C, 0-100 ± 2% RH) and a globe thermometer (0-120°C). 
Measurements were performed for the heights of 1.1 m (represents the breathing zone for sitting 
and working position) and 1.7 m (represents the breathing zone for standing position) at each 
location presented in Fig. 2. 
 
3 RESULTS AND DISCUSSION 

 
Measurement data for the location M1 were presented in Fig. 3. The dry bulb temperature 
increased at 1.7 m from noon. It remained approximately constant at 1.1 m. Although the CO2 
level showed an swinging during office usage hours at 1.7 m, it remained around 600 ppm on 
average at 1.1 m. PMV and PPD indices were found to be in the range where the space can be 
considered comfortable. The results of the second and third measurement points showed similar 
results in terms of thermal comfort. Detailed analysis results are given below. 
 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 3. Measurement data from the location M1 against the time period. (a) DB and WB temperatures, (b) CO2 
concentrations, (c) Calculated PMV, (d) Calculated PPD, (e) Air velocity. 
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Measurement data for the location M2 were presented in Figure 4. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 4. Measurement data from the location M2 against the time period. (a) DB and WB temperatures, (b) CO2 
concentrations, (c) Calculated PMV, (d) Calculated PPD, (e) Air velocity. 

 
Measurement data for the location M3 were presented in Figure 5. 
 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

Figure 5. Measurement data from the location M3 against the time period. (a) DB and WB temperatures, (b) CO2 
concentrations, (c) Calculated PMV, (d) Calculated PPD, (e) Air velocity. 

 
4 CONCLUSIONS 

 
The importance of providing thermal comfort in open-plan offices, but choosing options that 
use energy efficiently and minimize the risk of contamination has come to the fore in the 
epidemic we live in. CO2-based ventilation systems and their operating parameters are 
important in terms of marketing for device manufacturers. In addition, ensuring energy 
efficiency and determining the options to be offered in the devices should be evaluated within 
this scope. Ventilative cooling offers an important option in terms of energy efficiency. In the 
previous study (Birturk and Yilmazoglu, 2022), an annual utilization potential of 59% was 
determined in Ankara climate conditions. This percentage was found to be 67% for Istanbul 
and 73% for İzmir. Therefore, from the perspective of the device manufacturer, ventilative 
cooling should be considered as an important efficiency option for the Turkish HVAC market. 
For this purpose, studies are continuing to test this option on the date of uploading this text to 
the submission system (July 2023). Other alternatives to be considered are the humidifier option 
and improved CO2-based ventilation. 
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ABSTRACT 
 
Nowadays, people spend most of their time indoors. Homes, offices, leisure and workplaces must meet people’s 
needs and provide safe, healthy and productive environments. The supply of fresh air plays an important role in 
achieving these goals. Not only by providing the right temperature and humidity but even more with the purity of 
the air inside the rooms. A recent study of the World Health Organization showed a significant correlation between 
yesterday’s particulate matters concentration in outdoor air and today’s death rate counting 7 million deaths in 
2022 caused by air pollution. In recent years, the Ecodesing regulation of the European Union has helped to solve 
the dilemma between reducing energy consumption and creating a healthy indoor environment by adding highly 
efficient energy recovery components. However, the variation between the real and the declared performances of 
air handling units shows a substantial difference between what is expected and the real quality of the air in the 
market. Eurovent Certita Certification is a third-party certification company that do market surveillance for HVAC 
products for more than 20 years now. A new Hygienic Air Handling Unit program has been created. This program 
has 59 additional verification criteria to those of the original AHU program and categorize the unit by number of 
stars depending on the application. This program provides the insurance that the unit provide the pure air 
ventilation when most needed. 
 

KEYWORDS 
 
Indoor Air Quality, Air Handling Unit   
  
1 INTRODUCTION 

 
11 March 2020, the date when the World Health Organization (WHO) director announced the 
beginning of the Covid-19 pandemic (World Health Organization, 2020) is the date that 
changed the world perception of the importance of the indoor air quality (IAQ) and 
ventilation inside buildings. Several studies followed later to find the mathematical relation 
between the outdoor air pollution, the IAQ and the global mortality rates. Vohra et al. (Karn 
Vohra et al., 2021) showed that the fossil fuel air pollution is responsible for 1 in 5 deaths 
worldwide. The results of Shetty et al. (Shetty et al., 2021) have concluded that long term 
exposure to indoor pollution had a significant effect on COPD deaths as well as its symptoms. 
The study of Ali et al. showed that the high level of indoor air pollution is leading to 3.55 
million deaths annually among women and children. While the residential households usually 
use naturel ventilation or VMC, the air handling unit (AHU) remain the mostly used 
ventilation system in commercial buildings and hence the efficiency of these systems will 
have direct effect on the global mortality rates in the upcoming years(Ali et al., 2021).  
 
The AHU was firstly introduced into buildings to provide clean dust free air the building 
occupants and it was mainly composed of fan and filters. The global need for air-conditioned 
air leaded the development of these units to be also responsible of heating and cooling, 
humidifying and dehumidifying and providing more specific filtration such as for hospitals 
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and white rooms. While including more complex components of these units and so the energy 
consumption, most of the previous studies focused on increasing the efficiency and reducing 
the consumption even if this meant sometimes to reduce the filtration capacity. Stephens et al. 
(Stephens et al., 2010) studied the impact of high efficiency filters on the energy consumption 
and showed that this theory should not be valid in residential HVAC systems. Moreover, 
some studies explored the economic model if the employee’s productivity when exposed to 
more filtered air justify the additional on the building energy cost (Bekö et al., 2008). One 
common conclusion is that improving the air filtration result in an increase in the electrical 
consumption of the unit dur to the increase in the pressure drop of the filter. This dilemma of 
the trade off between the efficiency of the unit and the IAQ was the main subject of the 
previous research era, where the balanced scaled more to reduce the building energy in the 
absence of any existing regulation for the AHU’s in the market.  
The AHU is a main player in the IAQ and though the health of the global population. 
However, regulating and controlling these units in the market present a great challenge for 
governments worldwide. In difference of the common residential HVAC units where the units 
are massively manufactured and easier to control, the AHU’s are mostly customised units 
strictly dependent of each building’s filtration needs and space limitations. A European 
association that unit the large players of the HVAC ecosystem provided a part of the solution 
by providing a detailed guideline(Abreu et al., 2021) of the recommended performances and 
required filtration for AHU’s depending on the application. The other more complicated part 
of the solution was provided by third party certification that guaranteed the market 
surveillance of the AHU performances through a well elaborated fishnet that will be 
explained in this study. Even further in its hygienic AHU option, Eurovent Certita 
Certification(AHU | Eurovent Certita Certification, n.d.) provided the suitable solution to the 
historical trade-off between the energy consumption and filtration quality by categorising the 
AHU’s depending on the application and though to use the right filter for the right 
application.  
The market status of the AHU’s, the certification fishnet and the Hygienic options in addition 
to the results of 2021 control campaign will be presented in this study. 
 
2 MARKET STATUS OF AHU 

 
To better understand the impact of the performance of the AHU on global health, one should 
the understand the size of this market. The global air handling units market was valued at 11.6 
billion USD in 2021 and is projected to reach 15.9 billion USD from 2021 to 2026 (Market and 
Markets, 2021). The rising usage of air handling units across various application sectors such 
as commercial buildings, hospitals, industries, universities, data centers and sever rooms is 
expected to fuel the growth of the market.  
According to Eurovent Market intelligence report 2021 (Eurovent Market Intelligence, 2022) 
283604 were sold in Europe in 2021. Offices, health and educations represent 70% of our daily 
time and 40% of the AHU market share (Figure 2) and while the main sale channel of the AHU 
is through installers it is crucial to guarantee that the unit have the right performance and it is 
the best adapted to the application.  
One more impact of the COVID 19 pandemic could be seen in Figure 1 where the importance 
of IAQ and Energy consumption in AHU is considered by the manufacturers as almost equal 
in 2022 with a small prevalence of Energy consumption. In 2025 slight increase in the 
importance of IAQ is expected, however, not very significant (+3%) to stimulate an active 
redesign of the product. 
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3 CERTIFICATION ROLE  

 
The market surveillance is a key element in the HVAC eco system. For most of the HVAC 
systems it is the guarantee: 

- for the designers that the specifications of the unit provided by the suppliers are 
compliant with the data sheet 

- For the building owner that the declared energy consumption corresponds to the real 
consumption of the building 

For the AHU it is more critical as it also have a great impact on the health of the occupants 
and the global mortality rates.  
In this section the market surveillance process should be explained and the 2021 campaign 
results should be presented.  
 
3.1 Air Handling Unit Certification Programme 

The Ecodesign regulation and the ErP (Energy related Products) directive upcoming policy is 
to set a new energy efficiency criterion and control the quality of the units allowed to be 
released in the EU market. Ensuring the market surveillance and controlling the unit in the 
market is one of the main objectives of the certification fishnet.  

3.1.1 Certification process 
 
The program includes more than 10000 certified units. The units’ performances and 
characteristics are verified through the manufacturer documentation and catalogues and 
audited in the selection software.  
After the documentation study, a sampling of units is chosen for testing in independent 
accredited laboratory under the testing requirements:  

- Mechanical characteristics: EN1886: Ventilation for buildings - Air Handling Units 
Mechanical performance 

- Rating performances: EN13053: Ventilation for buildings - Air Handling Units - 
Ratings and performance for units, components and sections 

The testing procedure for the mechanical characteristics includes:  

Figure 2: AHU main applications and sales channel in EU 2021 

 
 
 
 
 
 
 
 

Figure 1: Trade-off between IAQ and Energy consumption 
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- Casing strength  
- Casing air leakage  
- Filter bypass leakage  
- Thermal transmittance of the casing  
- Thermal bridging factor  
- Acoustical insulation of casing  

And for performances testing:  
- Air flow rate - static pressure - power input (5 points) 
- Octave band in-duct sound power level (at the inlet and outlet, with only supply air 

running) 
- Airborne sound power level (only with supply air running) 
- Heating capacity (2 conditions) if standard feature of the product range 
- Cooling capacity (2 conditions) 
- Heat recovery (1 condition) 
- Heat recovery pressure drop (on both air sides) 
- Pressure drop on water side* (2 conditions) 
- Eurovent AHU Energy Efficiency Class 

In addition to the product verification and testing, the factory is audited, and the manufacturing 
process is verified.  
 

3.1.2 Results of the 2021 campaign 
 
174 units has been tested for the 2021 certification campaign. And 186 factories have been 
audited.  
Figure 3 show an extraction of the failed performances for the Acoustic, the Casing air leakage, 
the capacity (heating and cooling) and the heat recovery efficiency of the tested air handling 
units.  
Each of the tested performance have a specific acceptance criterion for the deviation and the 
rerate, such as 3 dbA for acoustic, same class for the casing air leakage, and 3% for heat 
recovery efficiency. When the performance deviation is above these limits, the performance 
should be rerated. For the performances presented in Figure 3 3% of the declared heat recovery 
efficiencies has been rerated to the real tested value while all the tested capacities, casing air 
leakage and Acoustic performances are within the acceptable deviations limits. 
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3.2 Hygienic Air Handling Unit programme 

 
To answer to the trade off between the energy consumption and the IAQ, the hygienic option 
has been added to the AHU certification programme. The main objective of this programme is 
to categorise the AHU into three categorize from the least hygienic with one star, to the best 
hygienic with three stars. In fact, the need for better filtration depends on the application. In an 
operation room in the hospital the need filtration is far greater than that in an ordinary office, 
and though choosing the unit performance depending on it is application is the perfect solution 
for the historical trade off.  

3.2.1 Levelling requirements:  
The hygienic option of the AHU programme proposes 3 levels of certification defined as Level 
1 to Level 3. The higher the rating, the more hygienic the AHU unit. 
As a reference only:  

- Level 1 would be appropriate for schools, offices and hotels 
- Level 2 for hospital (except rooms with high hygienic requirements) 
- Level 3 for food processes, pharmaceutical, white rooms, operating theatres and 

equivalent 
The study to determine the star level of the unit includes 59 requirements which includes the 
whole process of the manufacturing of the unit starting from the planning and up to delivery:  
 

3.2.1.1 Planning 

R1. Coating, paints and sealing materials releasing harmful substances or odors are not 
allowed. Likewise, insulating materials, porous linings, or seals used within the airflow 
are prohibited. 

Level 1, 2 & 3: Requirement applied 

Figure 3: example result of performances for 2021 campaign. 
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R2. Cleaning methodology, general arrangement and dimension of the AHU including 
location of doors and/or hatches shall be including in the IOM (Installation, Operation 
and Maintenance Manual) of the product. 

Level 1, 2 & 3: Requirement must be included in the IOM of the product. 

3.2.1.2 Manufacture 

R3. All surfaces which are in contact with air stream shall be cleaned and particles removed 
after manufacture (e.g. with electrical broom, steam or mop) 

Level 1: Procedure shall be included in the quality system of the manufacturer. 
Level 2 & 3: Level 1 and Final disinfection requirement after mounting the modules of unit 
(before installing the filters) on site must be included in the IOM. 

3.2.1.3 Shipment 

R4. Flat packing delivery of units is not allowed.  
In order to comply with restricted buildings accesses or transportation limits, units might be 
delivered in sections, blocks or sub-assemblies to be assembled together on site. In that case, 
the assembly method shall be explained in the IOM or the site assembly to be performed by 
personal trained by the manufacturers.  
Level 1, 2 & 3: Procedure shall be included in the quality system of the manufacturer. 
In case of blocks or sub-assemblies’ delivery, requirements must be included in the IOM of the 
manufacturer or evidence showing that a qualified person is in charge of the assembly shall be 
provided. 

R5. After manufacture, the AHU shall be fully dry, clean and properly packed with weather 
protection in order to protect the unit during shipment. The same rule applies for the 
components. 

Level 1, 2 & 3: Procedure shall be included in the quality system of the manufacturer. 

R6. Every component of the ventilation system shall be protected from potential damage and 
contamination after manufacture and this until the installation on site of the unit. 

Level 1, 2 & 3: Procedure shall be included in the quality system of the manufacturer. 

R7. Every component shall be covered before shipment to avoid any dust infiltration. 
Manufacturer shall ensure that the components are in clean and dry conditions. 

Level 1, 2 & 3: Procedure shall be included in the quality system of the manufacturer. 

R8. During the on-site storage every door, hatch and other type of openings (if applicable) 
shall be sealed. 

Level 1, 2 & 3: Requirement must be included in the IOM of the product. 

R9. Manufacturer shall ensure that no residue remains within the air flow after manufacture.   
Level 1, 2 & 3: Procedure shall be included in the quality system of the manufacturer. 

3.2.1.4 Unit Housing 

3.2.1.4.1 Metallic Materials 

R10. Metallic material shall be corrosion resistant, minimum requirements for internal 
surfaces are described under each “Level”. 
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Internal surfaces include the following: 
a) Inside panels / door metallic surface 
b) Metallic parts which hold components (rails, holding constructions, etc.). Housings of the 

components (filter frame, coil frame, heat exchanger frame, fan frame) 
c) Ventilation component itself (coil fins, heat exchanger fins, fan’s impeller) 
d) Motors 

Fixing elements should correspond regarding corrosion resistance to the surfaces as indicated 
above. 
If coating or painting is used, refer to coating section (R1) 
Level 1 & 2: Minimum materials resistance according to corrosivity class C3 in accordance 
with EN ISO 12944-2:1998 or aluminum 
AND Drain pans shall be in stainless steel with at least 18% Cr and 8% Ni (for instance 
EN steel 1.4301 - AISI 304; minimum corrosion resistance class CRC: II (2) according EN 
1993-1-4:1995 EUROCODE 1-4) or aluminum (at least AlMg; in accordance with DIN 1946/4-
6.5.1:2018) 
Level 3: Minimum materials resistance according to corrosivity class C4 in accordance with 
EN ISO 12944-1:2017 or aluminum 
AND Floor and drain pans shall be in stainless steel with at least 18% Cr and 10% Ni (for 
instance EN steel 1.4401 - AISI 316; minimum corrosion resistance class CRC: II (2) according 
EN 1993-1-4:1995 EUROCODE 1-4) or aluminum (at least AlMg; in accordance with DIN 
1946/4-6.5.1:2018) 

3.2.1.4.2 Non-Metallic Materials 

R11. For all non-metallic parts excluding paints, cables and control equipment but including 
sealants, gaskets, filters, etc. (non exhaustive list) with surface in contact with the air > 
5 cm² (summed up surface per each part type). Proof by test reports from hygiene 
institute as per EN ISO 846:2019 shall be presented. The maximum allowed growth rate 
for microorganisms according to Table 4 and 5 of ISO 846:2019 is 1 (0, 1a, 1b or 1c are 
accepted) and C (no growth or slight growth). 

Level 1 & 2: Requirement applied 
Level 3: Requirement applied and the cabling to electrical components shall not cross another 
section (or component space) than the space dedicated to this specific component. 

R12. Porous or open cell materials as linings, insulating materials (except acoustic baffles) 
sealants and rubbers in contact with the airflow are not permitted. 

Level 1, 2 & 3: Requirement applied 

3.2.1.5 General AHU Arrangement 

R13. The H-AHU certification is related to AHU within the scope of theTechnical 
Certification Rules ECP 05, but with the following exclusions:  
a) For the H-AHU certification are considered only floor mounted AHU with 
horizontal air flows (no vertical units). 
b) For the maintenance are considered only AHU with lateral inspection doors / 
hatches. 

Level 1, 2 & 3: Requirement applied 
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R14. Every component selected in the software (air filters, heat exchangers (energy recovery 
systems and coils, droplet separators, fans, humidifiers, dehumidifiers, silencers, 

dampers) shall be installed within/inside the AHU. 
Level 1, 2 & 3: Requirement applied 

3.2.1.6 Inner Casing Surface 

R15. Except for doors and hatches grooves, joints and gaps between panels and gaps between 
panels and frame profiles shall have maximum width of 3mm (Figure 4). 

Figure 4: Gaps between panels and frame profiles schematic 

 

Level 1, 2 & 3: Requirement applied 

R16. Except for doors and hatches grooves, joints and gaps between panels and also gaps 
between panels and frame profiles at the floor shall be sealed to create a smooth and 
closed surface  

Level 1: No Requirements 
Level 2 & 3: Requirement applied 

R17. Except for doors and hatches grooves, joints and gaps between panels and also gaps 
between panels and frame profiles at the complete inner casing surface shall be sealed 
to create a smooth and closed surface  

Level 1 & 2: No requirements 
Level 3: Requirements applied 

R18. Sealants for lids, hatches and doors for IMC shall be located directly at the inside casing 
surface to avoid any gap or groove. 
Sealants for lids, hatches and doors shall be easily replaceable or otherwise installed in 
a mechanically protected position. 
Sealants fixed by direct chemical bonding (FIPFG: Formed in Place Foam Gaskets) are 
considered as not replaceable. For proper mechanical protection these sealants shall be 
applied on the lid, hatch or door leaf (but not on the door frame).  
Mechanically fixed sealants (inserted in or clamped on a profile) are considered as 
replaceable, thus they can be located on the lid, hatch or door leaf as well as on the 
frame. 
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For the sealants of lids, hatches and doors the requirements of R11 and R12 shall be 
fulfilled independently from the surface of the sealant in the airstream. 
For the fixation of sealants for lids, hatches and doors: 

Level 1 & 2: Mechanical fixing (inserted in or clamped on a profile) or direct chemical bonding 
(FIPFG: Formed in Place Foam Gaskets) or fixation by a bi -adhesive film or a glue are allowed. 
Level 3: Mechanical fixing (inserted in or clamped on a profile) or direct chemical bonding 
(FIPFG: Formed in Place Foam Gaskets) are allowed. Sealants fixed with a bi adhesive (film 
or a glue) are not allowed. 

R19. To reduce the risk of injuries for the maintenance staff and to ensure safe and proper 
cleaning at the inside of the AHU, fasteners (e.g. self-tapping screws ...) shall not point 
inside the unit, sharp edges and open rivets are not allowed inside the housing. 

Level 1, 2 & 3: Requirement applied 

3.2.1.7 General Requirements to the Casing for Inspection, Maintenance and 
Cleaning (IMC) 

R20. The design shall be such that a maintenance person can reach manually at any inner 
casing surface for: 
a) Cleaning with a sponge, a mop or similar. No residue shall remain after cleaning. 
b) Access to all components and relating fixing elements.   

For the necessary IMC works, any component (air filters, heat exchangers (energy recovery 
systems and coils, droplet separators, fans, humidifiers, dehumidifiers, dampers, silencers, 
water trays of humidifiers and condense trays of cooling sections or energy recovery systems) 
in the air stream shall be easily accessible (R22 & 0) (installed in the AHU) OR alternatively 
quickly removable (R21).  
In any case, sufficient space (R23) shall be available in the AHU allowing proper IMC. The 
underlined notions are specified in the following requirements (R21, R22, 0 and R23). 
Level 1, 2 & 3: Requirement applied 

R21. Any component as defined under R20 shall be quickly removable. 
A component designed for the purpose of IMC as "quickly removable” shall have a 
weight of maximum 25 kg. 
Quickly removable means that after opening the access door or hatch, the component is 
directly removable within a short time. 
Note: For that reason, a water or a refrigerant coil cannot be claimed as "quickly 
removable". It is not allowed, that other installations (cables, instruments…) hinder the 
quick removal of the component. 

Level 1, 2 & 3: Requirement applied 

R22. Any component as defined under R20 shall be easily accessible:  
AHU components require a quick and easy access to the unit inside through access 
openings. As access opening for IMC is accepted only a (quickly removable) hatch or a 
hinged door, according to the following definition: 
c) The opening of any access opening with hinge (door or hatch) shall be possible 
within 20 seconds.  
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d) For hatches (not hinged access doors) the maximum allowed weight is 25 kg and 
the maximum allowed width of the hatch is 600 mm (except for silencers). The hatches 
shall be equipped with handles for proper handling.  
e) For minimum free opening width [OW as per Figure 5] and minimum free 
opening height [OH according Figure 5] of the access opening, please refer to the 
certification manual.   

Figure 5: Opening dimensions – IMC dimensions 

 

Note: Panels which shall be unscrewed for the access are not accepted. At access openings, no 
installations shall be fixed (cables, instruments....) which hinder the quick opening. 
Level 1, 2 & 3: Requirements applied  
For any component defined under R20, an easy access shall be ensured from both sides 
(upstream and downstream):  
For components, which are quickly removable according to R21, the component itself is 
deemed to be accessible from both sides. Nevertheless, the relating guides or frames, the casing 
ranges directly upstream and downstream of the component and any instruments installed inside 
the chamber of the relating component shall also be accessible for these quickly removable 
components. 
For any component considered as quickly removable according to R21 the empty space of the 
component itself can be utilized as part of the inspection section of the non-removable 
components located next to a quickly removable component. 
Level 1: No requirements 
Level 2 & 3: Requirement applied 

R23. Sufficient space: To allow the necessary IMC work, sufficient space shall be available.  
Level 1, 2 & 3 

R24. Droplet separators downstream cooling coils shall be easily accessible and quickly 
removable or alternatively have an access door and plenum between cooling coils and 
droplet separator. In case that there is no compliant space between cooling coil and 
droplet separator and the droplet separator itself is easily removable, the length (in air 
direction) of the removed droplet separator can be used as available length for IMC of 
the cooling coil. 

Level 1, 2 & 3: Requirement applied 

IMC-D: IMC Depth 

IMC-H: IMC Height 

IMC-L: IMC Length 

 

OW: Opening Width 

OH: Opening Height 
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R25. For easy removal of droplet separators, these shall be side removable in parts with 
maximum weight of 25 kg and maximum width of 1000 mm. 

Level 1, 2 & 3: Requirement applied 

3.2.1.8 Requirement regarding filter maintenance 

R26. Filter change shall be possible from the dirty air side or by side removal. The installed 
filter frame shall correspond to the filter class installed and the manufacturer shall be 
certified minimum for the installed filter bypass leakage. In any case the requirements 
for sufficient space and easy access for IMC shall be maintained. 

Level 1: Requirement applied 
Level 2 & 3: Requirement applied and the complete filter(s) frame shall be sealed to the casing 
frame. 

R27. Filter chambers shall be accessible for the IMC works. For unit with internal heights > 
1600 mm; the access from both sides (upstream and downstream the filter) shall be 
possible. For that reason an access door on clean air side is mandatory. This requirement 
is achieved by default for side removable filter. 

Level 1, 2 & 3: Requirement applied 

R28. During filter maintenance gasket shall be checked and changed if necessary. 
Level 1, 2 & 3: Requirement to be included in the IOM. 

3.2.1.9 Other requirements related to casing 

R29. To avoid condensation, the certified model box shall have a minimum thermal bridging 
class of X. 

Level 1&2: X = TB3 
Level 3: X = TB2 

R30. The certified model box shall have at least a tightness class of X and the Real Unit shall 

have at least a tightness class of Y. 
Level 1 & 2: X = L2 (M) & Y = L2 (R) 
Level 3: X = L1 (M) & Y = L1 (R) 

R31. All drain pans, condense trays and water tanks shall have a sufficient slope from any 
point of the bottom to the drain tube. The requirement is deemed to be fulfilled, if after 
filling them with 5 l/m² water, minimum the percentage X has been drained off over a 
period of 10 minutes. 

Level 1, 2 & 3: X = 95% (25 cl/m² of remaining water) 
Note: The manufacturer shall provide the appropriate material to test this requirement during 
the audit 

R32. Drain pipes of unit shall have a diameter of at least 40 mm and sufficient slope and run 
via a siphon with free discharge into the sewer system. A backflow protection is 
mandatory for negative pressures. In case it is not provided by the manufacturer, it shall 
be stated in the IOM. 

Level 1, 2 & 3: Requirement applied 
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R33. Drains with positive and negative pressure levels shall be constructed separately with 
each having an individual siphon. 

Level 1, 2 & 3: Requirement applied 

R34. All connecting pipes passing through the casing where there is a risk of condensation 
shall be insulated. 

Level 1, 2 & 3: Requirement applied. 

3.2.1.10 Air Treatment 

3.2.1.10.1 Filter 

R35. A minimum ePM10 50% filtration stage shall be installed before the first component of 
any air stream (except dampers or filter pre-heater) 

Level 1, 2 & 3: Requirement applied 

R36. Air filters shall be selected and arranged in order to ensure a good incoming air quality 
(as a minimum). The filter efficiency according to EN 16890:2016of the filters shall be 
certified by a certification body accredited ISO 17065:2012. 

Level 1 & 2: The filtration efficiency at 0.4 µm of all filters installed shall be equivalent to an 
ePM10 50% filter on the exhaust side and to an ePM1 50% filter on the supply side. 
Level 3: The filtration efficiency at 0.4 µm of all filters installed shall be equivalent to an 
ePM10 50% filter on the exhaust side and to an ePM1 85% filter on the supply side. 

R37. Manufacturer shall ensure that closed cell gasket is used and that the seal is properly 
fastened. The section related to non-metallic materials (test reports from hygiene 
institute according EN ISO 846:2019) shall be applied. 
Manufacturer shall ensure that closed cell gasket is used and that the seal is properly 
fastened. 

Level 1 & 2: Requirement applied 
Level 3: Level 1 & 2 requirements and the gasket shall be either fixed on the filter frame and 
changeable or on the filter cell. 

R38. Bag filter must be in vertical position (this requirement does not apply to rigid filters). 
It shall be clearly indicated in the IOM that the filter shall always be in a vertical position, 
it is also recommended to put a label on the unit. 

Level 1, 2 & 3: Requirement applied 

R39. To facilitate the maintenance of the air filter the following information shall be 
permanently indicated on the air-filter chamber: 

• Dimensions 
• Filter class: 

o For medium and fine filters, it shall be according to EN 16890:2016. 
o For high efficiency filters it shall be according to EN 1822:2019. 

• Number of air filters 
• Actual air volume of the installed system 
• Final pressure drop based on the fan’s characteristics. 

Level 1, 2 & 3: Requirement applied 
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R40. Each filter stage shall be equipped with a differential-pressure gauge. The measuring 
display device shall be easily accessible and easily readable by future users.  

Level 1 & 2: For each filter a visual signaling or an alarm in the control system is mandatory. 
For units to be installed outdoor liquid manometer is not allowed. 
Level 3: For each filter an alarm in the control system is mandatory. For units to be installed 
outdoor liquid manometer is not allowed. 
Note: Should the control system be delivered by the manufacturer, the requirements apply. 
Should they not, the requirement shall be written in the IOM. 

R41. The supply side shall be filtered by two filter stages. 
Level 1: No requirements 
Level 2 & 3: Requirement applied and the first stage of filter class shall be at least M5.  
Note: if a third stage filter is required, it can be present within the unit or outside the unit. 
Therefore, this is not in the scope of this programme. 

R42. Recirculated air shall be filtered with the same requirement as defined under R35 for 
supply air filter. 

Level 1 & 2: Requirement applied 
Level 3: No recirculated air shall be allowed. 

3.2.1.10.2 Cooling and Heating Coil 

R43. For energy and hygiene reasons the distance between the fins of the coolers that can 
dehumidify shall be at a minimum Y mm, otherwise, the distance between fins shall be 
at a minimum X mm.  

Note: This applies also to cooling coil within run around coil 
Level 1 & 2: Xmin = 2.0 mm and Ymin = 2.5 mm 
Level 3: Xmin = 2.5 m and Ymin = 3.0 mm 

R44. Air heaters, which are used for drying before the first filter stage, shall guarantee a 
minimum distance between the fins of at least 4 mm. 

Level 1, 2 & 3: Requirement applied 

R45. The fins shall have a thickness of X. 
Level 1, 2 & 3: Xmin = 0.10 mm 

R46. For hygiene reasons, coolers with dehumidification shall not be arranged immediately 
before air filters or silencers. Fans, heaters or droplet separators shall be installed in 
between to limit the relative humidity. 
Selection software to alert the user that cooler with dehumidification shall not be 
arranged immediately before air filters or silencers. 

Level 1, 2 & 3: Requirement applied 

3.2.1.10.3 Humidifier 

R47. For clean application humidifier shall be installed with at least an element (Coil, fan, 
heat exchanger, droplet separator) between humidifier and final filter or silencers. 
A maximum of 90% RH is allowed before each filter section or silencer. 

Level 1, 2 & 3: Requirement must be included in the IOM of the product. 
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3.2.1.10.4 Dehumidifier 

R48. Any solid or liquid absorbent shall be harmless, a test report showing the compliance of 
the product used shall be provided. 
Filtration downstream the desiccant unit shall be minimum X. 

Level 1 & 2: Requirement applied and X = ePM1 50% 
Level 3: Requirement applied and X = ePM1 85% 

R49. No moisture can carry over to the components or sections downstream of the coil. 
Selection software to alert the user that cooler with dehumidification shall not be 
arranged immediately before air filters or silencers. 

Level 1, 2 & 3: Requirement applied 

3.2.1.10.5 Heat Recovery System (HRS) 

R50. The coils in the run around coils shall comply with the requirements of coils. 
Level 1, 2 & 3: Refer to 3.2.1.10.2. 

R51. Heat exchangers shall be easy to clean and to disinfect in order to avoid any kind of 
contamination. 

Level 1, 2 & 3: Requirement applied 

R52. Cross contamination 
Level 1:  For rotary heat exchanger, cross contamination between extract air and supply air at 
design condition shall be limited to EATR ≤ 5%. To assess EATR, both the leakage across the 
heat recovery device and, if applicable, the leakage across partition walls between supply part 
and extract part shall be considered. 
Evaluation of the leakage: Leakage shall be based on the calculated operating pressure in the 
unit sections at design pressure drop for components and design external pressure. External 
pressure in the calculation is set at 50 Pa at the non-building side (if ducted) and the remainder 
at the building side (EN 13053:2019 §5.2.3.1.1.1) 
OR The final supply air shall be filtered as the supply air defined under IV.3a 
OR The return air shall be filtered as the supply air defined under IV.3a. 
OR No requirement if the air handling unit is equipped with a recirculation damper. 
Level 2: For rotary heat exchanger, cross contamination between extract air and supply air at 
operational condition shall be limited to EATR ≤ 5%. To assess EATR, both the leakage across 
the heat recovery device and, if applicable, the leakage across partition walls between supply 
part and extract part shall be considered. 
Evaluation of the leakage: Leakage shall be based on the calculated operating pressure for worst 
possible operational conditions. Worst possible operational conditions exist when pressure 
differential between supply part and extract part are the lowest: 

• For the supply part the highest pressure drop of components upstream the fan and lowest 
pressure drop for components downstream the fan shall be considered for components 
with variable pressure drop (filters, dry/wet heat exchangers). 

• For the extract part the lowest pressure drop of components upstream the fan and highest 
pressure drop for components downstream the fan shall be taken for components with 
variable pressure drop. 
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System failure do not have to be considered. External pressure in the calculation is set at 50 Pa 
at the non-building side (if ducted) and the remainder at the building side (EN 13053:2019 
§5.2.3.1.1.1) 
OR The final supply air shall be filtered as the supply air defined under IV.3a  
OR The return air shall be filtered as the supply air defined under IV.3a. 
OR No requirement if the air handling unit is equipped with a recirculation damper. 

Level 3:  For rotary heat exchanger, cross contamination between extract air and supply air at 
operational condition shall be precluded (EATR = 0%). 
A positive pressure between supply side and extract side shall be ensured for the heat recovery 
section and, if applicable, partition walls between the two air streams. 
Rotary heat exchangers shall be equipped with a purging sector with sufficient purge angle 
adapted to the nominal rotor speed. 
A pressure control system with differential pressure sensor accross the sections with the lowest 
possible pressure difference shall safeguard this requirement. 
If a lower value is measured than the minimum permissible value set at 50 Pa, the control system 
will proportionally (further) close an extract air inlet damper and/or generate an alarm. 
The system shall be evaluated as described under level 2. 
OR No requirements if the two airstreams are fully separated by individual casings and 
split heat recovery. 

3.2.1.10.6 Fans 

R53. Fans and fan drives shall be used rather than belt drive fans. 
If a belt drive fans or fans with housing are used refer to 3.2.1.7 for cleaning and 
maintenance. 
In case of use of a V-belt driven fan (exception: flat-belt drives), an additional filtration 
stage shall be installed immediately downstream of the fan (before any other 
component). The filtration efficiency of this filtration stage shall be at least equal to the 
highest filtration efficiency installed upstream of the fan (with a minimum of ePM10 
50%). 
An inspection window plus inspection light for checking the visual aspect of the belt 
shall be installed (for any type of belt). 

Level 1: Requirement applied 
Level 2 & 3: Requirement applied and the inspection window and inspection light is mandatory 
for any type of fans for units with an internal height above 1.3 m. 

R54. Fans shall be easily accessible for maintenance as described under 3.2.1.7. 
 Definition of removable fan: 

• All screws or similar fixings visible when opening door or hatch. 
• Enough space for screws or fixing to be loosen and replaced with a simple tool 

(spanner, screwdriver, etc. or no tool at all) unless a special tool is provided by 
Manufacturer. 

• Withdrawal of the fan can be performed by maintenance personal only, without 
the help of an electrician (No need to undo electrical connection, only 
mechanical disassembly and only opening of electrical socket is allowed). 

If fans can be removable no additional requirements, otherwise following requirements applied: 
Level 1: Fan shall be accessible from one side according for ‘Access and Space’. 
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Level 2&3: In case of plug fan only: 
• On supply side: fan shall be accessible from both sides with at least half of the 

IMC-L downstream after the motor for ‘Access and Space’ upstream the fan. 
• On extract side: fan shall be accessible from both sides, at least half of the IMC-

L downstream after the motor for ‘Access and Space’ upstream the fan. If the 
fan is the last component before the damper, an access shall be ensuring for 
‘Access and Space’ only upstream the fan. 

For any other type of fans, fans shall be accessible from both sides for ‘Access and Space’. 
If no electrical connection is delivered with the fan and the variable speed drive (VSD), then 
the requirement shall be included in the IOM. 

R55. If the water drain of a fan with housing is sealed it shall be easily accessible for cleaning 
and maintenance purposes. If not, the fan shall be removable. 

• Plug is visible when opening the door or hatch. 
• Enough space for plug to be open and removed with a simple tool (spanner, 

screwdriver, etc. or no tool at all), unless a special tool is provided by 
Manufacturer. 

• Possibility to mop and wipe water below the fan (Min space about 3 cm below 
fan). 

Level 1, 2 & 3: Requirement applied 

R56. Fans with housing shall have an easily removable inspection lid (applicable for nominal 
impeller diameters greater than 400mm): 

• Lid and all its fixings visible when opening the door or Hatch (Units with air 
flow height below 1,6 meter) OR 

• When entering the unit (Units with air flow height larger or equal to 1.6 meter) 
enough space to open and close latch with a simple tool (spanner, screwdriver, 
etc. or no tool at all) unless a special tool is provided by Manufacturer. 

Level 1, 2 & 3: Requirement applied 

3.2.1.10.7 Silencer 

R57. Supply air shall be filtered upstream the silencer with minimum ePM10 50% filter. 
Level 1: No requirements 
Level 2 & 3:  Requirement applied 

R58. Material lined with sound-absorbent components shall be abrasion resistant, harmless 
and shall resist to cleaning (e.g. fiber glass). 
Proof by test reports from hygiene institute as per EN ISO 846:2019 shall be presented. 
Certificate or technical report from supplier to be provided for fiber-glass compliance. 

Level 1, 2 & 3: Requirement applied 
 

3.2.2 2021 Campaign results 
 
In 2021, 30 AHU units has been submitted for the Hygienic qualification. As Figure 6 shows, 
20% of the units have the level 1, 67ù have the level 2 and 13ù have the level 3. This allows 
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any end user to filter the search of the unit depending on the required level of hygiene for a 
specific application, in addition it provide all the 59 requirement information.  

Figure 6: 2021 campaign test results 

 
 
4 CONCLUSIONS 

 
Defining the rules and regulations for performances and efficiencies of any HVAC system 
including the air handling units is the responsibility of governments through internal or 
European regulations. However, ensuring the market surveillance of this type of units specially 
with a market with more then 11 billion USD size and growing requires third party entities 
experienced in the sector. In addition, the increasing interest of reducing the energy 
consumption of air handling unit for several reasons (net zero building objectives, the energy 
crises, energy cost), the COVID 19 pandemic increased the interest on the effect of IAQ on the 
human health. Eurovent Certita Certification in its certification programmes provided the both 
solutions to guarantee the performance of the unit and the hygienic level.  
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ABSTRACT 
 
The quality of indoor air in buildings depends on many factors. Some of these factors have internal sources, and 
some have external sources. The internal loads of the room include those generated by people: CO2 and moisture 
emissions from breathing, heat emissions from room equipment: volitale organic compaunds VOC. External 
sources are, for example, particulate matter present in the air, which is the result of emissions from cars and the 
burning of fossil fuels. The scientific literature states that car traffic can contribute a large share. However, it seems 
that this is largely dependent on the location of the building, including in a particular country. 
An evaluation of the impact of car traffic on indoor and outdoor air quality was performed in different buildings 
located in the same district of a large city. Temperature, relative humidity, CO2 concentration and PM2.5 and 
PM10 concentrations were analyzed. The indoor air quality recorder was located in the room facing the busiest 
street. The way the room was used was unchanged. The external air quality recorder was located directly in front 
of the building. In addition to outdoor air, the number and type of vehicles that pass near the building were also 
recorded. Using the values of specific emissions of pollutants from vehicles of a given type, the number of 
pollutants emitted was determined in the vicinity of the building. 
The analysis of the results addressed mainly the comparison of the concentration of particulate matter in the outside 
room with the value measured outside and the imposition of the number of cars and the determined emissions. The 
measurements were carried out over a period of month to eliminate differences in the emission of pollutants from 
heating sources, which was related to the temperature of the outdoor air. 
The results showed that road transport does not have a significant effect on the concentration of pollutants in 
buildings. A discussion of the results was also held on a review of international studies. It turned out that of Poland 
a large share in outdoor air pollution has emissions from heat sources, which are caused by the use of nonrenewable 
fuels to heat houses and apartments. In Poland, there are more than half of the 50 most polluted cities in Europe. 
This results in increased exposure of people to the negative health effects associated with inhaling air contaminated 
with particulate matter.  
The introduced EU regulations, including EPDB corrections and forcing thermomodernization to reduce heat 
demand, may result in limiting the use of fossil fuels, which will result in an improvement in the situation. The 
next step should be to look at the situation with regard to traffic pollution.  
Research concerns Poland, where the use of low-efficiency heat sources that burn fossil fuels is a huge problem. 
The authors are aware that different socioeconomic conditions may occur in different countries. 
 

KEYWORDS 
Car traffic, Indoor air quality, Outdoor air quality, Poland 
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1 INTRODUCTION 

 
Indoor activities and building equipment can be a burden on indoor air. In residential or public 
buildings, the main activities that affect indoor air are related to people staying indoors (Li et 
al. 2022; Sakamoto et al. 2022; Yan et al. 2023). Being indoors is associated with the emission 
of moisture and carbon dioxide from breathing (McMurray and Ahlborn 1982), as well as VOC 
(Wang et al. 2022) emissions. Moisture emission is also associated with showering and cooking 
(Liu et al., 2023). Furthermore, heat gains are emitted in rooms where people are present, which 
affect the temperature of the indoor air (Dharmasastha et al. 2023). To maintain comfortable 
parameters for people, installations are used to regulate air temperature - heating and air 
conditioning installations, while ventilation should be used to ensure proper concentration of 
carbon dioxide (Chai and Fan 2022; Khare et al. 2023; Ratajczak 2022; Sinacka and Mróz 2023; 
Sinacka and Szczechowiak 2021; Zender-wiercz et al. 2022). Air exchange in the room can 
take place through the use of mechanical ventilation with heat recovery or through natural 
ventilation, mainly through airing.  
The efficiency of mechanical ventilation systems is high and allows for the maintenance of 
proper air parameters, including the possibility of its purification. However, the effectiveness 
of natural ventilation is not high and depends on many external factors. Most residential 
buildings in Poland do not have mechanical ventilation (Grygierek and Ferdyn-Grygierek 2022) 
and the type and configuration of ventilation affects energy usage and comfort (Amanowicz, 
Ratajczak, and Dudkiewicz 2023). The main burdens for outdoor air quality are two factors: 
transport and pollution emitted from the burning of fossil fuels to heat buildings. The pollutants 
emitted from car traffic are related to the type of the tested vehicle, the year of its production 
(meeting the emission standard) and the efficiency of the engine and non-engine exhaust gas 
treatment systems, as previously discussed. The amount of pollutant emissions is also related 
to the intensity of vehicle traffic, the speed of movement, and whether the passage of cars is 
smooth or whether there are numerous changes in speed, including stopping due to traffic 
congestion. The combustion of petroleum fuels is associated with the imperfection of this 
process because of the short time and insufficient mixing of fuel with air. This involves the 
creation of solid particles. The quantitative and qualitative structure of toxic compounds in 
exhaust gases depends on many factors, including the operating conditions of the unit, the way 
it is operated, and the type of fuel and engine used. This is especially important in cities with 
heavy traffic, where people can be directly exposed to the components emitted by motor 
vehicles.(Rymaniak et al. 2023; Siedlecki et al. 2019, 2021; Ziółkowski et al. 2022)  
Outdoor air pollution related to fuel combustion for heating buildings is mainly particulate 
matter (PM), sulfur dioxide (SO2), nitrogen oxides (NOx), and various heavy metals related to 
the local combustion of mainly solid fuels. All of these compounds can have detrimental effects 
on healthy people (Munawer 2018). This takes place in many locations, even in large cities in 
Poland, although the burning of poor-quality fuels and garbage in small towns is a bigger 
problem. According to Forbes Reports, Poland has 29 out of 100 cities with the worst air quality 
in the world. This is related to the burning of fossil fuels, especially in the south of the country. 
The quality of outdoor air is linked to the quality of indoor air (Leung 2015), especially 
considering that the exchange of indoor air by introducing outdoor air is mainly through 
ventilation, which has been the subject of previous research (Basińska et al. 2021). In this case, 
air with a concentration of pollutants present in the outdoor air is introduced into the buildings. 
For countries with high outdoor air pollution, there is a high risk that indoor air will also be 
polluted. For these situations, solutions that will allow one to clean the air introduced into the 
room, e.g. through air purifiers or the installation of forced ventilation equipped with air filters 
(Rawat and Kumar 2023). However, it would be better to think about the reason for poor 
outdoor air quality and look for solutions on a larger scale than your own home. 
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The research was carried out in one district of a city in Poland, where four measurement points 
were located. A map with the location of the measurement points is shown in Fig. 1. Several 
aspects of indoor and outdoor air quality were recorded, and the number of cars passing near 
the analyzed building was recorded as well. Furthermore, the quality of the outdoor air in the 
district was recorded in the period before and after the experiment, to provide a general 
background for the quality of the outdoor air in this district. 
 
2 METHODS 

 
2.1 Experiment Locations and Background 

 
The research was carried out in Poznan, Poland. It is a city with a population of 500,000. 
According to data from the Inrix report, which aims to verify traffic volume in cities, Poznan is 
ranked 44th globally, 120th among European cities, and 2nd compared to other cities in Poland. 
According to statistics, drivers in Poznan spend an average of 74 hours a year in traffic jams. 
In 2020, 527.5 thousand registered in Pozna. motor vehicles, including 415,000 passenger cars, 
which translates into 756 passenger cars per 1,000 inhabitants in Poznan.  
The city has a heating network powered by a combined heat and power plant that generates heat 
in cogeneration, with a non-renewable primary energy input factor of 0.9. About 60% of city 
dwellers (40% of addresses) are supplied with heat from this source. Thanks to this solution, 
the emission of pollutants related to the preparation of heat for residents is small and does not 
significantly affect the quality of the outdoor air in the city (Xi et al. 2019).  
About 40% of residents declare that they heat their buildings by burning solid fuels, the same 
percentage uses gas, and about 12% use electricity (mainly through heat pumps). Most 
multifamily buildings are connected to district heating, whereas single-family buildings use all 
four types of heat sources. However, the city has poor air quality during the winter, as 
previously described (Basińska et al. 2021). 
The research was planned and conducted in a district of single-family homes. The choice of 
buildings was related to their location on streets with different intensities of traffic. The location 
of buildings, car traffic, and outdoor air quality measurement points is shown in Fig. 1a. The 
measurement point where the outdoor air parameters were continuously measured from April 
to June was also marked as a district baseline. 
The indoor air recorders were placed in a room facing the street where the outdoor air 
parameters were measured. All rooms had no mechanical ventilation and air exchange was 
carried out by infiltration or opening a window. The occupants of the premises were to follow 
their normal mode of use of the premises. The map of the location of the measuring equipment 
is shown in Fig. 1b. 
 
2.2 Location and dates of measurements 

 
The measurements were carried out over a period of one month. A period of the year was 
selected in which the heat sources operate only for the preparation of domestic hot water. The 
study period was selected when the average outside air temperature was higher than 12 C, at 
the time when the heating season ended in the city. The average outdoor air temperature 
measured at the district baseline point (Fig.1) for the first week of measurements was 13.5C 
and the concentration of articulate matter was 15.7 µg/m3, while on the second week of 
measurements it was 20.7C and 14.6 µg/m3, respectively. 
In each location (A-D), measurements were carried out for one day from 8:00 am to 4:00 pm. 
Measurement dates: location A – April 26; location B – April 27; location C – May 20, location 
D – May 21. 
. 

375 | P a g e



  
(a) (b) 

Figure 1: Analysed district of Poznan City (a) and localisation of measurement points (b) 
[Source: Google Maps] 

 
2.3 Method of evaluating car traffic and pollutant emissions from car traffic 

 
A device for measuring traffic intensity, i.e. Topo Vitronic, was used for the research. It is a 
compact device that contains properly configured measuring instruments (Fig. 2). This device 
uses high-frequency waves, which, after reflection, allow evaluating passing vehicles in several 
respects. 

 
Figure 2: Device for traffic measurements - Topo Vitronic 

The Topo Vitronic device, due to the fact that it uses technology that changes the frequency 
of waves, allows one to obtain measurements also in tunnels, roadwork zones, or curves. The 
basic data of the device are presented in Table 1. 

Table 1: Description of the Topo Vitronic device 

Size Temperature 

range 

Working time Communication Data transfer 

42x35x18 cm −30 to +50 °C 7 days Bluetooth, GPRS GSM, GPS 
 
Six vehicle classes were analyzed: Class 1 - PC vehicle, Class 2 - motorcycle or very small 
vehicle, Class 3 - van and truck, Class 4 - vehicle with trailer, Class 5 - bus or vehicle 
combination, Class 6 - unclassified vehicle (bicycle, tram). 
To evaluate the emission from car traffic previously obtained, unit emission of particulate 
matter was taken: 7 12 mg PM/km per each car. 
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2.4 Method for assessing air parameters 

 
Outdoor air quality measurements were made using the NEMo Outdoor recorder (Ethera, 
France) to measure outdoor air parameters and NEMo Mini XT recorder (Ethera, France) for 
measuring indoor air parameters. The recorders measured and recorded the air quality 
parameters at 10-minute intervals. The parameters measured and measurement method are 
summarized in Table 2. A room with windows facing the street was selected for the location of 
the indoor unit. The external device with a shield was located directly next to the vehicle traffic 
measurement apparatus, in the immediate vicinity of the building where the indoor air 
parameters were measured. 

Table 2: Measurments of outdoor air parameters 

Parameter Carbon dioxide Temperature Relative humidity PM2.5, PM10 

Detection method Non-dispersive 
infrared 
spectrometry 

Complementary 
Metal-Oxide-
Semiconductor 

Capacitive Laser-based light 
scattering 

Measuring range 0−5000 ppm (−55)−(+120) C 0−95% 0−1000 µg/m3 
Resolution 1 ppm 0.08 C 0.08 % 1 µg/m3 
Accuracy ±50 ppm ±0.5 C ±3 % ±5 % 
Used in device Mini XT Mini XT; Outdoor Mini XT; Outdoor Mini XT; Outdoor 

 
2.5 Assessment criteria 

 
The choice of measurement date was assessed by evaluating the temperature of the outside air 
and the concentration of PM2.5 and PM10 at the measurement point for the district. 
Because the high concentration of particulate matter in the heating season does not determine 
what is the reason for poor indoor air quality car traffic or combustion from heating source, the 
criterion for answering the question: Car traffic or emissions from heating sources: What is 
responsible for IAQ? will be assessing whether the concentration of particulate matter is low or 
high compared to the WHO standards. The criterion is the following: 

− low concentration of particulate matter in the off-heating season period with high traffic 
intensity - car traffic does not generate high pollution, 

− high concentration of particulate matter in the off-heating season period - car traffic 
generates a lot of pollution 

For each measurement point, the following was assessed: 
− a number of vehicles passing the building and PM2.5 concentration in the outdoor air, 
− range of PM2.5 and PM10 concentrations in indoor and outdoor air, 
− range of indoor CO2 concentration values as the indicator of ventilation. 

Historical data described in the publication (Basińska et al. 2021) where similar measurements 
were carried out, but in the colder period of the year, were also assessed. 
The criterion to assess whether car traffic or heating sources have an impact on indoor air 
quality. The PM2.5 and PM10 concentration in locations with various vehicle traffic (based on 
the number of vehicles counted during the measurement period) will be evaluated. 
 
3 RESULTS 

 
3.1. Number of vehicles near the building 

Using Topo Vitronic measuring equipment, the number of cars passing in 4 locations from 7:00 
to 15:00 was calculated. The results for each location are presented in Fig. 3 and in Fig. 4 the 
total sum of vehicles is presented. 
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Figure 3: Number of vehicles at each location A, B, C, D during measurement day 

 

 
Figure 4: Total number of vehicles at each location A, B, C, D during measurement day 

Measurement point B is located on a very busy street. The number of vehicles that passed the 
measurement point was almost as high as the total number of vehicles observed at the other 
three locations. Locations A and C are located on broad streets with moderate car traffic, while 
location D is not a main street. Car traffic in four chosen locations differs, so it should be seen 
in the results of air parameter measurements. 
 
3.2.  PM2.5 and PM10 in indoor and outdoor air 

 
Indoor and outdoor concentrations of PM2.5 and PM10 were measured and the ranges of 
these parameters in each location are presented in Figure 5. 
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Figure 5:  PM2.5 and PM10 in indoor air in locations A, B, C, D 

 
As suspected, the concentration of particulate matter PM2.5 is lower than the concentration of 
PM10. Because the recommended values for PM2.5 are lower than for PM10, the results for 
PM2.5 will be discussed. The PM2.5 concentration was low in each location, with the average 
value ranging from 2.7 to 4.7 µg/m3. It is below the value recommended by the World Health 
Organization - 15 µg/m3. The maximum value was 10 µg/m3. This suggests good air quality. 
The average carbon dioxide concentration during measurement day was for locations A, B, C 
and D 1102 ppm, 777 ppm, 806 ppm and 550 ppm, respectively. The difference in units results 
from the way the rooms are used and the number of people present in the room. This indicates 
that the air quality is not bad. But CO2 concentration is not the topic of this study. 
 
3.3. Concentration of PM2.5 outdoor air 

To assess whether car traffic is responsible for air pollution in selected district of large city, the 
evaluation of concentration of PM2.5 in outdoor air is illustrated in Fig. 6.  
 

 
Figure 6:  PM2.5 concentration in outdoor air in locations A, B, C, and D 

The concentration of PM2.5 in the outdoor air is slightly higher than the concentration of this 
compound in the indoor air, with the average value for locations A, B, C and D 5.2 µg/m3, 3,9 
µg/m3, 4,6 µg/m3, and 5.1 µg/m3. The highest concentration occurred at location D, while the 
lowest was at location B. PM2.5 did not correspond to the number of vehicles passing near the 
air parameter recorder. However, the concentration of PM2.5 corresponds well to the 
concentration in indoor air. 
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4 EVALUATION OF THE RESULTS 

 
Previously described research on indoor and outdoor air quality in the same district, in the 
location located about 500 m from location A showed that there is a relationship between the 
PM2.5 concentration and the season, or more precisely, between the period of the heating 
season and the lack of the heating season. The results showing the relation between outdoor air 
temperature and PM2.5 concentration are presented in Fig. 7. 
 

 
Figure 7: Concentration of PM2.5 in outdoor air in previously published research, based on (Basińska et al. 

2021) 
The research carried out, described in this article, was aimed at checking whether car traffic 
near the building affects the parameters of external and indoor air. A short experiment 
conducted showed that car traffic does not have an effect. Taking into account previous studies 
in which the seasonality of PM2.5 concentration in outdoor air occurs, it can be concluded that 
in the analysed location, the responsibility for air quality lies in the combustion of fuels for 
heating purposes. However, the results are not consistent with other studies conducted in Poland 
(Zender-Świercz and Polański 2022), but, the city where the other studies were conducted were 
in a more polluted part of Poland. This indicates the need for further research towards this 
objective. 
The authors realize that the conducted experiment was short and included a small number of air 
parameters. But with their research, they wanted to draw attention to the fact that a significant 
problem related to air quality is the burning of fuels to heat buildings. 
In this light, the provisions of the European Union related to the need to introduce more 
ecological ways of supplying buildings with heat seem necessary. By reducing the use of fossil 
fuels and replacing them with renewable fuels, while taking care to modernize buildings by 
reducing heat losses, it may be possible to achieve a state in which the quality of outdoor air 
will improve. 
Research and analysis, however, require continuance. 
 
5 CONCLUSIONS 

 
In the studies described, it was important to assess air quality outside the heating season. The 
difference in the measured concentration of particulate matter in locations with fewer and more 
car traffic. Using the apparatus for measuring the number of passing vehicles and recorders of 
air parameters the quality of indoor and outdoor air was assessed in four locations located in 
one district of the big city. 
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The concentration of PM2.5 inside buildings indicates good indoor air quality. The maximum 
concentration of PM2.5 was 10 µg/m3, and the average was approximately 4 µg/m3. In location 
B, where the greatest traffic of vehicles occurred, the sum of vehicles that passed the 
measurement point at this point was 5,560 and was almost as high as the total number of 
vehicles in the other three locations. It was a point with the largest car traffic. At the same time, 
in this location, the measured concentration of PM2.5 in the outdoor air was the lowest and 
amounted to 3.9 µg/m3. Whereas at location D, where the vehicle traffic was the PM2.5 lowest 
(833 vehicles), the concentration was 5.1 µg/m3. 
In the experiment carried out, it was assessed that traffic in the examined district does not affect 
the quality of indoor air in rooms located on the side of the busiest street. But by analyzing 
historical data, it can be concluded that poor air quality in winter is caused by the fuels used to 
heat buildings.  
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ABSTRACT 

 
Most current building materials are industrially processed, resulting in increased carbon emissions. Global annual 
carbon emissions due to construction materials reached its peak in 2013, 9.5 gigatons of CO2 were produced. 
Upcoming circular economies can have a positive impact on the environment since reusing materials can lower 
carbon emissions. This economy encourages the use of more innovative materials (e.g., textile insulation, cellulose 
insulation, hemp, and cork) and recycling old materials. However, there is a lack of knowledge in the literature on 
the effect these innovative and recyclable materials have on the indoor air quality (IAQ) and human health. Most 
studies have been conducted in a lab environment and there is a need to monitor IAQ in a real test case study under 
dynamic indoor and outdoor climatic conditions. The aim of this work was to establish a monitoring campaign of 
volatile organic compounds (VOCs) in a circular biobased residential building in Belgium using new emerging 
low-cost VOCs sensors. Given their economic benefits, more sensors can be used covering a wider monitoring 
area compared to high-end sensors. Measurements were conducted for a trial of two weeks for a case of no 
ventilation and natural ventilation. Opening of the windows resulted in a large reduction in VOC concentrations, 
with several sensors measuring values underneath the most stringent threshold value of 300 µg/m³.  
 

KEYWORDS 
 
Indoor air quality, Biobased building materials, Volatile organic compounds, Residential building, Low-cost 
sensors 
 
1 INTRODUCTION 

 
In Belgium, the concentration of certain indoor pollutants can be higher indoors than 

outdoors, especially with increasing regulations on envelope air tightness (Hoge 
Gezondheidsraad, 2017). The modern European citizen spends about 90% of their time indoors, 
therefore exposure to environmental pollution mainly depends on the indoor air quality (IAQ) 
(Instituto de engenharia mecanica, 2008; Hoge Gezondheidsraad, 2017; de Kort, 2022). 
Moreover, nowadays, hybrid working has become more relevant in a lot of companies, so 
people are more than ever working from home (Van Tran et al., 2020). For this reason, the 
indoor air of dwellings is a key factor in determining the wellbeing of residents (Hoge 
Gezondheidsraad, 2017).  

Existing pollutants indoors include volatile organic compounds (VOC), and particulate 
matter (PM) (Van Tran et al., 2020). VOCs are one the main pollutants of building materials, 
since they are easily vaporized entering the surrounding air (NHBC Foundation, 2009). 
Common residential building materials, such as wood parquet, gypsum board, PVC coverings, 
paint etc. are known to shed toxic compounds, such as toluene and formaldehyde (Van Tran et 
al., 2020). At high concentrations, toluene could cause liver, kidney, and brain damage in case 
of repeated exposure (New Jersey Departement of Health, 2016) and formaldehyde can cause 
skin burns and eye damage (National Library of Medicine, 2023). Therefore, materials used for 
composing the building envelope of new (or renovated) dwellings, should be carefully chosen 
(Ferreira Pinto Da Silva, 2017).  
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High performance biobased construction materials, which are produced sustainably and/or 
using waste products, offer an approach which is environmentally friendly (Keena et al., 2022). 
However, their effect on the IAQ in actual dwellings are not known. De Kort (2022), conducted 
laboratory tests on VOC emissions from expanded cork. These experiments showed that after 
28 days no exceeded TVOC values were found with the tested expanded cork and the material 
meets the Belgian level of 1000 µg/m³.  However, it should not be concluded that this will 
universally account for other present and future biobased envelope materials. Moreover, the 
research conducted thus far has been limited to a small selection of biobased materials under 
laboratory environments (de Kort, 2022; Maskell et al., 2015; Ferreira Pinto Da Silva, 2017). 
These studies are conducted under controlled conditions of temperature, solar radiation, RH, 
etc. while in real life this is not the case. They analyse each material separately and not as a 
whole working environment, which means that they are not capable to determine the influence 
of human exposure to indoor VOC concentrations. Therefore, these lab environments are non-
representative scenarios. There is a need to monitor VOC emissions of biobased building 
materials on a real test case residential building with multiple biobased materials present at the 
same time, influenced by the surrounding environment (temperature, relative humidity (RH), 
air velocity, etc.).  

This paper presents the results of a short-term monitoring campaign, to measure VOC 
concentrations, in a real circular and biobased residential building using low-cost sensors 
(LCSs). The emergence of LCSs can help to set up these monitoring campaigns that now rely 
on very expensive sensors. Due to their low cost, more sensors can be used with the same 
budget, covering a wider monitoring area. In that way it is also possible to measure differences 
and compare VOC concentrations between each sensor, in that way spatial trends can be 
identified. They also have the potential to become effective tools for introducing and engaging 
students in air quality matters. However, typically LCSs are less accurate and suffer from cross 
sensitives with other pollutants. Nonetheless, they are still able to provide adequate reliability. 
Therefore, using low-cost sensing technology for monitoring IAQ must be encouraged. The 
number of studies with LCSs needs to increase, using them in bigger numbers and over a more 
extended measurement period. This study provides an overview of the quantitative capabilities 
of LCSs, using multiple LCSs in a broader environment. It will be one of many studies in which 
the use of LCSs will become increasingly reliable (Polidori et al., 2017; Alonso et al., 2022).  

 
2 METHODOLOGY  

2.1 Case study building: CBCI living lab. 

 
The CBCI Living Lab project of Interreg was selected for this study. This building is a circular 
biobased residence which is located at the Technology campus Gent of KU Leuven (Faculteit 

Figure 1: CBCI Living Lab 
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Industriële Ingenieurswetenschappen KU Leuven, 2021). The building consists of three floors: 
a ground floor with toilet, first floor with kitchen and second floor with technical installations. 
All rooms have a floor area of 20,73 m² and a space volume of 54,88 m³, except the third floor 
which has a smaller space volume due to the sloping roof. The Living Lab is equipped with a 
mechanical extract ventilation, denoted as system C in Belgium, which has a standard 
ventilation rate of 243 m³/h. The air is being extracted on the ground and first floor. During the 
monitoring campaign, the ventilation system was OFF due to malfunction. Table 1 shows the 
materials exposed to the indoor environment.  
Table 1: Inner envelope materials and furniture 

Source Material 

Ceiling 
 
Wall 
 
Floor 
 
Furniture 
 
Staircase 

Gypsum board + biobased paint 
 
Gypsum board + biobased paint 
 
Pine wood parquet 
 
MDF (Medium-density Fibreboard) 
 
CLT 
 

 
2.2 Sensors 

2.2.1 Benchmarking test  
 
The low-cost sensors used were the SGP30 sensors of Sensirion (Sensirion, n.d.). To gain 
insight about the reliability of the LCS, reliability tests were performed in an empty 
experimental chamber. During this reliability test the LCS measurements were compared to the 
measurements of a more expensive indoor air sensor (Ethera Nemo). The Ethera Nemo sensor 
measures linear VOCs, this means less than 4 carbon atoms. The SGP30 sensor measures 
TVOCs, this is why no similar values were expected, only similar trends. The experimental 
setup was created to simulate a ventilated room. On one side of the cardboard box a ventilator 
was placed to have an inlet of air. On the other side of the box another hole was opened, to have 
an outlet for the inside air.  
In Figure 2 it was clear to see that both sensors followed similar trend. There was a big increase 
in values measured followed by a gradual reduction visible on both sensors. The SGP30 and 
the Ethera Nemo both reached their maximum values being 60 000 ppb and 47 000 ppb. The 
general conclusion of this measurement is that the SGP30 can be used for the intended purpose.  
 
Table 2: Specifications sensors 
 

Sensor  Price Environmental 

parameters  

Range (resolution) 

SGP30 (RS Components 
Benelux, n.d.) 

€ 21,19 (incl. BTW) 
 

TVOC 
CO2 eq   

0 – 60 000 ppb (6 ppb) 
400 – 60 000 ppb (3ppm) 

Ethera Nemo (Ethera, 
2020) 

€ 4 565 (excl. BTW) 
 

Formaldehyde 
CO2 
LVOC 
PID 
Temp 
RH 
Pressure 

0 – 2 800 ppb (1 ppb) 
0 – 5 000 ppm (1 ppm) 
30 ppb – 5 ppm (1 ppb) 
1 ppb – 50 ppm (1ppb) 
-55 - +125 °C (0,08 °C) 
0 – 95 % (0,08 %) 
260 – 1 260 hPa (0,02 hPa) 
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Figure 2: Comparison of SGP30 – Ethera Nemo sensors 

2.2.2 Monitoring campaign 

 
During the monitoring campaign, additional to TVOC measurements, temperature and RH were 
monitored using a HOBO U12 data logger (Onset Computer Corporation, 2008). This is a two-
channel logger, which can provide reliable and accurate data since it has an accuracy of +/- 0,35 
°C for the temperature and +/-2,5% for RH (Onset Computer Corporation, 2008). This sensor 
was placed in the centre of the first floor on the kitchen counter. 
Multiple SGP30 sensors were placed at 15 cm from the envelope surfaces (floor, wall, and 
ceiling), see Figure 3 and Table 3. To measure TVOC concentrations of the outdoor air, an 
additional sensor was placed outside of the CBCI Living Lab.  
 

 
Figure 3: Sensor placement on first floor  
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Table 3: Sensor placement 

Sensor ID  Position relative to reference Purpose  

S1 X: 3m Y: 1m Z: 0,15m a 

 
Measuring VOC-concentrations 
close to floor  

S2 X: 3 m Y: 1 m Z: 2,45 m a 

 
 

Measuring VOC-concentrations 
close to ceiling 

S3 X: 3,8 m Y: 1 m Z: 1,3 m a 

 
Measuring VOC-concentrations 
close to wall 

S4 X: 3 m Y: 4,3 m Z: 0,15 m a 

 
 

Measuring VOC-concentrations 
close to floor 

S5 X: 3 m Y: 4,3 m Z: 2,45 m a 

 
 

Measuring VOC-concentrations 
close to ceiling 

S6 At bicycle storage 20 m from CBCI Measuring VOC-concentrations 
in outside air  

a: Heights were calculated to be 15 cm from surface. This 15 cm is determined based on two studies. The first one 
is the study of Huang and Haghighat (2002) where they presented VOC emission with a boundary layer. The 
intention was to install the sensors outside the boundary layer. The second one is a work of Du et al. (2015), they 
positioned their sensors 10 cm from the surface. During this monitoring campaign, an extra 5 cm margin was 
added resulting in the above heights.  Ceiling: free height – 15 cm, floor: 15 cm from surface, wall: width – 15 cm 
and at breathing height.  
 
To find the influence of ventilation, different measuring scenarios were devised, see Table 4. 
To be able to only measure the influence of the building envelope, the building had no 
occupancy during the measurements. In scenario 2, two windows were opened, one on the first 
floor and two on the second floor, creating an airflow through the building. The two windows 
on the second floor were Velux inclined roof windows located on each side. The window on 
the first floor was a tilt window (Figure 3).  
Table 4: Scenarios for measurements   

Scenario  Details  Duration of scenario 

1 Reference case no ventilation  
 

21/03/2023 15:30 – 23/03/2023 8:30  

2 Reference case with configuration of open 
windows  
 

24/03/2023 14:30 – 27/03/2023 7:40 

 
3 RESULTS & DISCUSSION 

 
3.1 Indoor air quality in the CBCI home 

 
The results of the monitoring campaign were analysed based on ppb.hour values. This 
parameter was used to get an idea to what extent the VOC concentrations of each scenario 
exceeded the threshold value. According to the Flemish Indoor Air Decree these threshold 
values amount to a 66.7 ppb target value and 222.2 ppb intervention value (De Brouwere et al., 
2022).   
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Figure 4: TVOC-measurements during Scenario 1 

From Figure 4, it can be concluded that each of the five sensors exceeded both threshold values 
throughout the scenario due to the lack of ventilation and the build-up of VOCs over time. 
Sensor 4 measuring near the floor had the highest concentrations at an average of 2750 ppb, 
followed by sensors 2 & 3 (ceiling, wall respectively) at an average of 2250 ppb and finally 
sensors 1 & 5 (floor, ceiling) at an average of 1000 ppb and 750 ppb respectively. The difference 
between sensors measuring near the same source can be due to the device-to-device variety, 
(Sensirion, n.d.). Another reason may be the movement of the air in the room. Du et al. (2015) 
also showed the difference in air flow rate for different positionings of sensors. The third option 
is the possibility of a difference of environmental parameters at the different positions of the 
sensors. As only one sensor was used for temperature and RH during our monitoring campaign, 
no evidence of this can be provided. 
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Figure 5: TVOC-measurements during Scenario 2 
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Opening of windows resulted in reduction of concentrations by 97 % compared to scenario 2a 
due to favourable wind directions. The lowest threshold limit was not violated for sensor 2 
(ceiling) and sensor 3 (wall) throughout most of the scenario. The average values of these 
sensors were lower than the threshold limit of 66,7 ppb with 48 ppb for sensor 2 and 47 ppb for 
sensor 3. Sensor 1 (floor), sensor 4 (floor) and sensor 5 (ceiling) were measuring values around 
the highest threshold limit of 222,2 ppb. With average measurements of respectively 127 ppb, 
174 ppb and 246 ppb. Indoor measurements followed the same trend as outdoor concentrations.  

 
4 CONCLUSIONS 

 
In this study, a short monitoring campaign of VOC concentrations was set-up in a bio-based 
residential building in Belgium using low-cost sensors (LCS): 
The key takeaways can be summarized below: 
 

• In the case of no ventilation TVOC concentrations consistently exceeded both the 
intervention and target value due to excessive build-up over time.  

• Opening of windows reduced the TVOC concentrations considerably. VOC 
concentrations for sensor 2 (ceiling) and sensor 3 (wall), dropped below the threshold 
values while it was slightly exceeded for sensor 1 (floor), sensor 4 (floor) and sensor 5 
(ceiling).  

• Differences in TVOC concentrations can be noticed between the sensors. This is 
probably due to the device-to-device variety of 25% (Sensirion, n.d.). A difference in 
air flow rate at each position of the sensor could also be an explanation. There could 
also be a difference of temperature and RH at each position of the sensors.  

• The general conclusion of the reliability measurement is that the SGP30 is usable for 
the intended purpose. It can be used for a quantification of VOC emission in a case study 
where biobased materials were used. The trend of the measured values was comparable 
between the two sensors. This experiment proved that LCS can provide an indication of 
VOC emission and environmental parameters with a smaller budget. This provides 
many more opportunities for future work and IAQ monitoring. 

• Future work includes benchmarking the obtained values of VOC concentrations in the 
bio-based home in a regular dwelling with commercial construction materials.  
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ABSTRACT 

Monitoring and regulating the air quality inside critical infrastructure is essential for protecting occupants from 
external and internal airborne threats, such as pollutants, toxic chemicals, and pathogens. The outdoor air can be 
contaminated with agents such as diesel and car exhaust or with more toxic agents like Toxic Industrial 
Chemicals (TICs). In case of a pandemic, there is a threat of viruses and bacteria which can spread in the 
building. These airborne agents can penetrate and disperse inside the building via windows and doors or via the 
ventilation system. This gives insights into the transportation of these agents through the building. A smart 
software suite was built (HAVAC) for calculating the air flow through the building, combined with agent mass 
balances per room. Furthermore, once combined with a range of sensor systems, the tool can use the output of 
these systems to fine-tune the prediction on the way the agent will disperse into the building. Future predictions 
of concentrations per room can be generated. In case of a calamity or incident, this system can indicate which 
areas in the building are or will be “hot zones” in terms of agent concentration. Furthermore, a companioning 
expert system (MORTAL AI) can use these future prediction calculations to determine expected toxicological 
effects on occupants and provide decision support on possible further actions, such as evacuation of people or 
the decontamination of specific rooms. When designing a building, it can also - based on a large number of 
iterations - help design evacuation routes based on a range of different scenarios and provide recommendations 
on the best locations in the building to deploy IAQ (Indoor Air Quality) sensors and air purification filters. 
 

KEYWORDS 
 
Airflow modelling, agent dispersion prediction, air quality, decision support 
 

1 INTRODUCTION 

 
Monitoring and regulating the air quality in indoor areas such as large (cruise) ships and 
critical infrastructure is important1. After an incident at – for instance – a nearby chemical 
plant, vapour or aerosol can escape into the surrounding area. The outdoor air can be 
contaminated with agents such as diesel and car exhaust or Toxic Industrial Chemicals 
(TICs). This pollution can have environmental effects and may have an effect on the health of 
persons in the polluted area. In case of a pandemic, there is a threat of viruses and bacteria 
which can spread in the building. These airborne agents can penetrate and disperse inside the 
building via windows and doors or via the ventilation system. To provide insight into these 
matters, there is a need for a holistic and comprehensive modelling and AI suite that takes 
into account indoor & outdoor air flow, agent dispersion, building information and human 
toxicology. 
 
  

 
1 See the EU Horizon ISOLA project for an example use-case (https://isola-project.eu/) 
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2 INDOOR AIR QUALITY & TOXICOLOGY MODELLING 

 
For this reason, a software suite (HAVAC) was developed. It contains the necessary tools to 
safeguard occupants of critical infrastructure, by providing insight into current and future air 
quality issues and their potential impact on occupants of large structures. It includes an AI 
suite that specialises in a specific set of tasks related to the assessment and prediction of air 
quality and human comfortability / safety. It operates under a pre-defined range of contexts 
and is very good at handling these specific tasks. This approach is also known as Artificial 
Specialized Intelligence and can be integrated as a “smart” layer into new or existing air 
quality systems. 
 
2.1 Air Quality 

 
To model the indoor dispersion, a floor plan of a building is analysed in terms of rooms, 
windows, doors and the existence of a possible HVAC system. This 3 dimensional floor plan 
is used to calculate the airflow through the building, based on external factors, such as the 
outdoor wind velocity and temperature and also on the refresh rates of rooms, created by the 
HVAC system. If the exact structure of the HVAC is not known, the software tool is able to 
construct a virtual HVAC system for the building, depending on the required air refresh rate 
per room. This calculated air flow is used to predict the dispersion of possible contaminants 
through the building, which can originate from outdoors or from a source in the building. 
 
In the HAVAC modelling suite a multi zonal approach is used, where every room in a 
building as well as every duct in the HVAC system is defined as a zone (Stuart Dols (2015), 
Feustel Helmut (2005), Brasser (2017a)). The outdoor environment is also defined as a zone. 
A zone can exchange air with a neighbouring zone via flow paths, which represent doors, 
windows and other leakages. The air flow through these flow paths can be present due to 
natural causes, such as outdoor wind pressure or as a result of ventilators, which are located in 
these flow paths (for instance in the HVAC system). The airflow through the entire building is 
then calculated by solving a set of equations, each describing the air mass balance per room 
(Brasser (2017b)). Outdoor wind pressures onto the building influence this air flow. 
Furthermore, an existing HVAC system also can supply fresh air into the building and suck 
away used air by incorporating an HVAC entrance and exhaust per room. In Figure 1, an 
example air flow and dispersion calculation for a single scenario is shown. 
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Figure 1: Example air flow and dispersion calculation for a single scenario 

Temperature effects of airflow are also taken into account. For instance hot air will rise, 
resulting in a vertical air flow. Once this air flow through the building is known, it is also 
possible to calculate agent transport through the building. If an agent source is suspected or 
known (indoor or outdoor), this can be added into the software as well, resulting in the 
calculation of a dispersion of the agent through the building over time. 
 
On top of that, the software tool is also able to incorporate sensory data of agent 
concentrations to fine tune the predicted agent dispersion through the building. 
 
2.2 Toxicology 

Chemical agents can have a toxic effect on humans. Obviously the amount (the concentration 
or the dose) of the agent plays a huge role in this toxicity. To keep track of the effects people 
encounter when present in the infrastructure, the software tool stores all challenge 
concentrations a person (or an entity, for that matter) encounters every timestep, while present 
in the building. Based on these values, the toxicological effects of these agents onto these 
persons are calculated. 
 
Several different models are present in literature to predict the toxic effect, based on certain 
agent parameters and the agent dose. Based on the amount of known toxicity data present of 
the agent, one of these models will be chosen for the toxicity calculations. All models make a 
distinction between the severity of the effect onto the human. Three levels of severity are 
defined: 
 

• Mild effects: Myosis, small blisters etc. 
• Severe effects: Problems with breathing, larger blisters etc. 
• Lethal effect: Complete cessation of bodily functions 
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To calculate the severity of the effect, toxicological data is required for each severity level. 
Obtaining the required data often is the crucial part in the toxicological calculations. Results 
(effects) of toxicity tests on animals (and sometimes on humans) with the specific agent are 
required for toxicological calculations. In literature several different standards are present. For 
instance: 
 

• AEGL: Acute Exposure Guideline Levels, see NRC (2001) 
• ERPG: Emergency Response Planning Guidelines, see AIHA (2023) 
• TEEL: Temporary Emergency Exposure Limits, see DOE (2008) 
• NATO Publishes standards by NATO, see NATO (2003) 
• PAC: Protective Action Criteria, see OEE HSS (2016) 

 
Output from the air flow and agent dispersion modelling is used as input to this model current 
and future predicted toxicological effects on occupants of critical infrastructure. 
 

3 APPLICATIONS 

 
In critical infrastructure planning and operation, predictive air quality monitoring and smart 
air purification systems play a vital role in ensuring a healthy, safe, and efficient environment. 
Combining scenario-driven design in the planning phase of critical infrastructure design with 
real-time monitoring and response during its operational phase can significantly improve 
infrastructure resilience and sustainability. 
 
During the scenario-driven design phase, predictive air quality modelling is used to simulate 
various scenarios which the infrastructure might encounter throughout its life (see Figure 2). 
This includes considering the dispersion of pollutants, variations in air pressure, temperature, 
and humidity (see Brasser (2017c), Brasser (2017d)). These simulations are essential for 
optimising the layout, materials, and systems of the infrastructure to various air quality 
scenarios. Smart air quality reporting tools, which incorporate AI-powered analytics, play a 
pivotal role here by providing detailed calculations, analyses, and targeted recommendations 
for various threat scenarios. For example, these tools can guide the optimal placement of 
indoor air quality sensors and filters, ensuring maximum detection coverage and filtration 
efficiency. Furthermore, they advise on the appropriate efficiency needed for air filters and 
provide insights into HVAC system design, to ensure harmony with the air purification 
strategy. 
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Figure 2: Flow of a scenario-driven design process 

 
Similarly, during the operational phase, real-time air quality monitoring becomes crucial (see 
Figure 3). Here, smart air quality systems equipped with sensors continuously track air quality 
parameters, such as particulate matter, volatile organic compounds, and other pollutants. The 
HAVAC tool analyses the data and predicts trends in air quality, enabling operators to receive 
alerts when air quality levels cross predefined thresholds. It can also identify potential 
contaminated areas or hot zones and localise potential sources of contamination (see Brasser 
(2017e)). It, too, relies on AI-powered analytics, which leverage data from various internal 
and external sources to provide actionable insights. 
 
In both phases, the challenges often arise from poor ventilation leading to an accumulation of 
indoor pollutants, the lack of data-driven support for the placement of sensors, and the 
absence of standard operating procedures for emergency response. Additionally, ensuring 
compliance with air quality regulations and standards is a concern common to both phases. In 
the scenario-driven design phase, adherence to regulations is achieved by incorporating 
predictions into the design process. In contrast, in the operational phase, compliance is 
ensured by real-time monitoring and dynamic adjustments to ventilation and filtration systems 
based on the data received. 

 

Figure 3: Real-time monitoring flow 

A comprehensive solution to address these challenges in both phases involves integrating 
real-time air quality monitoring with data-driven insights, predictive modelling, and 
automation. This integrated approach offers facility managers an all-encompassing air quality 
management solution, empowering them to make rapid and informed adjustments in response 
to incidents or changes in air quality. 
 
Additionally, situational awareness is critical in both phases. During the design phase, 
knowing potential threats and how they can impact the infrastructure is necessary for building 
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a resilient system. In the operational phase, continuous awareness of the indoor air quality 
conditions is vital for timely interventions (see Figure 4). In both cases, the integration of 
advanced technologies, including AI and analytics with air quality systems, is key to 
providing a robust and efficient air quality management solution. 
 

 

Figure 4: Example of agent concentrations in several rooms and floor levels in the floor plan of a building 

In summary, by aligning the scenario-driven design process with real-time monitoring and 
response systems, critical infrastructure can be designed and operated with optimal efficiency 
and resilience to air quality challenges. This involves utilising predictive modelling in the 
design phase to anticipate and plan for various air quality scenarios, and implementing 
intelligent air quality monitoring systems during operation to ensure timely responses to 
changing conditions. Both phases necessitate the use of AI-powered analytics and integration 
with building management systems for a holistic and effective approach to air quality 
management. 
 

4 CONCLUSION 

 
A software suite was developed, which can be used to calculate the indoor airflow, dispersion 
of agents and toxicological effects. The tool predicts airflow by considering elements such as 
windows, doors, and the HVAC system. The tool quantifies the concentration of agents in 
each room over time and facilitates seamless incorporation of building structures, including 
rooms, corridors, and openings across various floor levels, effectively creating a digital twin 
for airflow analysis. Toxicological effects of existing contaminants are predicted. 
 
Furthermore, escape routes can be generated in case of an incident, taking into account which 
rooms are least contaminated. It contains a decision support tool which is designed to provide 
a multifaceted simulation and analysis of air dynamics within buildings. 
 
There are two major applications of the software suite: in the design phase of a building and 
during the operational phase of critical infrastructure. In the design phase of a building the 
smart air quality reporting tool generates detailed analyses and a plethora of 
recommendations, and serves as an invaluable resource for stakeholders in the design of 
critical infrastructure. During the operational phase of critical infrastructure, the primary value 
of the tool is to protect the health and well-being of occupants of the critical infrastructure, as 
autonomous response can save time (and therefore lives) in case of an emergency and help 
contain the possible threat. 
 
All in all, this suite provides the necessary tools to safeguard the air quality within critical 
infrastructure, and therefore the health of its occupants. 
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ABSTRACT 
 
One proposed mitigation to reduce transmission of the SARS-CoV-2 virus and other airborne pathogens is to 
increase ventilation in buildings.  This measure can be difficult to implement in existing buildings and has the 
potential environmental costs of increased energy consumption to condition the additional airflow, as well as other 
potential costs such as the disposal of existing serviceable mechanical equipment and the manufacture and delivery 
of new equipment.  This paper focuses on the increased energy consumption caused by increased ventilation rates 
in commercial buildings to mitigate airborne pathogen transmission.  We used energy modelling software to 
compare energy use in different typical commercial buildings in different climates at current standard ventilation 
rates to the energy use in the same buildings with increased ventilation rates and filtration.  Our analysis shows 
that increased filtration has little effect on energy used for air conditioning, but that increased ventilation has a 
significant effect. 
 

KEYWORDS 
 
Ventilation, airborne pathogens, SARS-CoV-2, COVID, energy  
  
1 INTRODUCTION 

 
During the recent SAR-CoV-2 (COVID) pandemic, public health officials and government 
agencies advocated, and in some cases distributed funds, for increased mechanical ventilation 
and air filtration rates as a preventive measure to mitigate the spread of the virus in interior 
spaces.  Some have gone farther, recommending that increased ventilation rates be 
implemented at all times to promote general health, not just as a temporary pandemic 
mitigation measure. Although well-intentioned and seemingly pragmatic, the assumed 
benefits of increased ventilation and filtration must be verified and weighed against the 
potential increased energy consumption and resultant carbon emissions to move, condition, 
and filter the air. 
 
1.1 Literature Review 

 
The United States Centers for Disease Control and Prevention (CDC) provides the following 
recommendations for ventilation to mitigate airborne pathogen spread:1 
 
• Five air changes per hour (ACH) in occupied spaces (lower ACH could be used in 

large spaces with few occupants). 

• Minimum Efficiency Reporting Value (MERV) 13 air filtration or greater.   
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• In non-residential settings without a known infectious source, operate the mechanical 
system at maximum outside airflow for 2 hours, or until the building has achieved at 
least 3 air changes, after the building no longer is occupied (i.e., “flushing” the 
building’s air).   

• The CDC provides calculations that can be followed for the required ventilation to 
flush a building after a known infectious source was present. 

The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 
states that policy makers should consider two states of building operation: a normal state 
(generally how buildings operated pre-pandemic), and an epidemic state during which higher 
levels of risk exist.  Unlike many public health advocates, ASHRAE states that normal 
building operations result in low level of risk of airborne pathogen transmission due to public 
health measures implemented over time into Building Code and industry standard 
requirements.  ASHRAE goes further, stating that operating in a pandemic state at all times 
will waste resources and that policy members should use caution when enacting policies that 
could force building managers to implement mechanical interventions for airborne pathogen 
transmission when less costly measures may be available.  ASHRAE acknowledges a lack of 
empirical studies to establish the necessary ventilation rates to mitigate airborne pathogen 
spread, but still strongly recommends that increased ventilation be implemented as a 
pandemic mitigation measure when that risk is present.2 
 
ASHRAE’s Epidemic Task Force Building Readiness Guide provides several 
recommendations for modifications to existing mechanical systems to reduce the potential for 
airborne pathogen transmission, which includes increased ventilation.  However, ASHRAE 
also notes that doing so may make it difficult to maintain indoor setpoints in some climates 
and that it will increase the required chilled water (for cooling) and the pressure drop across 
the cooling coil, and that the demand on the cooling plant and could affect building or space 
pressurization.   ASHRAE also notes that particles (including airborne viruses) do not behave 
as gases and should not be assumed to be evenly distributes in a space.  ASHRAE 
recommends that airborne pathogen mitigation measures for building mechanical systems be 
limited to the pandemic period.3 
 
Allen and Ibrahim cite observational studies that show lower ventilation rates correlate to 
increased viral transmission for several viruses and recommend minimum 4 to 6 ACH in most 
indoor applications with MERV 13 or greater filtration, but to increase the ACH in denser 
occupancy applications.  These authors state that increased ACH would be of more benefit to 
reduce airborne viral transmission over greater distances than close contact.  They also 
recommend making these modifications to mechanical system operation permanent to 
improve health overall.4  Chen et al cite research by others stating that aerosols remain 
suspended in air ten times longer in poorly ventilated spaces and recommend increasing 
ventilation and filtration to mitigate airborne viral transmission.5 
 
Rothamer et al used a combination of mathematical models and a mock-up of a classroom 
setting using mannequins with “breathing” apparatuses for one hour with different rates of 
aerosol concentration and ventilation to estimate airborne pathogen spread.  They found that 
increasing ventilation has diminishing returns: increasing ACH from 1.38 to 5.05 only 
reduced the potential for infection spread by a factor of 2, and further increasing the ACH to 
10 further reduced the potential for infection spread only by a factor of 1.71 (i.e., diminishing 
returns).6 
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Pantelic and Tham used mathematical models to calculate the efficacy of ventilation to 
mitigate airborne pathogen spread.  They found that for pathogens with lower infectiousness 
increased ventilation made little difference (due to the lower probability of infection spread), 
but that increasing ventilation did reduce, but not eliminate, the potential for infection spread 
for pathogens of higher infectiousness.  However, they also found that the effect of increased 
ventilation decreased over time, such that within a few weeks increased ventilation had little 
effect on infection spread.  This study shows that increased ventilation as a means to limit 
viral transmission mainly works for short-term exposure over shorter overall time periods.7 
 
Citing research by others, Burkett notes that calculations of the time required to flush a 
building or space often assume perfect mixing of the air and that they underestimate the actual 
time required to flush a building or space.  He also notes that the location of the exhaust vents 
relative to the infection source plays a significant role in the ability of ventilation to mitigate 
airborne pathogen spread, and that if the exhaust vent is not directly over the infection source 
increasing ventilation can have little effect (again, citing research by others).  Burkett cites 
other research showing that increasing ventilation has little effect on the decay time for 
airborne pathogens when the mechanical system includes filtration of MERV 13 or better.8 
 
2 EVALUATION OF ENERGY IMPLICATIONS OF INCREASED FILTRATION 

AND VENTILATION 

 
We performed a series of energy models using the eQuest version 3.65 software developed by 
the United States Department of Energy (DOE) to evaluate the building-wide energy impact 
of both increased filtration and increased ventilation.  We analysed a theoretical 2-story office 
building (2,320 m2) and a 22-story (25,520 m2) office building in both New York, NY and 
Miami, FL – predominantly heating and cooling climates, respectively.  We based the 
building enclosure and mechanical system performance on the prescriptive requirements of 
the 2021 International Energy Conservation Code (IECC) for each climate zones, including 
requirements for minimum mechanical equipment efficiency and energy recovery systems for 
ventilation.9  We based internal loads and occupancy data on guidance from the 2021 
ASHRAE Handbook of Fundamentals.10  For the New York building, we assumed gas-fired 
hot water coils for heating and direct expansion cooling.  For Miami, we assumed direct 
expansion systems for both heating and cooling.  In both cases, based on the parameters of the 
buildings we modelled, the energy code does not require the inclusion of energy recovery on 
the ventilation/exhaust systems, although we did model an air-side economizer in all cases.  
The intent of these models was not to predict actual energy use for a specific building, but 
rather to establish a reasonable baseline of performance that could be used for evaluating 
relative changes between the various models.  
 
The first evaluation that we performed was of the impact of increased filtration for various 
ventilation rates on energy use.   This was a relatively high-level assessment due to the lack of 
detailed data on the relationship between fan power and filtration quality (other than the two 
being directly proportional).  We used data from the United States Leadership in Energy and 
Environmental Design (LEED) 4.1 Minimum Energy Performance Calculator on the impact 
of filtration on fan power for MERV 9-12 and MERV 13-15.  This analysis is limited, but 
conveniently in the same ranges as typical buildings and those which utilize CDC 
recommendations for filtration to limit pathogen spread.  For reference, MERV ratings 
describe the effectiveness of a filter at removing particulates in a certain size range.   At the 
low end of the range we evaluated, a MERV 9 filter is >35% effective at filtering particles in 
the 1.0-3.0 µm range and >75% for 3.0-10.0 µm particles.  A MERV 15 filter is >90% for the 
1.0-3.0 µm range, >95% for 3.0-10.0 µm, and adds a level of >85% for 0.3-1.0 µm.  Although 
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beyond the scope of this paper, it is interesting to note (and presents opportunities for further 
research) that the typical COVID virus particles are approximately 0.07-0.09 µm in size – 
smaller than any of the listed sizes in MERV filters and even smaller than most high 
efficiency particulate air (HEPA) filters are rated for (0.3 µm range).11  While viral particles 
suspended in respiratory droplets are typically large enough to be caught by a moderately 
high-MERV filter, those droplets are also more likely to end up deposited on surfaces within 
the occupied space than to reach the filter via the return airstream.  This demonstrates that 
there are many other factors beyond filtration that impact distribution of viruses or other 
contaminants.   
 
Table 1 shows the impact only of adding filtration to the air distribution system of a building.  
The base case (no filter), while not practical, is presented to demonstrate the added fan power 
needed to push air through a filter within the system.  We compare both system fan power 
(kW) and overall building source energy use intensity (EUI; kWh/m2yr).  We performed this 
analysis only for the New York building case as fan power is relatively independent of 
heating type and climate. 

Table 1: Filtration Impact on Fan Power and Building EUI 

Filtration Level 

System Fan Power 

(kW) 

Increase over 

Baseline 

Building 

Source EUI 

Increase over 

Baseline 

None 3.1 - 174 - 
MERV 9-12 5.3 71.0% 180 4.0% 
MERV 13-15 5.8 87.1% 182 4.7% 

 
Since the primary goal of our analysis was to determine the impact of increased ventilation 
and filtration on overall building energy use, based on this initial study (which shows a 
negligible difference in source EUI for the two levels studied) we evaluated the remaining 
cases assuming MERV 13-15 (based on CDC guidelines) rather than modelling dozens of 
additional combinations of ventilation and filtration type. Table 2 shows the impact of 
increasing ventilation by various amounts over the typical code-minimum value (from the 
2021 IECC).9  Since ventilation is typically a major contributor to building energy, we only 
analysed cases up to double the code-minimum value (4.72 L/s/person vs. 2.38 L/s/person). 

Table 2: Increased Ventilation Impact on Building EUI (MERV 13-15 only) 

 Low Rise - New York Source EUI Increase over Baseline 

F
re

sh
 A

ir
 -

 

L
/s

/p
er

so
n

 

2.38 (Baseline-IECC) 181.7 - 
2.83 (20% increase) 183.3 0.87% 
3.54 (50% increase) 185.5 2.08% 
4.72 (100% increase) 190.2 4.69% 

  High Rise - New York 

F
re

sh
 A

ir
 -

 

L
/s

/p
er

so
n

 

2.38 (Baseline-IECC) 178.2 - 
2.83 (20% increase) 179.8 0.88% 
3.54 (50% increase) 182.7 2.48% 
4.72 (100% increase) 186.8 4.78% 

  Low Rise - Miami 

F
re

sh
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ir
 -

 

L
/s

/p
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so
n

 

2.38 (Baseline-IECC) 235.7 - 
2.83 (20% increase) 239.1 1.47% 
3.54 (50% increase) 243.9 3.48% 
4.72 (100% increase) 251.7 6.83% 

  High Rise - Miami 

F
re

sh
 A

ir
 -

 

L
/s

/p
er

so
n

 2.38 (Baseline-IECC) 225.9 - 
2.83 (20% increase) 229.0 1.40% 
3.54 (50% increase) 233.8 3.49% 
4.72 (100% increase) 241.0 6.70% 
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In addition to overall building energy use we also looked at the impact of increased 
ventilation on annual heating and cooling energy (kWh).  It is worth noting that the zero 
heating energy in the Miami likely is not realistic, and more likely is due to our using an 
idealized model for these comparisons.  However, as noted above the idealized model is 
useful for calculating differences between cases as opposed to absolute values which fits well 
with the intent of our study. 

Table 3: Increased Ventilation Impact on Annual Heating and Cooling Energy 

 Low Rise - New York Heating Energy Increase Cooling Energy Increase over Baseline 

F
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 -
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/s

/p
er

so
n

 

2.38 (Baseline-IECC) 48.5 - 32.2 - 
2.83 (20% increase) 50.0 3.14% 32.8 1.82% 
3.54 (50% increase) 52.8 8.76% 33.7 4.64% 
4.72 (100% increase) 58.4 20.36% 35.3 9.64% 

 High Rise - New York 

F
re

sh
 A

ir
 -

 

L
/s

/p
er

so
n

 

2.38 (Baseline-IECC) 305.7 - 379.5 - 
2.83 (20% increase) 327.9 7.29% 385.7 1.62% 
3.54 (50% increase) 362.8 18.70% 395.9 4.32% 
4.72 (100% increase) 426.7 39.60% 411.8 8.49% 

 Low Rise - Miami 

F
re

sh
 A

ir
 -

 

L
/s

/p
er

so
n

 

2.38 (Baseline-IECC) 0 - 84.1 - 
2.83 (20% increase) 0 - 86.6 3.03% 
3.54 (50% increase) 0 - 90.4 7.49% 
4.72 (100% increase) 0 - 96.3 14.53% 

 High Rise - Miami 

F
re

sh
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ir
 -

 

L
/s

/p
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n

 

2.38 (Baseline-IECC) 0 - 853.4 - 
2.83 (20% increase) 0 - 880.4 3.16% 
3.54 (50% increase) 0 - 919.7 7.76% 
4.72 (100% increase) 0 - 982.1 15.08% 

 
The data above represented cases of high-percentage but low-magnitude increases in 
ventilation rate on a L/s/person basis.  To evaluate how these adjustments compare to more 
recent guidance regarding ventilation as a way to mitigate viral transmission, we ran an 
additional set of energy models using the CDC-recommended ventilation rate of 5 ACH for 
the New York low-rise building example (note that the IECC minimum of 2.38 L/s/person 
results in only 0.3 ACH for this case).  For this building, 5 ACH results in a ventilation rate of 
39.3 L/s/person – over 15 times higher than the IECC minimum requirement.  Although the 
IECC requires energy recovery for this magnitude of ventilation, we did not include that 
feature in the models since our goal was to evaluate changes in existing buildings to 
accommodate higher ventilation rates (i.e., those buildings would not have been designed 
with energy recovery ventilation and are unlikely to add those systems to compensate for a 
temporary increase in ventilation rate).  We summarize these results in Table 4. 

Table 4: EUI and Space Conditioning Loads for 5 ACH vs. IECC Minimum Ventilation 

New York Low Rise Source EUI Heating Energy Cooling Energy (kWh) 

Baseline IECC Ventilation 181.7 48.5 32.2 
CDC Recommended 5 ACH 634.4 507.6 146.9 
% Increase 249% 947% 356% 

 
These increased in both source EUI and heating/cooling energy are commensurate with the 
15x increase in ventilation, and as we will discuss below, make such an increase financially 
unfeasible at least and fully impossible at most. 
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3 DISCUSSION  

 
3.1 General 

 
One point that must be considered in evaluating increased ventilation as a way to reduce 
airborne pathogen spread is that most of the data supporting increased ventilation as reducing 
airborne pathogen spread is from observational studies, which can have confounding variables 
that the studies do not address but can affect the studies’ results significantly.  Also, people do 
not behave as mannequins with breathing apparatuses (stationary with a constant breathing 
rate), and it is likely that the infectious load varies with each breath, rather than a constant rate 
of “viral shedding” with each breath.  People also do not behave uniformly nor predictably, as 
most mathematical models of airborne pathogen spread assume to simplify the calculations. 
Some studies (though limited) have shown that the positive effect of increased ventilation is 
short-lived with highly infectious pathogens, so it is possible that increased ventilation merely 
delays infection, rather than prevent it.  That said, when in an emergency/pandemic state with 
little reliable data on a new pathogen, increasing ventilation to slow the spread of infection 
does make intuitive sense and likely is of some short-term benefit. 
 
Both system heating and cooling capacity must be considered when adding ventilation.  
Although older buildings may have more “excess capacity” that can be utilized for 
ventilation, buildings designed more recently to stricter energy codes and using more accurate 
heating/cooling load calculations are less able to accommodate added service loads.  While 
energy use is a major concern, occupant comfort cannot be discounted when increasing 
ventilation.  There is a practical limit to how much ventilation can be added before the HVAC 
systems become ineffective at controlling interior conditions.  Adding too much ventilation 
will reduce the ability of the system to control interior temperature and relative humidity 
(RH).  While temporary discomfort for occupants may be an acceptable trade-off to reduced 
viral transmission risk, high interior RH (especially in more humid climates) can lead to “less 
acceptable” problems such as condensation, interior finish damage, and microbial growth on 
susceptible surfaces. 
 
An additional aspect of ventilation that unfortunately often is ignored when adjusting 
ventilation rates is the importance of balance in the system.  Forcing too much outside air into 
a zone without balancing it with exhaust or return air can create significant pressure 
imbalances between spaces within a building.  Take the example of a school building with 
multiple occupied classrooms.  The intent of increased ventilation in the classrooms is to 
dilute contaminants within the occupied spaces.  However, over-ventilating individual 
classrooms without providing sufficient return/exhaust air will create positive pressure in 
those spaces, forcing excess (and potentially contaminated) air into adjacent spaces, corridors, 
etc., and defeating the purpose of adding ventilation in the first place – to reduce viral 
transmission.  Similarly, arbitrarily adding more stringent filters to HVAC units without 
evaluating if the systems are designed to handle them can result in reduced airflow and 
increased load on fans.  Mismatching filters and equipment can thus result in decreased 
ventilation and equipment life.  Lastly, before making any adjustments to ventilation or 
airflow in a system, it is critical to evaluate the design and layout of those systems.  For 
example, most large commercial airliners will have multiple independent ventilation zones 
with separate supply and return systems.  This in in recognition of the risk of disease 
transmission in spaces with very high occupant densities.  Thus, the risk of a first-class 
passenger infecting someone in the rear of the aircraft is very low.  Buildings, conversely, 
often have highly centralized systems for air (including ventilation air) distribution.  Moving 
more air through those systems may have little positive benefit, and may in fact simply allow 
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for greater air exchange (and viral transmission) between building areas.  These examples 
highlight the danger of implementing changes to building systems which can, despite their 
apparent simplicity, result in a variety of unforeseen and potentially negative consequences. 
 
3.2 Model Results 

 
Our initial review of the energy model results showed that there is a significant difference in 
fan power requirements for the filtered vs. unfiltered (which is not realistic, but modelled for 
comparison) systems, a 71% increase in fan power and 4% increase in EUI.  However, the 
increase to MERV 13-15 from MERV 9-12 only results in an additional 0.7% on EUI.  At 
these levels, the added energy use is easily justified if there is demonstrable reduction in virus 
transmission but is also high enough so that some owners, whether for the sake of reduced 
utility bills or simple conservation of energy, will more carefully evaluate the potential 
benefits before implementing changes.  
 
Our models show that moderately increasing ventilation has a modest impact on the energy 
used to operate the mechanical system in cold and hot climates, with the biggest increases for 
heating energy in the New York case.  For the low-rise case, doubling the amount of 
ventilation relative to IECC minimums results in an approximately 20% increase in annual 
heating energy and a still-significant 10% increase in annual cooling energy.  Looking at the 
Miami cases, heating energy is a non-issue but cooling energy increases by 15% when 
doubling ventilation rates.  While these percentages are relatively high, a more useful metric 
is the building Energy Use Intensity – a measure of total energy consumed by the building 
normalized to building area.  We use source EUI for this comparison, which includes the 
energy impacts of harvesting and generation/transmission.  For the New York cases both 
building types see a 5% increase in source EUI, with a 7% increase for the Miami cases.  
Some of that added 2% is likely due to the energy type used, since the total energy used in 
Miami is all-electric, which is typically has a higher site-to-source conversion.  These values 
demonstrate the potentially high operating cost increase associated with added ventilation, as 
well as the importance of carefully evaluating the benefits of this strategy for a specific 
building before implementing it. 
 
Lastly, our evaluation of the CDC-recommended ventilation rate of 5 ACH for the New York 
City, low-rise building case shows that this approach is completely unfeasible from an energy 
use standpoint, with a 249% increase in source EUI.  In addition, the resulting increases in 
heating and cooling energy (947% and 356%, respectively) mean that, barring a substantial 
upgrade to mechanical system capacity, the existing building systems would not be able to 
handle the added loads.  This is in contrast to the more moderate increased in ventilation, 
where the 10-20% increase in heating and cooling energy likely could be accommodated by 
the existing systems due to excess capacity or operate at modified interior set points on a 
temporary basis, likely an acceptable compromise if the resulting increased ventilation has 
some short-term benefit to reducing viral transmission.   Even if these systems were operated 
with the addition of energy recovery, at 5 ACH the magnitude of ventilation air required 
would still result in order-of-magnitude increases in both EUI and heating/cooling loads 
(regardless of building type or climate). 
 
4 CONCLUSIONS 

 
Our review of available literature indicates that there is some potential short-term benefit to 
viral transmission (i.e., reduced infection rates) associated with increased ventilation.  The 
benefit may be more pronounced for highly infectious diseases such as COVID.  The energy 
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analyses we performed show that there are relatively substantial increases in annual energy 
use and heating/cooling energy associated with increases in ventilation that are likely within 
the airflow and heating/cooling capacity of existing building equipment (up to double the 
IECC-minimum rates).  For a 6-month to 1-year adjustment this energy use is likely feasible, 
but for longer-term implementation there will be significant increases in operating costs at a 
likely diminishing return on reduced viral transmission (not to mention the associated carbon 
emissions).  In the case of the CDC-recommended ventilation rate, it would be completely 
impractical (if not impossible) to modify existing building systems to accommodate such a 
massive increase in ventilation rate. Without any long-term studies of effectiveness, there is 
no justification for this level of modification. 
 
When adjusting ventilation rates, it is important to look not only at increased energy use but 
also internal airflow paths and balance between interior spaces.  For example, if the full 5 
ACH ventilation rate were possible with existing equipment, that level of airflow without 
sufficient exhaust would crease significant interior building pressures and likely imbalanced 
between interior spaces.  Building dynamics are relatively complex and making changes to 
one system can have far-reaching consequences in other.  In addition, what works well in one 
building could be ineffective or even detrimental in another depending on the layout of the 
space and the zoning of the mechanical systems.  While well-intentioned, much of the current 
guidance on increasing ventilation in buildings focuses solely on effectiveness in reducing 
viral transmission (often in the short-term) and assumes perfect mixing of air and pathogens, 
and focuses less on the practical implications and limitations of making those changes.  Both 
must be considered, especially when evaluating these changes over the long-term.  
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ABSTRACT 
 
Computational predictions of buildings' indoor-environmental conditions and energy performance would 
presumably benefit from the inclusion of models that could reliably capture occupants' window operation 
behaviour. Frequently, models derived from empirical data have a black-box character. However, the utility of 
window operation models could be conceivably improved, if the model derivation process is preceded by specific 
hypotheses regarding the variables that are assumed to influence the frequency and timing of window operation 
actions. In the present contribution, we discuss the process of exploring explicit hypotheses regarding factors that 
could influence occupants' operation of windows prior to the model derivation step. To illustrate the potential of 
this approach, we utilize a specific window operation data set from an open plan office. This data set was used to 
test three distinct hypotheses regarding the factors that influence occupants' window operation actions upon arrival. 
The results suggest that the most plausible conjecture from the intuitive point of view is not supported by the data 
set. This observation encourages more in-depth reflections on the motivational background of occupants' 
behaviour. Purely data-driven black-box models arguably do not provide a similarly strong impetus toward an 
explicit understanding of occupants' behaviour patterns in buildings. 
 

KEYWORDS 
 
Natural ventilation, window operation, occupant behaviour, computational models 
  
1 INTRODUCTION 

 
Natural ventilation in general and manual operation of windows in particular represent the 
oldest and most primary means of modulating the rate of air change in buildings and hence 
influencing both indoor air quality and thermal conditions (Etheridge 2011). Besides indoor-
environmental conditions, operation of windows can also influence buildings' energy use. 
Hence, computational predictions of buildings' indoor-environmental conditions and energy 
performance would presumably benefit from the inclusion of models that would capture 
occupants' window operation behaviour. These models may range from simple schedules to 
sophisticated probabilistic routines (Mahdavi et al. 2016, Tahmasebi and Mahdavi 2019, 2016). 
Either way, development and validation of window operation models must be ultimately based 
on observational data. 
Frequently, models derived from empirical data are of a black-box type: Observed behaviour is 
statistically correlated with values of variables pertaining to, for instance, thermal conditions 
inside and outside buildings (D'Oca and Hong 2014). It is not suggested here that black-box 
models would be either deficient or ineffective. Depending on the application scenario, such 
models may be very useful. However, the utility and scalability of window operation models 
could be arguably improved if, at the outset of the model derivation process, specific hypotheses 
are stated regarding the variables that are assumed to influence the frequency and timing of 
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window operation actions, particularly when such hypotheses include transparent formulation 
of the reasoning (and respective narratives) regarding the mapping from independent to 
dependent variables. Instead of recurrent tweaking of coefficients of black-box models to fit 
ever new sets of data coming from different buildings, explicit hypotheses and their testing 
could help to: i) identify those independent variables that are more likely to constrain occupant 
behaviour, ii) shed light on the potential causal mechanisms involved, and iii) augment the 
scalability of local window operation models toward more generally applicable computational 
routines. 
In the present contribution, we reflect on the process of formulating and testing explicit 
hypotheses regarding factors that could influence occupants' operation of windows. To illustrate 
the potential of this approach, we utilize a specific window operation data set from an open plan 
office (in a university building in Vienna, Austria). This year-long data set includes time series 
information on indoor and outdoor temperatures, occupants' presence, and their window 
operation actions (for the present study we focused on the warmer months of the year, i.e., from 
May to September). At the outset, examples of general hypotheses are formulated. These are 
basically conjectures about what factors (i.e., independent variables or predictors pertaining to 
indoor and outdoor conditions) could influence the dependent variables (i.e., the probability of 
window opening actions upon occupants' arrival in the office) and what reasoning or narrative 
is behind these conjectures. This approach is suggested to support the derivation of transparent 
and scalable window operation models that can be integrated in computational tools for the 
prediction of buildings' energy and indoor-environmental performance. 
 
2 METHODOLOGY  

 
As outlined in the introduction, the purpose of the present paper is to explore the process of 
testing explicitly formulated hypotheses regarding predictors of occupants' window operation 
against collected data. It is of course possible to confront an observational data set with a set of 
variables to see if patterns of influence on specific behavioural manifestations (window opening 
actions in the present case) can be extracted. However, in the absence of explanatory (e.g., 
causal) stories behind the pattern, the applicability of such a model to other settings (and 
respective data sets) remains questionable. It thus seems useful if the model development 
process would start with transparent hypotheses as to what influence mechanisms are postulated 
and why. To illustrate this possibility, we consider here, as a case in point, the occupant-driven 
window operation in an office building. Note that the purpose here is not to document a 
comprehensive instance of a related model development exercise. The illustrative case study 
involves neither a comprehensive and representative repository of monitored data, nor shall we 
conduct a detailed statistical analysis to develop or validate a full-fledged window operation 
model. Rather, the idea is to use a limited data set and simple descriptive statistics to 
conceptually illustrate the advantages of the proposed approach.  
Predicting the timing and frequency of occupants' operation of windows is by all accounts a 
challenging endeavour, given the extensive set of circumstances that may trigger window 
operation actions. This set includes, amongst other factors, thermal, air quality, and acoustic 
conditions inside and outside buildings as well as factors related to individual occupants 
(activity, clothing, age, sex, health, preferences, habits, cognitive load). Moreover, occupants' 
position (for instance, in office buildings, the distance of the occupants' workstations from the 
window units), the quality of window opening interface (ease of opening, potential interference 
with shading operation, etc.) as well as social settings (e.g., hierarchical relationships amongst 
occupants in an open plan office) may play a role.  
Given the illustrative nature of the present treatment, we focus here on a few factors only, 
consider a limited data set, and perform a rather simple descriptive statistical analysis. As 
dependent variable, we focus on the probability of window operation actions upon occupants' 
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arrival in the office. Hence, intermediate window operations are not considered. As to potential 
influencing factors, we consider only indoor temperature, outdoor temperature, and the so-
called comfort temperature (i.e., the ambient air temperature assumed to be preferred by the 
occupants). Hence, individual occupants' characteristics are not taken into account, nor are 
workstation configurations and social settings.  
Given these choices, we proceed to formulate a number of general (rather qualitative) 
hypothesis regarding the candidate independent variables and how they influence the dependent 
variable (window opening probability upon arrival in the office). Note that these hypotheses 
are in part contradictory, as at this stage (prior to being examined against observation), they 
entail only conjecture-type narratives as follows: 

Hi  The probability of opening a window upon arrival in the office is higher, if the 
temperature in the office deviates from the comfort temperature. In other words, the 
larger the perceived discrepancy between the comfort temperature and indoor 
temperature upon arrival, the higher the probability that occupants would open the 
windows to change indoor thermal patterns. 

Hii  The probability of window opening upon arrival can be influenced by the thermally 
relevant cooling potential of the outdoor air. In other words, insufficient indoor-outdoor 
air temperature differences can reduce the thermal (cooling) potential of window 
opening and thus reduce the respective probability.  

Hiii  The probability of window opening upon arrival can be influenced by the pre-arrival 
thermal perception of the outdoor air temperature. In other words, larger deviation of 
outdoor temperature from occupants' comfort temperature can increase the tendency to 
open windows upon arrival.  

To operationalize the hypothesis Hi above, we designate ic, that is the difference between 
indoor temperature (i) and comfort temperature (c), as the independent variable (ic = i - 
c). The dependent variable (window opening probability Pw) is operationalized in terms of the 
number of window opening actions nop within a certain time interval divided by the number of 
first arrivals in the office nar within the same time interval (Pw = nop . nar

-1).  
To operationalize the hypothesis Hii above, we designate, aside from ic (see Hi description 
above), the difference between indoor temperature (i) and outdoor temperature (e) as an 
independent variable (ie = i - e). The dependent variable is, as in case of Hi, the window 
opening probability Pw.  
To operationalize the hypothesis Hiii above, we designate, aside from ic (see Hi description 
above), the difference between comfort temperature (c) and outdoor temperature (e) as an 
independent variable (ce = c - e). The dependent variable is, as in case of Hi, the window 
opening probability Pw.  
To test the above hypotheses empirically, monitored data from an open plan office area with 
eight workstations in a university building (in Vienna, Austria) was used (Mahdavi et al. 2019). 
Figure 1 shows the floor plan of the office area as well as the default position of the eight 
workstations. This office area was equipped with a comprehensive monitoring infrastructure. 
Collected data included occupants' presence, state of windows, and a number of indoor 
environment variables (including air temperature, humidity, and CO2 concentration). Outdoor 
parameters (including air temperature, solar radiation, wind velocity, and precipitation) were 
also monitored using the building's roof-top weather station. For the purpose of the present 
exercise, 15-minute interval data over the course of five months (May to September) in a 
calendar year was drawn on. The data set comprised occupants' arrival time, window operation 
events, as well as indoor and outdoor temperatures. A window opening action is assumed to 
have occurred upon the occupant's arrival in the office if it is registered either at the same 
interval in which the arrival is observed or in the immediate next interval. Later actions are 
considered as intermediate actions and not included in the analysis. As the building is not 
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conditioned (neither heated nor cooled) in the selected time period, the adaptive comfort theory 
(and a respective comfort temperature equation) was deployed to derive the comfort 
temperature based on the mean monthly outdoor temperature (Nicol et al. 2012). Table 1 
provides detailed information about the sensor types used to monitor indoor temperature and 
occupancy. Information regarding other indoor and outdoor sensors can be found in Mahdavi 
et al. (2019). Table 2 and Figure 2 provide an overview of monthly mean temperature for 2013 
in Vienna. Note that, given the illustrative nature of the present treatment, potential confounding 
effects of other variables (e.g., humidity and wind speed) were not taken into consideration.  

 

 
Figure 1: Floor plan of open plan office area (Mahdavi et al. 2019) 

 
 

Table 1: Description of sensor types for indoor temperature and occupancy (Mahdavi et al. 2019) 

Sensor type Measured variable Range Accuracy 

Thermokon-

SR04 CO2 rH 

Indoor air 
temperature 

0 – 51 °C ± 1% of 
measuring range 

(typ. at 21°C) 
Thermokon – SR 

-MDS Solar 

Motion/ occupancy 0/1 - 

 
Table 2: Monthly mean air temperature in Vienna in °C (GeoSphere Austria 2023) 

Month May June July August September 
Tm  15.0 18.7 22.9 21.3 15.2 

 

 

 
Figure 2: Monthly mean temperature, 2013, Vienna (GeoSphere Austria 2023) 
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3 RESULTS AND DISCUSSION 

 
As alluded to before, the purpose of the present study is not to either develop or validate a 
window operation model. Limited monitored data from a single open-plan office and the small 
number of occupants are certainly insufficient for such a purpose. Rather, the intention is to 
illustrate the basic features of a process that, given sufficient data and advanced analysis, could 
lead to more informative and scalable models of occupants' interactions with buildings' control 
devices and systems. Accordingly, the emphasis is on the prior formulation of relevant 
hypotheses regarding the background and circumstances that allow for the estimation of the 
patterns and frequency of occupants' control actions. Accordingly, the observational data is not 
subjected to a detailed mathematical analysis for explicit model development purposes but 
applied toward a simple descriptive statistical inquiry. As such, the main findings can be 
summarized in terms of the information provided in Figure 3. In this Figure, the left-side y-axis 
marks the window opening probability (Pw) and the x-axis marks the value ranges (bins) of the 
term ic (i.e., the difference between indoor temperature i and comfort temperature c). Also 
shown are the tendencies of ce (dashed line) and ie (continuous line) corresponding to the 
ic bins of the x-axis. The respective values of these two variables can be obtained from the 
right-side y-axis.  
Consideration of the aforementioned hypotheses Hi to Hiii in the light of the data depicted in 
Figure 3 warrants certain inferences. First, Hi is obviously not supported by observations. 
Indeed, a trend can be observed, but it is contrary to the one postulated by Hi: It seems the 
window opening probability is lower for larger deviations of occupants' comfort temperature 
from indoor temperature arrival times in the office. However, hypotheses Hii and Hiii appear to 
be supported by the observations. The decreasing tendency in window opening probability 
seems to be consistent with both the outdoor air's diminishing thermal cooling potential as 
implied by lower ie values (continuous line in Figure 3) and the lower level of thermal 
discomfort prior to entering the office space as implied by lower ce values (dashed line in 
Figure 3).   

 

 
Figure 3: Probability of window opening actions (Pw) as a function of ic. Also shown are the tendencies of 

ce and ie corresponding to the ic value ranges 

 

 

Peer Reviewed Paper

412 | P a g e



 
These observations underline the initial argument regarding contrasting methodological 
approaches toward development of behavioural modes. Frequently, such models are based on 
extraction of patterns from locally and typologically limited data sets. They may be expressed 
in terms of various types of equations, which map various independent variables onto dependent 
variables that are meant to capture occupant actions. However, one typically ends up with black-
box models, when the model derivation process is not preceded by hypothesised mechanisms 
mediating between independent and dependent variables. Black-box models can be of course 
useful in specific scenarios. For instance, a locally calibrated black-box model customised for 
use in an existing building, with well-documented system details and occupancy patterns, can 
effectively support building control operations. However, black-box models may be less 
effective in at least three regards. First, on their own, black-box models do not necessarily shed 
light on the motivational background and logic of occupants' control-oriented actions. Hence, 
their role in promoting transparent and knowledge-based design and operation strategies 
remains limited. Second, they may be less effective as generally deployable prediction models 
to be integrated, for instance, in building performance simulation applications: Their predictive 
performance can radically decline without recurrent recalibration to local data. Third, the efforts 
to further develop and enhance existing black-box models can be hampered by their lack of 
explicit insights into the intervening mechanisms between independent and dependent 
variables.  
Let us further explain this point. The data underlying Figure 3 could be also analysed in a 
"theory-free" manner to arrive at a function for the computation of Pw. Equation 1 below 
provides an illustrative instance of such a function emerging from this data. Using this function, 
the window opening probability (Pw) can be estimated based on indoor air temperature at arrival 
time (i) and the preceding mean long-term outdoor temperature (e,l), whereby a, b, c, d, and 
e represent coefficients with values that are adjusted to the data set: 
 
 Pw = a.i

2 + b.i + c.e,l
2 + d.e,l + e.i.e,l + f (1) 

 
Using such a function, one can perhaps obtain reasonably good predictions of the window 
operation frequency for our case study building and for the same set of occupants. It is also 
conceivable that others could use this general formalism and adapt the coefficients to match 
monitoring data from their own buildings. Yet it is not clear to which extent such a formalism 
could provide any essential insights regarding the logic of occupant behaviour, nor is it clear 
how the approach can be helpful in cases where local observational data is not available, which 
de facto includes the bulk of building design scenarios.  
To put things in perspective, in our illustrative case study, scanning the data through the filter 
of the hypotheses does not confirm the conjecture (Hi): The magnitude of perceived thermal 
discomfort upon arrival cannot, on its own, explain the observed window operation tendency. 
As to the other conjectures, they are not rejected by the analysis: Both higher cooling potential 
of the outdoor air (Hii) and the pre-arrival experience of thermal discomfort (Hiii) could have 
encouraged window opening behaviour immediately after entering the office space. However, 
given the simplistic nature of the analysis, it is important to emphasize that these two 
conjectures cannot be suggested to have been proven. But the study does suggest that they are 
worthy of further pursuit based on a richer set of data and more robust statistical methods of 
analysis.  
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4 CONCLUSIONS 

 
Occupants' operation of windows can influence indoor-environmental conditions (temperature, 
humidity, and air quality) and hence occupants' comfort. It can also influence buildings' energy 
performance. Understanding and predicting window operation behaviour and the availability 
of related prediction models can thus inform the design and operation of high-performance 
buildings. In the present study, we contrasted two general approaches to developing such 
models. Put simply, one approach starts by formulation of prior explicit conjectures and 
examines those on the basis of available observational data, whereas the other approach starts 
by a theory-free pattern search in available observational data. We suggested that the former 
approach has certain advantages in that it can i) provide insights into the underlying logic of 
behavioural patterns, ii) support the development of more generally applicable models, iii) 
facilitate the successive improvement of existing models.  
Even though the study was of illustrative character and was not meant to rigorously prove 
anything, it would be prudent to mention various simplifications and limitations it involved. As 
already mentioned, the observational data, collected over a period of six months, was limited 
to one space and a small number of occupants. Only thermal factors were considered. Even 
though both CO2 concentration and indoor humidity were monitored, they were not used for 
hypothesis formulation and testing. It is worth mentioning though, that CO2 concentration, even 
if it would be considered as a proper proxy of air quality, would have not yielded a proper 
predictor variable in this study, as its concentration was generally below 600 ppm. Likewise, 
given the location of the selected office space, which faced a rather quiet internal courtyard, 
outdoor noise did not represent a potentially relevant influencing parameter. More importantly, 
the window opening probabilities were aggregated over multiple occupants, thus disregarding 
inter-individual differences regarding age, gender, health, personal preferences, and habits.  
Depending on the relevant application scenarios, the predictive models of occupant behaviour 
can be of course developed at various level of resolution and detail, that is from simple rule-
based formulations to complex stochastic algorithms (Mahdavi and Tahmasebi 2016). 
Nonetheless, the main contention of the present contribution arguably applies irrespective of 
the selected level of resolution: More insights can be gained, and more scalable models can be 
developed, if researchers approach observational data with prior explicit hypotheses, use the 
verdict emerging out of data analysis to confirm or falsify those, and thus advance the state of 
their knowledge in this critical domain of inquiry.  
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ABSTRACT 
 

Air-supplied ceiling radiant air conditioning is expected to become more popular in Japan in the future 
because there is no leakage from pipes and no condensation on the surfaces of radiant panels. Coanda air 
conditioning, a type of air-supplied ceiling radiant air conditioning, uses the Coanda effect, which is the 
tendency a fluid passing near a wall to maintain contact with it. As used commonly, Coanda air conditioning 
cools the ceiling surface by blowing airflow horizontally along it from the top of the wall surface and cooling by 
radiation1). In contrast, the line-type Coanda air-conditioning system proposed in this study (Figure 1) blows 
airflow to the ceiling in both directions from the air outlet, thereby enabling uniform cooling of the ceiling 
surface at low air volumes. As an initial study, this paper presents a case study involving the use of 
computational fluid dynamics to optimise the outlet shapes. The effectiveness of the proposed method is verified 
by using air diffusion performance index/predicted mean vote environmental assessment for a typical office 
space, and it is confirmed that the proposed method provides a comfortable thermal environment by radiant heat 
transfer mainly on the ceiling surface around the air outlet. 

 
KEYWORDS 

 
Coanda effect, CFD analysis, air supplied systems, ADPI 
 
1 INTRODUCTION 

 
 Recently, ceiling radiant air conditioning systems have attracted attention owing to their 

high levels of comfort and energy-saving, and such systems are increasingly being adopted in 
office buildings. In particular, air-supplied ceiling radiant air conditioning systems are 
expected to become more widespread in Japan in the future since there is no leakage from 
pipes and no condensation on the surfaces of radiant panels. However, although general air-
supplied systems are easier to install compared with water systems, the initial costs are higher 
than for general air-conditioning systems. In addition, there is much need for a simpler system 
that can be installed in existing buildings without complications such as the need to re-cover 
ceiling surfaces. Coanda air conditioning, a type of air-supplied ceiling radiant air 
conditioning, uses the Coanda effect, which is the tendency a fluid passing near a wall to 
maintain contact with it.  As used commonly, Coanda air conditioning cools the ceiling 
surface by blowing airflow horizontally along it from the top of the wall surface and cooling 
by radiation1). However, if the airflow is blown from the wall to the ceiling rapidly for a long 
time, a draft may occur where the blown airflow detaches from the ceiling. Therefore, this 
research aims to further improve the comfort of and ease of installing and retrofitting air-
supplied radiant air-conditioning systems by developing a line-type Coanda air-conditioning 
system for installation in office spaces. The line-type Coanda air-conditioning system 
proposed in this study (Figure 1) blows airflow to the ceiling in both directions from the air 
outlet, thereby enabling uniform cooling of the ceiling surface at low air volumes. Also, air-
supplied ceiling radiant air conditioning can be realised simply by installing a dedicated 

Peer Reviewed Paper | Student Competition Paper

416 | P a g e



protrusion at the outlet of the line-type air conditioning commonly used in offices, which is 
expected to reduce costs and lead to considerably improved workability. 

In this paper, as an initial study of the proposed system, the projection shape is optimised in 
a computational fluid dynamics (CFD) case study, and the optimised projection shape in a 
general office space is subjected to CFD analysis to verify the effectiveness of the proposed 
system. 

 
2 OUTLINE OF LINE-TYPE COANDA AIR CONDITIONING SYSTEM  

 
Figure 1 shows an overview of a line-type Coanda air-conditioning system. A typical air-

conditioning system in an office space tends to cause discomfort due to drafts. Therefore, in 
this system, the airflow direction is changed by installing protrusions and plates at the air 
outlets and cooling the ceiling surface by the Coanda effect. The coldness creates a radiative 
air-conditioning area near the air outlet and a convection one away from it, the aim being to 
improve the comfort of the entire space. 
 

 
Figure1: Outline of line-type Coanda air-conditioning system 

 
3 OPTIMIZATION OF OUTLET SHAPE (2D ANALYSIS) 

 
The studied outlet shapes are described in Table 1, and to determine the case that gives the 

largest separation distance, the temperature, flow field, and radiation field are analysed here 
by means of steady-state CFD. In addition to determining the separation from the calculated 
streamlines, the distance until the blown airflow separates from the ceiling (hereafter the 
separation distance 𝑥𝑚𝑎𝑥) is calculated from how the distribution of wind velocity vectors 
varies along the z axis, and the shape that gives the largest separation distance is considered 
the optimal shape.  

Uncomfortable 
environment by Drafts 

protrusions 

plates 

Radiative air conditioning area 
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Table 1: Case table of outlet shape 
Case1 Case2 Case3 

   

Basic Case 
A model with extended central 

projection 
A model with half the plate width of 

Case 2 

 
3.1 Analysis Model 

 
Table 2 and Figure 2 show respectively the analytical conditions and model for optimising 

the outlet shape. The analysis is performed on a two-dimensional model for improved 
calculation accuracy and reduced calculation load. Although this system has a two-directional 
blowout, the centre of the outlet is the symmetry boundary and only one side is analysed. In 
addition, a heat load of 15.7 W/m2 is given to the floor surface, and the exhaust is sufficiently 
far from the air outlet so that the airflow at the exhaust port affects neither the separation 
distance nor the entire wall surface. Since this analysis was performed at the design stage, 
comparison with experimental results to verify the validity of the analysis has not yet been 
performed. However, we have verified that the analytical model has sufficient grid resolution 
to analyze the flow and temperature fields. 

 
Table 2: Analysis conditions for CFD analysis  (2D Analysis) 

Domain 10.00m(X)×3.35m(Z) 
Mesh 360(X)×199(Z)=71,640 

Outlet boundary conditions Temperature: 18℃, Speed of moving fluid: 0.42m/s 
kin=(Uin/10)2,εin=Cμ

3/4・kin
3/2/lin 

Inlet boundary conditions Speed of moving fluid: 0.42m/s 
Turbulence model Linear Low Reynolds turbulence model 
Advection scheme QUICK 

Wall boundary conditions 

Velocity Analytical wall function, Cutcell 

Temperature 
above the ceiling: (28℃)External temperature,  
                           (9.0 W/m2K) overall heat transfer coefficient 
Ceiling interior side: Logarithmic law 

Heat generation Floor heating: 15.7 W/m2 
Uin: Outlet air wind speed [m/s], kin: Outlet air turbulence energy [m2/s2], εin: Dissipation rate of kin [m2/s3],  
Cμ: Model constant (=0.09) [-], lin: Length scale [m] 

 
Figure 2: Analysis model ( 2D analysis ) 

10,000mm
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75
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Floor heating
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3.2 Analysis case 

 
The protrusion models are shown in Table 1. As the initial proposal, the cylindrical 

protrusion is Case 1. In Case 2, the protrusion is extended to the centre to increase the 
distance that the airflow travels along the surface of the protrusion just before it blows out 
into the occupied area. Finally, Case 3 has half the plate width of that in Case 2. 
 
3.3 Analysis Results 

 
Figure 3 shows the results of the streamline analysis for the three cases. As can be seen, 

Case 2 gives the longest separation distance, presumably because the separation distance is 
affected by the magnitude of the wind velocity vectors along the x axis between the protrusion 
and the plate. In the subsequent sections, the analysis is performed using Case 2 as the 
optimal shape. 
. 

 
Figure 3: Streamlines analysis results 

 
4 Validation using model office (3D analysis) 

 
In this analysis, the temperature, airflow, and radiation fields are analysed by means of 

steady-state CFD to assess whether the proposed system forms a comfortable thermal 
environment. 
 
4.1 Analysis model 

 
Figure 4 and Table 3 show the three-dimensional analytical model and analytical 

conditions, respectively. A typical office span is assumed, and Case 2, which was the optimal 
shape from Section 3, is used for the outlet shape. 
 

 
Figure 4:  Analysis model ( 3D analysis ) 
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Table 3: Analysis conditions for CFD analysis  (3D Analysis) 

Domain 10.00m(X)×6.5m(Y)×2.75m(Z) 
Mesh 127(X)×76(Y)×103(Z)=994,156 

Outlet boundary conditions Temperature: 17.11℃, Velocity: 190m³/h 
kin=(Uin/10)2,εin=Cμ

3/4・kin
3/2/lin 

Inlet boundary conditions Velocity (5units): 190m³/h/unit   
Turbulence model Linear Low Reynolds turbulence model 
Advection scheme QUICK 

Wall boundary conditions 

Velocity Analytical wall function, cutcell 

Temperature 
above the ceiling: (28℃)External temperature,  
                           (9.0 W/m2K) overall heat transfer coefficient 
Ceiling interior side: Logarithmic law 

Heat generation Human (18 person): 69W/person, Lighting (10 lights): 40W/unit,  
PC (18 units): 32W/unit 

Uin: Outlet air wind speed [m/s], kin: Outlet air turbulence energy [m2/s2], εin: Dissipation rate of kin [m2/s3],  
Cμ: Model constant (=0.09) [-], lin: Length scale [m] 

 
4.2 Analysis case 

 
Table 4 shows the analysis cases. To derive the optimal operating conditions for the 

proposed system, the cases were set up with a fixed air flow rate and different air 
temperatures at each outlet. 

Table 4: Operating Conditions Case Table (Model Office Verification) 

 
flow rate  

[ m 3 / h ]  
blowoff temperatures  

[ ℃ ]  

C a s e 2 - 1  

1 9 0  

1 9 . 11  
C a s e 2 - 2  1 8 . 11  

C a s e 2 - 3  1 7 . 11  

C a s e 2 - 4  1 6 . 11  

 
4.3 EDT and ADPI 

 
The effective draft temperature (EDT) is the temperature at which the human body is 

comfortable when exposed to a draft. If this temperature is between −1.7 and +1.1 and the air 
velocity does not exceed 0.35 m/s, then the majority of people in the room are considered to 
be comfortable. The EDT is calculated as given in (1). 
 

EDT = (𝑡𝑥 − 𝑡𝑐)-7.66(𝑉𝑥 − 0.15)  
𝑡𝑥: Room local temperature [℃] 

 𝑡𝑐: Average temperature of the living area [℃] 
 𝑉𝑥: local wind speed [m/s]  

 
  The air diffusion performance index (ADPI) is an index for draftiness indoors and is 
calculated as given in (2). 

ADPI =  ′⁄ ×100％ 
: Area where EDT values meet the comfort range(−1.7≤EDT≤1.1) [m2] 

 ′: Indoor floor area [m2] 
 

4.4 Analysis Results 

 
Figure 5 shows the ceiling surface temperature distribution, the predicted mean vote (PMV) 

distribution at 1.2 m from the floor, the horizontal surface EDT distribution, and the ADPI. 
The ceiling surface temperature distribution shows that the average ceiling surface 

(1) 

(2) 

 

Peer Reviewed Paper | Student Competition Paper

420 | P a g e



temperature also decreases as the air temperature at the outlet decreases, and it is confirmed 
that the cooling range of the ceiling surface is generally constant. It seems that because the 
cooling is blocked by the lighting between the air outlet and the inlet, the cooling range is 
limited to the space between the air outlet and the lighting. The PMV distribution is within 
±0.5 after Case 2-3, confirming the formation of a good indoor thermal environment. The 
horizontal EDT distribution and ADPI in Case 2-3 are confirmed to be more than 80% of 
ADPI, indicating a comfortable thermal environment with little draft and temperature 
irregularity. The above results confirm that a comfortable and good thermal environment 
forms at the present outlet air temperature of 17.11°C. 
Figure 6 shows the temperature and mean radiant temperature (MRT) distributions of the line-
type Coanda air-conditioning system under the air conditions of Case 2-3, that is, the optimal 
operating conditions. In the line-type Coanda air-conditioning system, the air temperatures at 
both ends of the room and the MRT at the centre of the room are low, seemingly because of 
the formation of convection and radiation air-conditioning zones as intended in the design. 

 
 Ca se 2 -1  C a se 2 -2  C a se 2 -3  C a se 2 -4  

Ceiling surface temperature 

    
Average ceiling surface 

temperature
 

24.7℃  24 .1℃  23 .4℃  22 .8℃  

PMV 
(Z=1.2ｍ )

 

    

EDT 
(Z=1.2ｍ )  

    
ADPI  27.4% 70.2%  81.1% 94.7%  

Temperature［℃］ 

20 .0     28.0  
PMV 

-1 .0   1 .0  
EDT 

-1 .7   1 .1  

Figure 5: Ceiling surface temperature, MRT, PMV vertical distribution and 1.2m horizontal EDT distribution for 
each case 

 
Temperature ( Y = 4 . 8 m )  M R T ( Y = 4 . 8 m )  

  
Temperature［℃］ 

1 8 .0 2 8 .0  
M R T［m/s］ 

0 . 0 1 .0  
Figure 6: Case2-3Temperature and MRT distributions of line type Coanda air conditioning and convection type 

air conditioning (Anemo type) under blowout conditions 
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5 CONCLUSION 

In this study, as an initial investigation of a line-type Coanda air-conditioning system, the 
shape of the air outlet was optimized through a CFD analysis case study. Furthermore, CFD 
analysis was conducted for a typical three-dimensional office space to clarify the 
characteristics of a line-type Coanda air-conditioning system.  

The followings are the findings of this study. 
1) We proposed an outlet shape that efficiently cools the ceiling surface. Case 2, which has 

the shortest distance between the projection and the plate, was confirmed to have the 
longest separation distance. This is presumably because the separation distance is affected 
by the magnitude of the wind velocity vectors along the x axis between the protrusion and 
the plate. 

2) It was confirmed that installing a line-type Coanda air-conditioning system in the model 
office formed a radiative and a convection air-conditioning area and a comfortable 
thermal environment with little draft and uneven temperature. 

3) Comparison with general air-conditioning systems, the proposal of design conditions 
using Archimedes number, and confirmation of ventilation performance using Age of air 
and other indices are future issues to be considered. 
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ABSTRACT 
 

The utilization of natural ventilation helps to reduce building energy consumption and improve indoor air 
quality. In the urban area, the performance of the natural ventilation is very sensitive to surrounding building 
density. However, the influence of surrounding buildings on ventilation rate was not well investigated in previous 
research. This paper presents a wind tunnel experiment to assess the influence of urban density on the wind-
induced ventilation rate of single-sided ventilation. Spacing density, wind direction, and the number of openings 
were primary factors that were investigated in this experiment. The ventilation rate is evaluated by a continuous 
dose method of the tracer gas technique. The wind pressure coefficient at openings of the sealed model without 
openings was measured by pressure transduces. The streamwise velocity at the street canyon was measured by a 
split-film probe with a constant temperature anemometer unit. The ventilation rate, wind pressure coefficient 
fluctuations, and surrounding velocity of an isolated building are compared to that of a building with two layers 
of surrounding buildings with a spacing of 0.5 H (building height), 1 H, and 1.5 H. The relationship between the 
wind pressure coefficient of the sealed model and the ventilation rate was also discussed. 

 
KEYWORDS 

 
Natural ventilation, Wind pressure coefficients; Wind tunnel experiment, Urban canopy flow 
  
1 INTRODUCTION 

 
Accurately predicting natural ventilation rates and understanding its performance in different 
environmental conditions is crucial for optimizing building ventilation design. However, 
predicting natural ventilation rates can be challenging due to the complex interactions between 
wind flow, building geometry, and other factors. Moreover, the effectiveness of natural 
ventilation systems can be significantly affected by external factors such as wind direction and 
building orientation (Y. Jiang & Chen, 2002), especially in sheltered conditions (Ghiaus et al., 
2006) where airflow is limited. The sheltering effect on cross ventilation was extensively 
investigated by wind tunnel experiments or numerical analysis (Tominaga & Blocken, 2015; 
Ikegaya et al., 2019; Shirzadi et al., 2019; Adachi et al., 2020; Golubić et al., 2020; Mohammad 
et al., 2021).  In the urban context, compared to cross ventilation, single-sided ventilation is a 
more common ventilation feature because of the limitation of large indoor spaces. Focusing on 
single-sided ventilation in isolated and sheltered buildings, this research has two-fold purposes. 
The first objective is to investigate the sheltering effect of single-sided ventilation. The second 
aim of the present work is to look into the wind pressure fluctuation that is dominating wind-
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induced ventilation and discuss the ventilation rate prediction methods of single-sided 
ventilation. 
 
2 EXPERIMENT METHODS  

2.1 Case and wind tunnel descriptions 

 
The target building model is a cube with the dimension of 100 mm (Length) x 100 mm (Width) 

x 100 mm (Height). Two types of building models were used: one is the sealed model without 
openings, which was used to measure the wind pressure coefficient, and the other is the building 
model with openings, which was used to evaluate the ventilation performance. For the building 
model with openings, as shown in Fig.1(a), it is assumed the target building model has 1/2/3 
square-shaped openings (15mm x 15mm) located on the same external wall, which are 
abbreviated as SS1, SS2 and SS3. 

Both isolated and sheltering conditions were tested in the experiment. The surrounding 
buildings have the same dimension as the target cubical building but without openings, and two 
layers of surroundings were arranged in a regular array with equal spacing of d, which is 
d=0.5H, d=1H and d=1.5H respectively. The planar area ratio (𝜆𝑝) is defined as: 

𝜆𝑝 =
𝐿𝑊

(𝐿 + 𝑑)(𝑊 + 𝑑)
(1.) 

where L and W are the length and width of the target building, and d is the distance between 
adjacent buildings. 𝜆𝑝  is 𝜆𝑝 =0.44, 𝜆𝑝 =0.25 and 𝜆𝑝 =0.16 in three sheltering cases 

respectively.  
The approaching wind direction is set to 0°(opening at windward side), 30°, 45°, 60°, 

90° (opening at lateral side), 120° , 135° , 150°  and 180° (opening at leeward side). The 
turntable was rotated to accommodate the different approaching wind directions. The 
combination of opening configuration, sheltering condition and approaching wind angle 
resulted in a total of 108 cases in this experiment. 

 
Fig. 1. (a) Schematic view of the studied cubic building model; (b) Surrounding building configurations. 

The wind tunnel experiment was carried out in the atmospheric boundary layer wind tunnel 
at Osaka University.  A combination of turbulence grid and roughness blocks were used to 
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create a neutral atmospheric boundary layer as shown in Fig.2(a). Fig.2(b) shows the 
experimental setup for the ventilation performance measurement. The vertical mean streamwise 
velocity profiles and turbulent intensity measured at the centre of the turntable without the 
physical models are shown in Fig.2(c) and Fig.2(d). The reference velocity at building height 
(𝑈𝐻)  was measured to be 6.44 m/s.  

 
Fig. 2. (a) Wind tunnel schematic diagram; (b) Inside view of the wind tunnel; (c) Mean streamwise velocity of 

the boundary layer; (d) Turbulence intensity of the boundary layer. 

 
2.2 Velocity measurement  

 
The streamwise velocity component of flow (𝑈𝑥) in the street canyon were measured by the 

straight split-fibre film probe (55R55, Dantec) in the wind tunnel experiment. The probe was 
operated using a constant-temperature anemometer and linearizer modules (Kanomax). 
Sampling was conducted at a rate of 1,000 Hz for a period of 60 s for the velocity measurements 
to obtain statistically stationary values. 

 
Fig. 3. (a) Photo of velocity measurement by split-fibre film probe; (b) Plan view of measurement lines; (c) 

Section view of measurement lines. 

Fig.3(a) shows the velocity measurement set-up in the wind tunnel. The nearby velocity 
around the sealed model with 0°  wind direction under different planar density cases was 
measured. Fig.3(b) and Fig.3(c) show three velocity measurement lines around the building. In 
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each condition, wind speeds are measured at a 25 mm distance from the building wall in three 
lines in the X-, Y- and Z-directions at 10 mm intervals. Measurement lines X and Y are 50 mm 
above the wind tunnel ground. 

 
2.3 Pressure coefficient measurement 

 
The mean and fluctuating pressure at the three opening positions at the sealed building model 

were measured as shown in Fig.4(a) and Fig.4(b). Wind pressure is commonly expressed by 
wind pressure coefficient (𝐶𝑝), which is defined as the ratio of wind pressure at the point of the 
sealed body and the reference dynamic pressure in free-stream flow. 

𝐶𝑝 =
𝑝 − 𝑝𝑟𝑒𝑓

𝑝𝑑
(2.) 

where p is the static pressure at the wall of the sealed model, 𝑝𝑟𝑒𝑓 is the reference static 
pressure in approaching flow and 𝑝𝑑 is the dynamic pressure at building height (100 mm). Both 
mean and RMS of 𝐶𝑝  are measured by connecting surface pressure taps and a pressure 
transducer (Validyne DP45). The pressure was measured at a frequency of 1000 Hz for 60 s in 
the experiment to obtain high-frequency data. 

 
Fig. 4. (a) Wind pressure measurement points; (b) Pressure measurement system. 

 
2.4 Ventilation rate measurement 

 
In this study, the ventilation rate was evaluated by the continuous dose method of the tracer 

gas technique. 𝐶𝑂2 was used as the tracer gas in the experiment. Fig.5 shows the diagram of 
the ventilation rate measurement system. The tracer gas was evenly injected from 4 evenly 
distributed dosing pipes, the emission rate was controlled by a mass flow controller (Fujikin, 
FCS-T1005F). The tracer gas concentration at the centre of the physical building model was 
sampled by a sampling pipe, and concentration was measured by a gas analyser (LumaSence 
Technologies, Innova 1312). 

 
Fig. 5. (a) Schematic of the tracer gas measurement; (b) Plan view of tracer gas injection and sampling rods; (c) 

Section view of tracer gas injection and sampling rods 
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The wind tunnel was switched to open-circuit to prevent the influence of returning tracer gas 
from upstream. The measurement procedure involved first recording the indoor concentration 
without 𝐶𝑂2 emission for 5 minutes, during which the average value was taken as the mean 
outdoor concentration. Subsequently, measurements were carried out every 1 minute for 10 
minutes after the indoor concentration reached a steady state. 

𝑄 =
𝑚

𝐶𝑟 − 𝐶𝑜
(3.) 

where 𝑚 is the constant volumetric emission rate of tracer gas [𝑚3 𝑠⁄ ], 𝐶𝑟  and 𝐶𝑜 are time-
averaged steady-state indoor and outdoor concentrations respectively. In this study, the 
dimensionless ventilation rate 𝑄′ is defined (𝑄′ = 𝑄/ 𝐴𝑈𝐻) as the measured ventilation rate (𝑄, 
𝑚3 𝑠⁄ ) divided by the product of a single opening area (A=2.25× 10−4𝑚2) and building height 
velocity (𝑈𝐻 = 6.44 𝑚 𝑠⁄ ). 
 
3 RESULTS 

3.1 Velocity results 

 
Fig.6 shows the velocity measurement results, the positive velocity is the streamwise 

direction and the negative velocity is the reverse flow. Fig.6(a) shows the mean streamwise 
velocity along the X-direction measurement line. For isolated building, the obstruction of the 
windward wall makes the flow velocity experiences a gradual increase when approaching the 
building, and the velocity reaches the peak value (𝑈𝑥 𝑈𝐻⁄ =0.94) at a short distance downstream 
of the corner (x/H=-0.4). Fig.6(b) shows the mean streamwise velocity along the Y-direction 
measurement line. In all conditions, the velocity increases from the centre of the windward side 
(y/H=0) to the street ventilation corridor, and it reaches the peak at the centre of the ventilation 
corridor. It can be observed that the velocity in sheltering cases is negative outside of the 
ventilation corridor, which is caused by the recirculating flow in the wake region of the upwind 
building. Fig.6(c) shows the mean streamwise velocity along the Z-direction measurement line. 
For isolated buildings, the reverse flow only occurs at the lowest part of the measurement line. 
In sheltering cases, the reverse flows are observed from the ground up to the height of the 
building (z/H=0.9). Similar to velocity results along the Y measurement line, it is thought to be 
due to the effect of the circulation flow caused by the building on the windward side. Moreover, 
the higher position of reverse flow also indicates the centre of the eddy vortex in the street 
canyon moves higher.  

 
Fig. 6. (a) Mean streamwise velocity at X direction measurement line; (b) Mean streamwise velocity at Y 

direction measurement line; (c) Mean streamwise velocity at Z direction measurement line. 
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3.2 Wind pressure coefficient results 

 
Fig.7 plots the time-averaged 𝐶𝑝 (𝐶𝑝̅̅̅̅ ) and RMS of 𝐶𝑝 (𝜎𝐶𝑝) at three measurement points 

against different wind directions under different conditions. The results show that for isolated 
cases, the value of 𝐶𝑝̅̅̅̅  changes significantly as the wind direction changes. 𝐶𝑝̅̅̅̅  decreases when 
the wind direction increases between 0° and 90°, and 𝐶𝑝̅̅̅̅  increases between the wind direction 
of 120° and 180°. In the condition where there are surrounding buildings, the change becomes 
smaller as the building spacing becomes narrower and the 𝐶𝑝̅̅̅̅  value also becomes smaller. 

 
Fig. 7. Mean 𝐶𝑝 of three measurement points against different wind angles under different sheltering conditions.  

Considering the SS2 case, ventilation is predominantly determined by the pressure difference 
between point 1 and point 3. The mean wind pressure difference (𝛥𝐶𝑝̅̅ ̅̅ ̅̅ ) and RMS of the wind 
pressure difference between point 1 and point 3 is shown in Fig.8. Generally, compared to 
isolated cases, 𝛥𝐶𝑝̅̅ ̅̅ ̅̅  becomes smaller when there are surrounding buildings.  

 
Fig. 8. Mean Δ𝐶𝑝 against different wind angles under different sheltering conditions.  

 
3.3 Ventilation rate results 
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Fig.9 (a) shows the Q’ against different wind directions classified by the number of openings. 
In SS1 case, Q’ tends to be slightly higher when the opening faces upwind. In a higher density 
case (Case 0.5H), since the airflow in the street canyon and wind pressure fluctuations are more 
invariant to wind directions, the Q’ are nearly unchanged wherever the approaching wind comes. 
The trend of Q’ in SS2 cases and SS3 cases are rather similar, Q’ is very sensitive to both 
sheltering conditions and wind directions. When the wind direction is between 0° and 60°, or 
at around 90, Q’ is relatively higher than others in wind directions. Fig.9(b) shows the Q’ 
against different wind directions classified by the spacing between buildings. Q’ of SS2 and 
SS3 cases are much higher than that of SS1 cases. The difference in Q’ between SS2 and SS3 
cases is insignificant.  

 
Fig. 9. (a) Dimensionless ventilation rate (Q’) against different wind directions for SS1/SS2/SS3 cases; (b) 

Dimensionless ventilation rate (Q’) against different wind directions for isolated/d=1.5H/d=1.0H/d=0.5H cases 

 
3.4 Relation between SS1 ventilation rate and pressure 

 
In SS1, it is assumed that time-averaged pressure between indoor and outdoor is almost the 

same, therefore, the pressure fluctuations at the openings mainly contribute to air exchange 
between indoor and outdoor air. Fig.10(a) shows the relations between √𝜎𝐶𝑝 and dimensionless 
measured ventilation rate 𝑄′ for SS1 cases. The Pearson correlation between √𝜎𝐶𝑝 and 𝑄′ was 
found to be 0.80, which indicates there is a relatively positive linear correlation between the 
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pressure fluctuations and the ventilation rate. The constant C was determined by the least square 
method, resulting in a value of 0.1022. Using 𝜎𝐶𝑝, the ventilation rate can be simply estimated 
by Eq.(4). 

𝑄 = 𝐶𝐴𝑈𝑟𝑒𝑓√𝜎𝐶𝑝 (4.) 
Fig.10(b) plots the measured ventilation rate and predicted ventilation rate from Eq.(4). The 

absolute error in the prediction is defined as: 
1

𝑛
∑ |

𝑄𝑝𝑟𝑒
′ − 𝑄′

𝑄′
∙ 100%|

𝑛

𝑖=1

(5.) 

The dotted line in Fig.10(b) represents the 30% deviation from the y=x line. Analysis of the 
data reveals that the majority of predicted ventilation rates exhibit an absolute error of less than 
30%. Furthermore, the proposed prediction equation has an absolute error of 11% when applied 
to all measured values, indicating good accuracy.  

 
Fig. 10. SS1 ventilation prediction methods (a) Relations between √𝜎𝑝 and dimensionless ventilation rate 𝑄′; (b) 

Comparison between measured ventilation rate 𝑄′ and predicted ventilation rate 𝑄𝑝𝑟𝑒
′  

3.5 Relation between SS2 ventilation rate and pressure 

 

As pointed out by much previous research, not only mean pressure difference but also 
pressure difference pressure contributes to part of the ventilation rate (Chu et al., 2015; Daish 
et al., 2016; Z. Jiang et al., 2022). Fig.11(a) shows the relations between √𝜎Δ𝐶𝑝  and 
dimensionless measured ventilation rate 𝑄′ for SS2 cases. The Pearson correlation between 
√𝜎Δ𝐶𝑝   and 𝑄′  was found to be 0.76, which indicates there is a relatively positive linear 
correlation between the pressure difference fluctuations and the ventilation rate. 

In previous research, it was widely accepted that the Orifice equation fails to well predict the 
wind-induced ventilation rate when the Δ𝐶𝑝̅̅ ̅̅ ̅ is small. It is the consequence of bi-directional 
airflow that makes the inlet and outlet alternatively change between two openings and the 
predicted ventilation rate based on Δ𝐶𝑝̅̅ ̅̅ ̅ will underestimate the ventilation performance. In this 
study, instead of using the absolute value of the mean wind pressure coefficient (|Δ𝐶𝑝̅̅ ̅̅ ̅|), the 
time average of the absolute wind pressure coefficient ( |∆𝐶𝑝|̅̅ ̅̅ ̅̅ ̅ ) was used to predict the 
ventilation rate.  

Q = (𝐶𝑑𝐴)𝑒𝑓𝑓𝑈𝑟𝑒𝑓√|∆𝐶𝑝|̅̅ ̅̅ ̅̅ ̅ (6.) 

Fig.11(b) plots the measured ventilation rate 𝑄′ and predicted values based on |Δ𝐶𝑝̅̅ ̅̅ ̅| and 
|∆𝐶𝑝|̅̅ ̅̅ ̅̅ ̅. It can be seen that predicted ventilation rate based on |∆𝐶𝑝|̅̅ ̅̅ ̅̅ ̅ generally agrees well with 
the measured values. The absolute error of the two methods is 104% and 17% respectively. 
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Fig. 11. SS2 ventilation prediction methods (a) Relations between √𝜎Δ𝐶𝑝 and dimensionless ventilation rate 𝑄′; 

(b) Comparison between measured  𝑄′ and predicted ventilation rate 𝑄𝑝𝑟𝑒
′  

 
3.6 Relation between SS3 ventilation rate and pressure  

 

To determine the flow rate at each opening for SS3, an initial guess is given to indoor pressure, 
and the flow rate through 3 openings can be solved independently assuming the flow is purely 
driven by the difference between indoor pressure and each wind pressure coefficient at the 
sealed model. The indoor pressure is iterated till the total inflow and outflow rate is conserved. 
The instantaneous flow rate is half of the total flow rate through 3 openings. Consequently, the 
ventilation rate of SS3 can be obtained by taking the time average of the instantaneous flow 
rate. Fig.12(a) shows the flow chart of prediction methods for the ventilation of SS3. This 
method can also be applied to SS3 or SSn. Fig.12(b) illustrates the predicted and measured 
ventilation rate. The absolute error of the proposed method is about 17%.  
 

 
Fig. 12. SS3 ventilation prediction methods (a) The flow chart of prediction methods for ventilation rate of SS3 

or SSn; (b) Comparison between measured 𝑄′ and predicted ventilation rate 𝑄𝑝𝑟𝑒
′  

 
4 CONCLUSIONS 

 
The present work reported the wind tunnel experiment to investigate the influence of sheltering 
buildings as well as discuss simplified ventilation rate prediction methods for wind-induced 
single-sided ventilation. The following conclusions are summarized as the main understandings 
of this study: 
•In both isolated or sheltered conditions, SS2 has a much higher ventilation rate than SS1, while 
the ventilation rate of SS3 is only slightly higher than SS2. 
•The sheltering does not always reduce ventilation performance of single-sided ventilation. 
When the wind direction is 120°-180°, higher building density enhances the ventilation 
performance. 
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•The ventilation rate of SS1 can be estimated by the wind pressure coefficient, which yields an 
absolute error of 11% in this study. 
•The ventilation rate of SS2 can be predicted using the absolute value of the mean wind pressure 
coefficient ( |Δ𝐶𝑝̅̅ ̅̅ ̅| ), which includes the influence of both steady pressure difference and 
unsteady pressure fluctuations. The predicted equation only caused a 17% absolute error.  
•The ventilation rate of SS3 can be calculated by using the instantaneous wind pressure 
coefficient from the sealed model and iterating indoor pressure till the inflow and outflow flow 
rate is conserved, the time-averaged predicted flow rate produced an absolute error of 17% 
However, the findings of this work are limited to a reduced-scale model. The similarity of 
velocity distribution and ventilation rate should be confirmed in the future study, which 
determines whether the conclusions from this study can be applied to a full-scale scenario. 
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ABSTRACT 
 
Since the spread of covid-19 in 2019, it is necessary to realize an indoor environment that takes measures 

against viral infections such as covid-19 and influenza virus. One method for realizing such an indoor environment 
is to control indoor humidity. In a high-humidity environment, mold grows, indoor air quality deteriorates, and 
physical fatigue increases. On the other hand, in a low-humidity environment, viruses easily suspend and the 
immune system gets weaker. Therefore, controlling indoor humidity is necessary for human health. 

Furthermore, in order to achieve carbon neutrality by 2050, there is a need for significant energy savings in 
facilities. As energy-saving facilities, cogeneration systems such as those utilizing fuel cells are one of the effective 
methods. Exhaust heat from fuel cells is commonly used to supply hot water, but a lot of waste heat goes unused 
in summer and warm regions, because the demand for hot water supply is low. Therefore, by utilizing this unused 
waste heat to control indoor humidity, it is possible to save energy and improve the total energy efficiency of the 
fuel cells. 

In this way, by researching a desiccant system that utilizes waste heat from home-use solid oxide fuel cell 
cogeneration system (hereafter Ene-Farm or EF), we aim to contribute to energy conservation and to realize an 
indoor environment that has a good influence on human health. The results were as follows: 
1) Waste heat from the EF (about 450W) is transferred to desiccant system by water, and the amount of available 
waste heat at this system changes with the water flow rate. As a result of experiment how to maximize the amount 
of waste heat utilization, we were able to transfer 380W of heat, which is approximately 80% of the waste heat 
from the EF, to the desiccant system by setting the flow rate to 0.2L/min. 
2) In order to maximize the dehumidification amount of the desiccant unit under the condition of 1), an experiment 
was conducted using the return air volume (RA) and outdoor air volume (OA) as parameters. A maximum 
dehumidification rate of 350g/h under summer conditions (outdoor:30℃75%, indoor:27℃50%) was obtained 
when RA was 160m3/h and OA was 160m3/h. 
3) As a result of simulating the room size that can be controlled to an appropriate relative humidity environment 
(40% to 60%) with a dehumidification amount 350g/h, it is possible to control the room size of about 30 m2 in 
Tokyo and about 20m2 in Okinawa (the highest humidity environment in Japan). 
4) As a result of a demonstration experiment in Okinawa, the indoor absolute humidity environment was 10g/kg' 
lower than the outdoor absolute humidity environment. Furthermore, we clarified the relationship between outdoor 
absolute humidity and indoor absolute humidity when this system was introduced. 
 

KEYWORDS 
 
desiccant, humidity control, fuel cell, waste heat utilization, cogeneration system 
 
1 INTRODUCTION 

 
Since the spread of covid-19 in 2019, it is necessary to realize an indoor environment that 

takes measures against viral infections such as covid-19 and influenza virus. One method for 
realizing such an indoor environment is to control indoor humidity. High humidity 
environments during summer promote mold growth, which can worsen air quality and have 
adverse effects on building materials and human health1). In addition, the high-humidity 
environment affects sweating and amplifies the feeling of physical fatigue2). On the other hand, 
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in a low-humidity environment such as winter, viruses easily suspend and the immune system 
gets weaker3)4)5). Therefore, it is necessary to control indoor humidity appropriately throughout 
the year in order to realize an indoor environment that takes human health into consideration. 

Furthermore, COP21 held in Paris in 2015 proposed the goal of becoming carbon neutral 
by 2050, and COP27 held in 2022 reaffirmed the importance of achieving the 1.5°C target. 
Under such circumstances, building facilities are required to achieve significant energy savings 
to become carbon neutral, and waste heat recovery systems such as fuel cell systems (hereafter 
ENE-FARM or EF) are considered to be effective6). However, EF usually use waste heat for 
hot water supply, but in summer and in hot and humid regions, the demand for hot water supply 
is low and unused waste heat is generated7). The unused waste heat could be used for 
dehumidification in the summer and humidification in the winter. In addition to improving 
overall efficiency, the use of unused waste heat would also increase the operating hours and 
high-load operation of EF. 

In this way, by researching a system that dehumidifies indoor air using the waste heat from 
the EF, the goal is to achieve an indoor environment that contributes to energy conservation 
while also being considerate of human health. 
 
2 DESICCANT SYSTEM UTILIZING ENE-FARM WASTE HEAT  

 
2.1 System Overview 

 
Figure 1 shows the configuration of desiccant system utilizing the EF waste heat. The waste 

heat from the EF is recovered by the exhaust heat recovery heat exchanger and stored in the hot 
water storage tank. The hot water stored in the hot water storage tank is pumped from the top 
of the tank to the desiccant unit and used as pre-heat hot water for regeneration. After the water 
is used, it is returned to the lower part of the hot water storage tank and again pumped to the 
waste heat recovery heat exchanger. On the other hand, the desiccant unit is a rectangular rotor 
honeycomb element with a dehumidification/regeneration area ratio of 1:1, and uses a polymer 
sorbent that can be regenerated at low temperatures as the moisture absorbing material. On the 
dehumidification side, indoor air (RA) with high relative humidity, pre-cooled by medium-
temperature cold water (20°C) generated by a chiller, is passed through the rotor to sorb 
moisture, and then the air, whose temperature rises due to sorption heat, is after-cooled to room 
temperature before being supplied (SA). On the regeneration side, outdoor air (OA) with low 
relative humidity due to waste heat from the EF is passed through the rotor to desorb moisture, 
and the rotor is regenerated, and the air containing moisture is exhausted to the outdoors (EA). 

 
Table 1: EF and Desiccant unit specifications 

EF specifications Desiccant unit specifications 

Power generation capacity[W] 700 Desiccant Polymeric sorbent 
Waste heat utilization capacity 
[W] 

430 Air volume of RA[m3/h] 
(Upper: Dehumidification experiment 
Lower: Humidification experiment) 

120,140,160,180,200 

Waste heat recovery temperature 
[℃] 

65 80,120,160 

Water flow rate from SOFC 
[L/min] 

0.2,0.3 Air volume of OA[m3/h] 
(Upper: Dehumidification experiment 
Lower: Humidification experiment) 

140,160,200 

  200 
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Figure 1: Diagram of desiccant system utilizing ENE-FARM waste heat 

(Upper: Dehumidification, Lower: Humidification) 

 
2.2 Optimization of waste heat utilization condition 

 
2.2.1 Experiment Overview 

 
Figure 2 and Table 2 show the 1st floor plan and measurement summary of the 

demonstration house. The EF has a 28L hot water storage tank and provides approximately 
430W of waste heat at a rated power generation of 700W. The conditions for the use of EF 
waste heat were organized in a two-story wooden experimental housing in Aichi, Japan. The 
target rooms for measurement were the 1st floor LDK ＋ Japanese-style room space, and the 
target rooms floor area and rooms volume were 44.5 m2 and 110.4 m3, respectively. The 
measurement period was 6/4/2019-9/23/2019. The parameters of the demonstration are the flow 
rate of water supplied to the desiccant unit (0.2,0.3L/min). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Experimental housing in Aichi, Japan 
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Table 2: Overview of experimental housing 

Experimental housing 

Site Aichi, Japan 
Construction Wooden framework method 
Floor area[m2] 67.8 
Measurement area[m2] 44.5 
Measurement Volume[m3] 110.4 
Q (Heat loss coefficient) [W/(m2・K)] 1.8 
C (Equivalent leakage area) [cm2/m2] 2.5 
Measurement period 6/4/2019-9/23/2019 

(Excluding self-maintenance periods) 
 
2.2.2 Results of experiments 

 
The left panel of Figure 3 shows the outlet temperature of air-water heat exchanger for and 

the hot water temperature supplied to the desiccant at the flow rates of 0.2 L/min and 0.3 L/min. 
The outlet temperature of air-water heat exchanger was stable at about 65°C at both flow rates. 
However, the hot water temperature supplied to the desiccant was stable at 62-63°C, 
approximately 10°C higher when the flow rate was 0.2 L/min. This is because the 0.2L/min 
flow rate was generally consistent with the waste heat recovery flow rate, and the high-
temperature water that remained at the top of the hot water storage tank could be used in a stable 
manner. The low flow rate and low return temperature to the hot water storage unit also reduced 
the amount of heat dissipated from the radiator. 

The Right panel in figure 3 shows the amount of waste heat used in the desiccant unit 
during the mid-season and summer when the water flow rate is 0.2 L/min, which allows stable 
hot water to be obtained. Of the approximately 430 W of waste heat generated by the EF, 
approximately 355 W was used by the desiccant unit. This means that about 80% of the heat 
emitted from the EF was utilized in the desiccant unit in both the mid-season and summer 
seasons.  

From the above, this condition is considered to be the condition that can maximize the use 
of the waste heat from EF. Therefore, using these conditions, the dehumidification capacity 
conditions of the desiccant unit were examined in the next chapter. 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Experimental results graph 
(Left panel: Relationship between outlet water temperature of air-water heat exchange and supply temperature of 

water to desiccant, Right panel: Breakdown of waste heat) 
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2.3 Experiments to maximize dehumidification and humidification capacity 

 
2.3.1 Experiment Overview 

 
Figure 4 and Table 3 show a plan of the environmental test chamber and an overview of 

the experiment. This experiment was conducted from 3/9-3/19/2020 in a 2-room environmental 
laboratory in Ibaraki, Japan. The area and volume of the warm room (WR) and cool room (CR) 
were 16.2 m2 and 64.8 m3 and 24.3 m2 and 97.2 m3, respectively. The temperature and humidity 
setting conditions for each room were 30°C and 75% (outdoor conditions) for WR and 27°C 
and 50% (indoor conditions) for CR. A desiccant unit was placed on the CR side, and OA and 
EA ducts were installed on the WR side using sleeves installed in the insulated partition wall. 
Parameters were determined based on prior numerical analysis and preliminary experiments; 
RA airflow rates of 120, 140, 160, 180, and 200 m3/h and OA airflow rates of 140, 160, and 
200 m3/h were used as parameters. The optimum air volume that would result in the maximum 
dehumidification of this system under the above conditions was studied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4: Environment test room 

Table 3: Overview of environment test room 

Environment test room 

Site Ibaraki, Japan 
Floor area[m2] Warm room:16.2 

Cool room:24.3 
Room capacity[m3] Warm room:64.8 

Cool room:97.2 
Setting temperature[℃] and humidity[%] 
(Upper: Dehumidification experiment 
Lower: Humidification experiment) 

Warm room:30[℃],75[%],Cool room:27[℃],50[%] 
Warm room:22[℃],40[%],Cool room:5 [℃],50[%] 

Measurement period 3/9/2020-3/19/2020 
 
2.3.2 Results of experiments 

 
The left panel of Figure 5 shows the amount of dehumidification for each RA and OA 

airflow rate. The peak dehumidification amount was at 160 m3/h for both air volumes, with a 
maximum dehumidification rate of 352 g/h. These conditions are the conditions under which 
the effects of pre-cooling and pre-heating can be greatly obtained. As for the effect of pre-
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cooling, the air in front of the dehumidifying side wheel could be made low temperature and 
high humidity. As an effect of preheating, the air in front of the wheel on the regeneration side 
was made high temperature and low humidity. As a result, the relative humidity difference 
between the air in front of the wheel on the dehumidification side and the regeneration side 
became larger, which is thought to have increased the amount of dehumidification.  

The Right panel of Figure 5 shows the dehumidification process at maximum 
dehumidification: RA at 27.5°C, 56.8%, 13.1 g/kg' became high relative humidity to 22.2°C, 
76.1% by pre-cooling using cold water (20°C, 2L/min), and after passing through the wheel 
and after-cooling it became 25.2°C, 55.6%, 11.2 g/kg' and about 1.9 g/kg' of SA was 
dehumidified. The transition of SA from after pre-cooling is almost on the enthalpy on the air 
diagram. Furthermore, since it is close to the dehumidification limit, it can be assumed that the 
sorption and desorption process of the wheel is generally optimized. 

On the other hand, the humidification rate tended to increase as the RA air volume 
decreased, reaching a maximum of 310 g/h at RA air volume of 80 m3/h and OA air volume of 
200 m3/h.  It is assumed that the low RA air volume and slow air velocity in the desiccant unit 
were the reasons for the large effect of preheating. As a result, the air before sorption could be 
made less humid and the humidification amount could be increased. In addition, looking at the 
humidification process, there is a possibility that further increase in humidification can be 
expected since the transition is not on the enthalpy.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5: Diagram of the results of the experiment 
(Left panel: Dehumidification by air volume, Central panel: Relationship between humidification and humidity, 

Right panel: Dehumidification and humidification process) 

 
2.4 Study of the effect of improving indoor humidity environment 

 
2.4.1 Simulation Overview 

 
The effect of this system on improving the indoor humidity environment was investigated. 

Figure 6, Table 4 shows a simulation outline. The system operating conditions were 
dehumidification operation (dehumidification volume 350 g/h) from the first day the outdoor 
air temperature exceeded 25°C since June, and humidification operation (humidification 
volume 300 g/h) from the first day the outdoor air temperature fell below 15°C since November. 
During the rest of the year, ventilation, air exchange rate, was set at 0.5 times/h. AE-
CAD/SimHeat8)9) was used as the simulation software, and standard year EA meteorological 
data 2000 (Tokyo) was used as the meteorological data. The housing model was designed with 
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a total floor area of 124.0 m2, a room volume of 444.6 m3, a UA value of 0.40 W/(m2K), and a 
latent heat capacity of 41.9 kJ/(m3(g/kg'))10), with the LDK (31.3 m2, 88.9 m3) as the target 
living room. The heating/cooling schedule, human body humidification, and equipment 
humidification schedule were based on energy conservation standards of japan.  However, in 
order to evaluate the effect of the desiccant system's dehumidification and humidification 
capabilities, only sensible heat treatment was considered in the air conditioners, not latent heat 
treatment. 

 
 
 
 
 
 
 
 
 
 
 

Figure 6: Simulation model 

Table 4: Simulation outline 

Simulation outline 

Simulation software AE-CAD/SimHeat 
Weather data Standard EA weather data (Tokyo) 
Number of people 4 
Simulation room area and volume LDK(1F):31.3[m2],88.9[m3] 
UA value 0.4[W/(m2・K)] 
Room latent heat capacity 41.9[kJ/(m3(g/kg’))] 
Ventilation appliance 0.5[Times/hour] 

Temperature exchange efficiency: 70[%] 
Humidity exchange efficiency: 40[%] 

Desiccant system 6/15-9/30: Dehumidity (350[g/h]) 
11/1-4/15: Humidity (300[g/h]) 
Other than the above 
: Ventilation (air exchange rate:0.5[Times/h]) 

 
2.4.2 Results of simulation 

 
The left panel of Figure 7 shows the absolute humidity transition with and without this 

system. During the dehumidification period, the indoor humidity could be dehumidified to less 
than 12 g/kg' while the outdoor humidity was more than 15 g/kg'. During the humidification 
period, the indoor was able to be humidified to about 7 g/kg' while the outdoor was dry at about 
4 g/kg'. Generally, an indoor relative humidity of 40-60% is recommended. It can be determined 
that a comfortable indoor humidity environment can be achieved by increasing the time within 
this range. Therefore, The Right panel of Figure 7 shows the percentage of annual indoor 
relative humidity occurrence. Without the system, about 30% of the year's relative humidity 
fell within the 40-60% range, but with the system, about 67% of the year's relative humidity 
fell within the recommended range. There were time periods during the dehumidification period 
when the relative humidity fell below 40% and time periods during the humidification period 
when the relative humidity exceeded 60%. However, this could be resolved by controlling the 
start-up and shutdown of the system, and considering the control of the system, approximately 
88% of the time periods were within the recommended range of 40-60% relative humidity. 
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From the above, it was found that this system, which performs dehumidification using 
about 355 W of waste heat of EF, can improve the indoor humidity environment in a living 
room of about 30 m2. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Diagram of the results of the simulation 
(Left: Transition of outdoor temperature and indoor absolute humidity, Right: Occurrence rate of humidity) 

 
2.5 Indoor environment measurement in actual environmental conditions 

 
2.5.1 Demonstration Overview 

 
Figure 8 shows an overview of the demonstration. In order to understand the effect of this 

system on the indoor humidity environment, a demonstration test was conducted in Okinawa, 
which has the harshest humidity environment in Japan and high demand for dehumidification.  
This demonstration was conducted in a room of a two-story RC building with an area of 16.5 
m2, assuming the LDK of a typical house. The measurement period was from 6/1/2021 to 
8/31/2022, excluding the winter period. In addition, EF is operated as rated continuous 
operation, and the waste heat utilization conditions and the operating conditions of the desiccant 
unit are conducted under the conditions described in the previous chapter. 

 
 

Experimental housing 

Site Okinawa, Japan 
Construction Reinforced concrete (RC) 
Floor area[m2] 16.5 
Volume[m3] 39.6 
C Value[cm2/m2] 1.8 
Measurement period 6/1/2021-8/31/2022 

 
 

Figure 8: Overview of the demonstration site  
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2.5.2 Demonstration Results 

 
 Figure 9 shows the indoor temperature, relative humidity, and absolute humidity for one 

day during the rainy season. By installing this system, the indoor relative humidity can be 
dehumidified to less than 60% even on days when the outdoor relative humidity exceeds 80%.  
The indoor absolute humidity was about 10 g/kg', which is about 5 g/kg' lower than the outdoor.  

The left figure in Figure 10 shows dehumidification by indoor environment. No significant 
changes in dehumidification were observed under the summer environment, indicating that this 
system was able to demonstrate stable dehumidification capacity. Although the amount of 
dehumidification decreased in low-temperature environments such as the rainy season 
compared to the summer season, this was not considered a problem because the indoor 
environment was at the appropriate humidity level. 

The right figure in Figure 10 shows the relationship between outdoor and indoor absolute 
humidity. Under the high humidity environment exceeding 20 g/kg', the indoor environment 
was able to achieve 5 to 10 g/kg' lower than the outdoor air. It can be said that this system has 
realized a humidity environment favourable to the building and human body throughout the 
year. 

Figure 9: Indoor environmental transition during rainy season 

 
 

 
 

Figure 10: Left figure: Amount of dehumidification for each indoor environment, Right figure:  Relationship 
between indoor and outdoor absolute humidity 
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3 CONCLUSIONS 

 
A dehumidification system was proposed as a method of utilizing the exhaust heat from 

the EF, and the performance of the system was evaluated and the indoor environment was 
assessed through actual measurements. The following are the findings obtained. 
1) Waste heat from the EF (about 450W) is transferred to desiccant system by water, and the 
amount of available waste heat at this system changes with the water flow rate. As a result of 
experiment how to maximize the amount of waste heat utilization, we were able to transfer 
380W of heat, which is approximately 80% of the waste heat from the EF, to the desiccant 
system by setting the flow rate to 0.2L/min. 
2) In order to maximize the dehumidification amount of the desiccant unit under the condition 
of 1), an experiment was conducted using the return air volume (RA) and outdoor air volume 
(OA) as parameters. A maximum dehumidification rate of 350g/h under summer conditions 
(outdoor:30℃75%, indoor:27℃50%) was obtained when RA was 160m3/h and OA was 
160m3/h. 
3) As a result of simulating the room size that can be controlled to an appropriate relative 
humidity environment (40% to 60%) with a dehumidification amount 350g/h, it is possible to 
control the room size of about 30m2 in Tokyo. 
4) As a result of a demonstration experiment in Okinawa, the indoor absolute humidity 
environment was 10g/kg' lower than the outdoor absolute humidity environment. Furthermore, 
we clarified the relationship between outdoor absolute humidity and indoor absolute humidity 
when this system was introduced. 
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ABSTRACT 
 
In office buildings, an air-conditioning system with natural ventilation can reduce cooling loads and create a 
comfortable indoor environment. However, it is difficult to predict the performance of such systems and there is 
concern that the natural ventilation will create an uneven indoor thermal environment. In this paper, we propose a 
method for evaluating the performance of a natural-ventilation air-conditioning system by coupling a building 
energy simulation tool and computational fluid dynamics. In addition, we analysed the office building in which 
the system was installed and verified the prediction accuracy of the proposed method by comparing the simulation 
results with actual measurements. It was confirmed that the proposed method has sufficient accuracy. 
 

KEYWORDS 
 
Natural ventilation, Office building, Building energy simulation tool, CFD, Coupled analysis 
 
1 INTRODUCTION 

 
In recent years, air-conditioning (A/C) systems that incorporate natural ventilation to 

reduce cooling loads and achieve a comfortable indoor environment have attracted increasing 
attention. However, because the amount of natural ventilation is greatly affected by weather 
conditions, it is difficult to predict quantitatively, and there is concern that the natural 
ventilation will create an uneven indoor thermal environment. In addition, no uniform 
performance evaluation method for such systems has been established. Building energy 
simulation (BES) tools have attracted attention as a comprehensive analysis tool for 
evaluating the performance of buildings. However, such tools represent the physical quantity 
of the room as a single node and cannot consider the non-uniformity of the room 
environment. 

Therefore, in this paper, we propose a method for evaluating the performance of an A/C 
system that considers the heterogeneity of the indoor environment by coupling the BES tool 
and computational fluid dynamics (CFD). In addition, we analysed a real office building in 
which the system was installed and verified the prediction accuracy of the proposed method 
by comparing the simulation results with actual measurements. 
 
2 BUILDING CASE STUDY 

 
In the office building targeted in this study (Fig. 1), outdoor air is introduced through inlets 

capable of supplying a constant airflow. These inlets are situated at the northern and southern 
ends of the workspace. The air travels through a shaft in the centre of the workspace and exits 
through the northern and southern outlets in the upper part of the shaft (Fig. 2). A building 
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energy management system (BEMS) is installed in the building, through which automatic 
control of the indoor environment, equipment, and facilities is carried out based on sensor 
information collected both inside and outside the building. The determination of whether 
natural ventilation is effective or not is made based on the conditions shown in Table 1, and if 
all conditions are met, the mechanism for natural ventilation will be activated. 
 

  
Figure 1: Building exterior Figure 2: North-south vertical cross section 

 

 
Figure 3: A/C system using natural ventilation 

 

 
Figure 4: Floor plan 
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Table 1: Conditions for natural ventilation effectiveness 

 
1. Enthalpy Outdoor enthalpy < Indoor enthalpy 
2. Outside temperature 16 °C < Outdoor temperature < 26 °C 
3. Humidity 5 °C DP < Dew point (DP) < 16 °C DP 
4. Indoor temp Indoor temperature setting – 4 °C < Indoor temperature 

 
 
3 MEASUREMENT 

 
3.1 Overview of measurements 

 
Measurements were performed for one month, from May 1 to 31, and the items for which 

data were collected are shown in Table 2. The estimated ventilation rate was calculated by 
multiplying the area of each air supply outlet by the wind speed value at the centre point of each 
air supply outlet. The accuracy of the estimation method was verified and correction methods 
were determined in advance based on preliminary measurements1). The heat generated by the 
equipment and lighting was estimated from the power consumption data of the BEMS. The 
solar load was measured by monitoring the amount of solar radiation on the north–south vertical 
surfaces on the third floor. In addition, the CO2 concentration was used to estimate the human 
heat load. The vertical temperature distribution on the third floor was measured at 0.1, 0.6, 1.1, 
1.6, 2.2, and 2.8 m above the floor at each point A (Fig.4). 

 
Table 2: Measured parameters 

 

Natural ventilation 

Wind direction/speed 
Outdoor temperature 

Outdoor dew point temperature 
Outdoor/Indoor enthalpy 

Indoor temperature 
Status of supply air vents (open/close) 

Supply air velocity 

Heat load 
Solar radiation 

Electricity consumption of outlets 
A/C power consumption 

Others 
Vertical temperature distribution 

CO2 concentration 
 
 
3.2 Measurement results 

 
May 10 was selected as the representative day because it had the most suitable weather 

conditions for natural ventilation during the measurement period. Figure 5 shows the time 
series variations of outdoor air temperature, outdoor dew point temperature, and heat load due 
to solar radiation on the third floor for the day. It was confirmed that May 10 was a clear day 
with an outdoor temperature between 15°C and 20°C, which is suitable for natural ventilation. 
Figures 6 and 7 respectively show the time series variation of the ventilation rate and internal 
load on the third floor on the representative day. The heat processed by the A/C system and 
natural ventilation will be discussed later in conjunction with the analysis results. 
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Figure 5: Outdoor temperature/dew point temperature and solar radiation 

 
 

 
Figure 6: Ventilation volume on the 3rd floor 

 
 

 
Figure 7: Internal heat load on the 3rd floor 
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4 ANALYSIS 

 
4.1 Coupling analysis method for the BES tool and CFD 

 
A CFD analysis was performed using the A/C module of BEST2), a comprehensives BES 

tool (Figure 8). BEST creates a model of the A/C system by connecting various modules for 
the heating source, fans, and other components. We used a newly developed module for 
connecting CFD that was specifically designed for coupled analysis. In the steady-state 
analysis, we performed repeated non-steady coupled analyses between BEST and CFD and 
terminated the calculation when their fluctuations became sufficiently small. 

 
 

 
 

Figure 8: Analysis workflow 
 
 
 

4.2 Analysis conditions 

 
The analysis target was the office space on the third floor of the building. Table 3 shows 

the analysis conditions. Steady-state analyses were performed at five times (9:00, 11:00, 
13:00, 15:00, 17:00) each day, and the accuracy of the analysis model was verified by 
comparing it with the measured values of the indoor A/C heat load and temperature 
distributions. 
 

Tb: Current time of BEST
Tc: Current time of CFD
δ t: Time step of CFD
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Output an intermediate file as CFD.txt
（Temperature/humidity of return air）
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Yes
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End
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Yes

No

Tb = Tb + ΔT
Tc = Tc + δ t

BEST （Java） CFD （Fortran）

No

TIME ≥ ETIME

Peer Reviewed Paper | Student Competition Paper

447 | P a g e



Table 3: Analysis conditions 
 

Domain 32.0m(x)×51.2m(y)×4.45m(z) 

Mesh 452(x)×283(y)×39(z) = 4,988,724 

Mesh for radiation 7,291 

Turbulence model Standard k-ε model 

Inflow conditions 

A/C 
Temperature: Proportional control 
Flow rate: 17.5 m3/min per unit 
kin=(Uin/10)2 ，εin=Cu

3/4kin
3/2/ℓin 

Natural 
ventilation 

Temperature: Outdoor temperature of the BEMS data 
Flow rate: BEMS data 
kin=3/2(Uin×0.05)2 ，εin=Cu

3/4kin
3/2/ℓin 

Outflow conditions 
A/C Fixed flow 

Natural 
ventilation Fixed static pressure 

Wall boundary conditions Temperature: Fixed convection heat transfer coefficient 4.5 W/m2K 
Speed: Generalized logarithmic law 

Outside boundary 
conditions 

South/North: Sol-air temperature, Fixed heat transfer coefficient 23W/m2K 
East/West: insulation 

Heating conditions Lighting/Office equipment/Human/Solar radiation: Measured value 

Uin: supply wind speed [m/s]; kin: turbulence energy [m2/s2]; εin: dissipation rate of kin[m2/s3]; Cμ: model 
constant (= 0.09); ℓin: inlet length 

 
 
5 RESULT 

 
Table 4 shows the root mean square error (RMSE) value of the vertical temperature 

distribution for each time and Figure 9 also shows vertical temperature distributions at 9:00 
and 15:00. The RMSE value was generally a low value of 1.0°C or less at all time points. 
Figures 10 and 11 show the measured and analytical values of the A/C heat load and the 
amount of heat removed by natural ventilation. The maximum error in the amount of heat was 
also a low value of about 10% at maximum. 
The above results indicate that this analysis model has sufficient predictive accuracy, 

although actual phenomena such as airflow turbulence and unsteadiness due to fluctuations in 
natural ventilation cannot be reproduced in detail in this analysis. 
 
 
 
 

Table 4: RMSE of vertical temperature distribution 
 

Time 9:00 11:00 13:00 15:00 17:00 
RMSE [°C] 0.45 0.66 0.98 0.75 0.97 
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Figure 9: Vertical temperature distribution 
 
 
 

 
 

Figure 10: A/C heat load 
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Figure 11: Amount of heat removed by natural ventilation 
 
 
 

6 CONCLUSIONS 

 
A method for evaluating the performance of A/C systems involving natural ventilation that 

combines a BES tool and CFD was proposed. A steady-state analysis was performed based on 
the proposed method for one floor of an existing office building, and the prediction accuracy of 
the proposed method was verified by comparing it with the measured values. The results 
confirmed that the proposed method has sufficient predictive accuracy. In the future, we plan 
to perform further verification of this analysis model under unsteady conditions and to verify 
the performance of this building’s A/C system as a case study of the method. 
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ABSTRACT 
 
Elderly people residing in nursing homes spend a vast majority of their times indoors and often in common 
recreation areas, to allow for socialization and interaction. Elderly people are a vulnerable age group. Hence, it is 
essential to provide them with good breathable air quality during these common activities and reduce cross 
contamination through ventilation. Prolonged exposures of elderly to contaminants may adversely affect their 
health, quality of life and increase medical expenditures due to frequent hospitalizations. In Belgian elderly care 
homes, 3 typical ventilation strategies are commonly found (natural ventilation, extract and balanced mechanical 
ventilation). The aim of this work is to determine the windows opening strategies and duration for the ventilation 
strategies to deliver good indoor air quality. The impact of window opening on thermal comfort and energy use 
during heating and cooling season will be assessed. To conduct this work, models of the common room and 
equipped systems were developed in Modelica. The performance was assessed using two indicators: ppm.hours 
(for CO2), degree.hours, and days where RH(%) went outside the acceptable [30-70]% range.  
 

KEYWORDS 
 
Ventilation, elderly care homes, indoor air quality, energy use, occupant behaviour 
  
1 INTRODUCTION 

 
Indoor air pollution is a pressing public health issues given the fact that building policies 

are dictating airtight envelopes which gives rise to build-up of indoor contaminants. Thus, 
indoor concentrations of several contaminants can be significantly higher than those outdoors 
(Bruce et al., 2000). In modern day society, people spend 80-90% of their day in indoor 
environments. Notably, retired elderly people belonging to the vulnerable populations, residing 
in elderly care homes are likely to spend even more time indoors (Almeida-Silva et al., 2014). 
Thus, indoor air quality (IAQ) is of special concern in these types of spaces.  

Many field studies in elderly care homes conducted in the EU have already shown poor 
IAQ and prolonged exposure to high levels of indoor pollution due to inadequate ventilation 
and its correlation to decreased health of elderly residents (Almeida-Silva et al., 2014; Annesi-
Maesano et al., 2013). Exposure to indoor pollution is likely to become acute in the face of 
disruptive events or shocks such as pandemics. The COVID-19 pandemic has proven to be 
detrimental for elderly people’s livelihoods. For vulnerable populations, acute exposure to high 
levels of contaminants or exposure to contagious pollutants can threaten their wellbeing and 
should be prevented with adequate ventilation.   

During the pandemic, facility managers and health care workers operating the elderly care 
homes and taking care of the residents were advised to maximize window opening to dilute the 
concentration of contaminants, especially in common room areas. However, this can risk in 
increasing energy use and compromising thermal comfort without bringing much added 
benefits to IAQ.  

The aim of this work is to determine the windows opening strategies and duration for the 
ventilation strategies to deliver good indoor air quality throughout the year. The impact of 
window opening on thermal comfort and energy use during heating and cooling season will be 
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assessed. Different building orientation were also considered. To conduct this work, models of 
the common room and equipped systems were developed in Modelica. The performance was 
assessed using two indicators: ppm.hours (for CO2), degree.hours, and days where RH(%) went 
outside the acceptable [30-70]% range.  
 
 
2 METHODOLOGY 

 
2.1 Space and systems’ description 

 
Elderly care homes in Belgium are often multi-floor mid-sized buildings consisting of 

residential rooms, common rooms, utility rooms and offices for staff. Common rooms – of 
particular interest in this study, are recreational areas, where elderly residents take their meals 
(breakfast, lunch, and dinner), socialize, and/or conduct recreational activities (e.g., watching 
television). A typical common room (13.3 m × 6.8 m × 2.7 m) located in an elderly care home 
in the city of Gent, Belgium was considered in this work (Figure 1a). Based on the information 
provided by the Agency of care and health in Belgium (Home | Zorg En Gezondheid, n.d.), this 
room was occupied by a maximum of 15 people daily, corresponding to a maximum occupant 
density of 0.17 persons/m2. The group of 15 residents of the elderly care home frequented the 
common room at least three times a day for meals. On average, there was always 5 people 
occupying the room. Three days of the week (Monday, Wednesday and Friday), group activities 
were conducted in the afternoon. The weekly occupancy schedule can be seen in Figure 1b.  

The envelope of the common room consists of an external wall located on the southwest 
(SW) façade in the direction of prevailing winds (U-value = 0.21 W/m2.K). The external wall 
had two double-glazed windows with a window to wall ratio of 0.48 and a U-value of 1.1 
W/m2.K. The opposite internal wall connected to the corridor and the rest of the internal walls 
connected to utility and laundry rooms. The rest of the boundaries (internal walls, floor, ceiling) 
were considered as ‘adiabatic’ to represent a zone within a larger floor plan with other floors 
above and below. The envelope was air-tight with a rate of 0.3 h-1 (n-value).  

Figure 1: Illustration of (a) common room area in the elderly care home, (b) its weekly occupancy schedule 

 
 
In elderly care homes in Belgium, common rooms are usually ventilated by three types of 
ventilation systems depending on the type of construction:  

1. Natural ventilation (found in old constructions): The windows served as inlet and a sanitary 
block located on the ceiling level in the hallway acting as a natural exhaust. Motorized windows 
opened automatically during occupied hours starting at 6:30 a.m. until 10:30 p.m. 4 different 
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opening strategies will be tested and are illustrated in Figure 2. This system will be denoted as 
System A for the remainder of this work. 

2. System C (found in more recent constructions): The polluted room air was exhausted from 
the room to the outdoors from a mechanical extract (local ceiling fan). For system C, the ceiling 
fan operated from 6:30 a.m. – 10:30 p.m. at a flow rate of 24 m3/h per person (IDA class 3) 
(Standard EN 13779), which is what is currently applied in elderly care homes in Belgium. The 
operation time of the fan was 16 hours. This might result in an insufficient ventilation capacity 
in current constructions which is why assistive window opening according to the strategies of 
Figure 2 were applied. The effect of the different window opening strategies on energy costs 
will be reported and compared to an increase in mechanical ventilation capacity.  

3. System D (found in more recent constructions): The polluted room air was exhausted from 
the room to the outdoors from a ceiling fan and replaced by outdoor clean air supplied from the 
ceiling level as well. For system D, the ceiling fan operated from 6:30 a.m. – 10:30 p.m. at a 
flow rate of 24 m3/h per person (IDA class 3) (Standard EN 13779), which is what is currently 
applied in elderly care homes in Belgium. The operation time of the fans was 16 hours. This 
might result in an insufficient ventilation capacity in current constructions which is why 
assistive window opening according to the strategies of Figure 2 were applied. The effect of 
window opening on energy costs will be reported and compared to an increase in mechanical 
ventilation capacity. 

The common room was equipped with radiators used to maintain the room temperature in the 
winter at an average of 22°C during occupied hours. During the cooling season, an active cooler 
was available and operated only if temperatures in the room exceed 26°C. 
 

Figure 2: Window opening patterns 
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2.2 Pollution sources, IAQ and thermal comfort assessment  

 
The pollution sources considered here were first CO2 from outdoors and indoor 

generation due to occupancy respiration. The outdoor concentration was considered equal to 
400 ppm and the occupant generation rate equal to 0.0037 l/s per person (Persily & de Jonge, 
2017). For CO2, the threshold in elderly care homes in Belgium was to be maintained at 1200 
ppm, but that value was lowered to 900 ppm during the COVID-19 pandemic. In this work, an 
average threshold of 1000 ppm was assumed. Water vapor was also considered and was 
generated by occupancy (latent heat generation, 45 W under sedentary activities) and infiltrated 
from outdoors.  

To compare the ventilation systems and the effect of the occupants’ window opening 
patterns, the ppm.hours exceeding 1000 ppm were calculated for CO2 during the occupied 
periods only. Thermal comfort was also assessed through the degree.hours of exceedance. The 
temperature threshold during the heating season (October through April) was equal to 22°C and 
26°C during the cooling season (May through September). The amount of time that the RH(%) 
was spend outside the [30-70]% was also assessed a well as the cooling and heating energy 
usage.  
 
2.3 Modelica models  

 
To accurately compute the temporal variation of CO2 concentrations in the common 

rooms, an appropriate model was needed. A simulation tool that can model the building 
dynamics, HVAC systems, their control, and varying events with different time scales, was 
needed. Hence, the Modelica language in the Dymola environment was selected (Dymola - 
Dassault Systèmes®) as it is an open-source, equation-based modeling language with an object-
oriented structure. Modelica gives access to specific libraries that contain validated sub-models 
of the building envelope, systems, and their control. The “Integrated District Energy 

Assessment by Simulation” (IDEAS) library will be used in this work (Jorissen et al., 2018). 
Despite the use of validated sub-components, the full model still needs to be validated against 
measurement data. Figure 3 shows the Modelica model of the common room as seen in Dymola 
for ventilation system D.  

The model takes as input the TMY weather files and outdoor pollutants’ concentrations 
using the simulation info manager as seen in Figure 3. The weather data collected from a 
weather station in Gent for the year 2022 was used (al Assaad Douaa et al., 2022). In the zone 
model, the envelope characteristics, occupancy schedule, sensible and latent heat generations 
from occupants (75 W and 45 W respectively during sedentary activities) were defined as well 
as the pollutants’ generation rates. Sensible heat generation due to lights was defined in 
Modelica through the lux value (500 lux) in the zone model. The lights were LED that turned 
on during occupancy hours. Simulations were conducted for 1 day of the week (Monday) for 
no shock or base case scenario and shock scenarios. 

 
Figure 3: Modelica model of the considered space with its heating, cooling, and ventilation system (illustrated is 

system D) 
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3 RESULTS AND DISCUSSION  

 
The results section will first present an analysis of the indoor environmental quality in the 
elderly care home common room (IAQ, thermal comfort) and energy use while comparing the 
different systems during heating and cooling seasons. The results section will then conclude on 
the optimal window opening strategies for the different systems.  
 
3.1 IAQ in the common room area  

 
Figure 4 illustrates the ppm.hours of CO2 exceeding the 1000 ppm threshold during 

heating and cooling seasons for systems A (natural ventilation), system C (mechanical extract, 
ACH = 1.5) and system D (balanced mechanical ventilation, ACH = 1.5), for 4 window opening 
patterns and for 4 different building orientations (window side facing either South, North, West 
and East).  

According to Figure 4, the IAQ violations for all systems, for all building orientations 
and all window opening patterns were higher during the cooling season rather than the heating 
season due to unfavorable wind directions and speeds during the latter.  

During the heating season, system D had the lowest IAQ violations followed by system 
A and finally system C. This applied to all four building orientations and for all the window 
opening patterns. System D had the best performance given the fact that it additionally supplies 
clean outdoor air unlike system C which only extracts contaminated air and relies on fresh air 
infiltration from the building envelope and trickle vents. Note that the infiltration was not that 
efficient given the airtightness of the building envelope. System A outperformed System C. 
This can be due to large pressure gradients created by opening of windows and the sanitary 
block in the hallway driving in considerable amount of fresh air to ventilate the room unlike 
system C, that relies on a mechanical extract.  

During the cooling season, system D remained the highest performing for all building 
orientations and all window opening patterns. System C only outperformed system A for south 
oriented windows while system A outperformed system C. For all the different systems, when 
the duration of the window opening decreased, going from Pattern 1 to Pattern 4, the IAQ 
violations increased due to lower air change rates from natural ventilation. This was more 
pronounced in the heating season rather than the cooling season during which the wind 
directions and speeds were less favorable.  
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Figure 4: CO2 ppm.hours for systems A, C and D for different window opening patterns during the heating and 
cooling seasons. 

 
 

 
Figure 5 illustrates the number of days where RH(%) exceed the. [30-70]% range 

during the heating and cooling seasons for systems A (natural ventilation), system C 
(mechanical extract, ACH = 1.5) and system D (balanced mechanical ventilation, ACH = 1.5), 
for 4 window opening patterns and for 4 different building orientations (window side facing 
either South, North, West and East). According to Figure 5, the number of days violating the 
RH(%) acceptable range were higher during the winter seasons than during the summer season. 
This was due to drier indoor conditions in winter due to heating and the longer duration of the 
heating season as compared to the cooling season. Additionally, with decreasing duration of 
window opening, the violations decreased during winter, however the effect was not that 
pronounced. It was even less pronounced during the cooling season. During the heating season 
and cooling seasons, similarly system D had the lowest violations followed by system A and 
closely by system C.  
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Figure 5: #days RH(%) exceeded [30-70]% range for systems A, C and D for different window opening patterns 
during the heating and cooling seasons. 

 
 
 
3.2 Thermal comfort and energy use 

 
Figure 6 illustrates the degree.hours exceeding the 22°C threshold during heating season 

and 26°C threshold during the cooling season for systems A (natural ventilation), system C 
(mechanical extract, ACH = 1.5) and system D (balanced mechanical ventilation, ACH = 1.5), 
for 4 window opening patterns and for 4 different building orientations (window side facing 
either South, North, West and East). Figure 7 illustrates the corresponding heating and cooling 
power consumptions.  
 According to Figure 6, the violations during the heating season were much larger than 
those during the cooling season where the violations were rather negligible. In fact, during the 
cooling season, due to the moderate climate, the outdoor temperatures were not that high. Thus, 
no overheating occurred and the 26°C threshold was not violated. It follows that the power 
consumption during the cooling season was lower than during the heating season (Figure 7). 
Note that during the cooling season, the power consumption was comparable between the 
different systems. During the heating season, violations decreased with decreasing duration of 
window opening patterns given the lower amount of infiltrating outdoor air that needs to be 
heated. The same was observed during the cooling season but at lower rates.  

Comparing the different systems, system C had the lowest violations due the low 
amount of infiltration as previously stated, followed by system D and finally A. It follows that 
the highest power consumption was for system A, followed by system D and closely by system 
C. Finally, between the building orientation, the south oriented windows had the lower power 
consumption demand given the high solar radiation on the south facades and thus a reduced 
amount of heating needed.  
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Figure 6: Degree.hours for systems A, C and D for different window opening patterns during the heating and 
cooling seasons. 

 
 
 

Figure 7: Heating and cooling power consumptions (KWh) for systems A, C and D for different window opening 
patterns during the heating and cooling seasons. 
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3.3 Window opening patterns  

 
To determine the window opening patterns for each system, the analysis will rely on the 

ppm.hours and energy use. This is since the violations of degree.hours were not as high as the 
ppm.hours. Moreover, the discrepancy between the degree.hours of the different scenarios 
(systems, window patterns) were not as pronounced as the ppm.hours (Figure 4-7). In Belgium, 
there is no threshold values of acceptable yearly ppm.hours. A value of 30,000 ppm.hours was 
adopted in the Netherlands and was considered in this work. This was divided proportionally 
between the heating and cooling seasons (20,000 and 10,000 respectively). 

For system A, during the heating season, windows can be kept open under Pattern 4 for 
IAQ benefits given the lower power consumption. During the cooling season, this can be Pattern 
1 despite the higher power consumption due to the the significant IAQ violations of Patterns 2 
to 4. This applies for all orientations.  

For system C, during the heating season, for south oriented windows, an optimal case 
would be to replace the current fans with a fan that can supply an ACH of 2. For this scenario, 
the windows can be closed during the operation without having any IAQ violations and with 
the benefit of lower power consumption compared to an ACH of 1.5. However, if this is not 
possible, an ACH of 1.5 with a window opening Pattern 3 would be the better option as a 
compromise between IAQ and energy. The same applies for north and west orientations. 
However, for the East orientation, due to the significantly higher ppm.hours, it would be better 
to open the windows at Pattern 2 for slightly higher IAQ benefits. During the cooling season, 
for all orientations, it is better to resize the fan at ACH of 2 while closing windows as well. 
However, if this is not possible, an ACH of 1.5 with a window opening Pattern 1 would be the 
better option since energy use during the cooling season was not that high. Thus, it is better to 
take advantage of the IAQ benefits. 

For system D, during the heating season, the windows can be opened even less (system D 
has higher IAQ performance). For all window orientations, an ACH of 1.5 with Pattern 0 can 
be suitable. During the cooling season, and for all window orientations, an ACH of 1.5 with 
Pattern 0 was also acceptable. 
 
4 CONCLUSION 

 
In this work, the possible window opening strategies in an elderly care home were studied for 
different existing pre-sized mechanical ventilation systems and natural ventilation strategies. 
The choice of window opening patterns were selected based on a compromise between IAQ 
and energy use between heating and cooling seasons since thermal comfort violations were not 
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as significant. Different building orientations were also considered. The obtained results are 
summarized in the table below:  
 

Table 1. Window opening strategies 
System type  Window opening strategy 

Natural ventilation Heating season: Pattern 4 (Open during 
afternoon): all orientations 

Cooling season: Pattern 1 (Open all day 
during occupied periods): all orientations 

Mechanical extract (ACH = 1.5) Heating season: Pattern 3 (open during 
morning and evening): south, west, north  
Pattern 2 (Open during high occupancy 

periods): east  
Cooling season: Pattern 1, all orientations 

Balanced mechanical ventilation (ACH = 
1.5) 

Heating season: Windows can be kept 
closed (all orientations) 

Cooling season: Windows can be kept 
closed (all orientations) 

 
 
5 ACKNOWLEDGEMENTS 

 
The authors would like to thank the Flemish Fund for personal matters (VIPA) and the Agency 
of care & health for their support in this work.  
 
6 REFERENCES 

 
[1] N. Bruce, … R.P.-P.-B. of the W., undefined 2000, Indoor air pollution in developing 

countries: a major environmental and public health challenge, SciELO Public Health. 
(n.d.). https://www.scielosp.org/pdf/bwho/v78n9/v78n9a04.pdf (accessed January 13, 
2023). 

[2] M. Almeida-Silva, H.T. Wolterbeek, S.M. Almeida, Elderly exposure to indoor air 
pollutants, Atmos Environ. 85 (2014) 54–63. 
https://doi.org/10.1016/J.ATMOSENV.2013.11.061. 

[3] I. Annesi-Maesano, D. Norback, J. Zielinski, A. Bernard, C. Gratziou, T. Sigsgaard, P. 
Sestini, G. Viegi, Geriatric study in Europe on health effects of air quality in nursing 
homes (GERIE study) profile: objectives, study protocol and descriptive data, 
Multidiscip Respir Med. 8 (2013). https://doi.org/10.1186/2049-6958-8-71. 

[4] Home | Zorg en Gezondheid, (n.d.). https://www.zorg-en-gezondheid.be/ (accessed 
January 11, 2023). 

[5] Standard EN 13779 | NBN Shop, (n.d.). https://www.nbn.be/shop/en/standard/nbn-en-
16798-1-2019_8687/ (accessed January 11, 2023). 

[6] A. Persily, L. de Jonge, Carbon dioxide generation rates for building occupants, Indoor 
Air. 27 (2017) 868–879. https://doi.org/10.1111/INA.12383. 

[7] Dymola - Dassault Systèmes®, (n.d.). https://www.3ds.com/products-
services/catia/products/dymola/ (accessed February 11, 2022). 

[8] F. Jorissen, G. Reynders, R. Baetens, D. Picard, D. Saelens, L. Helsen, Implementation 
and verification of the IDEAS building energy simulation library, J Build Perform 
Simul. 11 (2018) 669–688. https://doi.org/10.1080/19401493.2018.1428361. 

Peer Reviewed Paper

460 | P a g e



[9] al Assaad Douaa, Sengupta Abantika, Breesch Hilde, Demand controlled ventilation in 
educational buildings: Energy efficient but is it Resilient?, Building and Environment . 
226 (2022). 

  

Peer Reviewed Paper

461 | P a g e



Sea Water Air Conditioning (SWAC): A Resilient and 

Sustainable Cooling Solution for hot and humid climates - 

Energy Performance and Numerical Modeling 
 

Kanhan Sanjivy*1,2, Olivier Marc3, and Franck Lucas1 
 

1 GEPASUD, University of French Polynesia, 

Faa’a, French Polynesia 

*Corresponding author: 

kanhan.sanjivy@doctorant.upf.pf 

 

2 French Environment and Energy Management 

Agency (ADEME) 

20, avenue du Grésillé- 

BP 90406 49004 Angers Cedex 01 France 

 
3 PIMENT, University of Reunion Island, 

Saint-Pierre, La Réunion, France 
 

 

ABSTRACT 
 
Sea Water Air Conditioning (SWAC) is a highly efficient alternative to conventional air conditioning that uses 
deep seawater as a cooling source (Free Cooling). There are three SWAC installations in the world dedicated to 
cooling production in real-operating conditions, all located in French Polynesia due to its suitable bathymetry for 
SWAC installations and the high cooling needs of tropical climate. These installations provide cooling for two 
hotel complexes and a hospital center respectively in Bora Bora, Tetiaroa, and Tahiti. 
The efficiency of SWAC has been demonstrated through the experimental assessment of the Tetiaroa installation, 
which showed that its Coefficient of Performance (COP) can range from 20 to 150, depending on the length of the 
distribution loop. These experimental results can also allow an accurate validation of a numerical model designed 
to study various operating scenarios to optimize performance, reduce costs, and expand the technology to areas 
with less favorable bathymetry than French Polynesia. 
The development of such a design tool model is a necessary step for improving future installations and providing 
an accurate estimation of the capital costs (CAPEX) and operating costs (OPEX), which would greatly accelerate 
the development of SWAC technology and its visibility worldwide. This article presents a comprehensive 
examination of the SWAC technology as a resilient cooling solution for tropical climate. It includes a numerical 
model created using EnergyPlus and Python plugins, along with its experimental validation using Tetiaroa 
measurements for an operating period of one month. 
 

KEYWORDS 
 
Sea Water Air Conditioning (SWAC); Numerical Model; Experimental Validation; District Cooling (DC) 
  
1 INTRODUCTION 

 
The Intergovernmental Panel on Climate Change (IPCC) has identified an increase in cooling 
needs as one of the unavoidable consequences of global warming. This tendency is even more 
significant in tropical territories, where rising temperatures and changing weather patterns are 
already having a noticeable impact. The International Energy Agency (IEA) report titled “The 
Future of Cooling” also emphasizes the growing demand for cooling. The report states a need 
for space cooling expected to triple by 2050 because of combination of factors such as 
population growth, urbanization, and rising incomes. Such a surge will have a huge impact on 
energy consumption and greenhouse gas emissions as conventional air conditioning systems 
are energy-intensive and rely on refrigerants which are potent greenhouse gas (International 
Energy Agency (IEA) 2018). This article presents SWAC technology as a resilient cooling 
solution for tropical climates based on over two years of data from Tetiaroa installation. It 
includes a numerical model created using EnergyPlus and Python plugins, along with its 
experimental validation using an operating period of one month.  
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2 EXPERIMENTAL ANALYSIS 

 
2.1 SWAC technology 

 
Sea Water Air Conditioning (SWAC) is a type of free cooling system that uses Deep Ocean 
Water (DOW) as a cold source to cool buildings thanks to District Cooling (DC). SWAC 
technology has several advantages: 

- Its efficiency is not limited by Carnot efficiency like mechanical refrigeration systems. 
- Seawater temperatures remain relatively constant throughout the year. 
- SWAC doesn’t use any refrigerants like some other Air Conditioning (AC) system. 

However, its deployment requires two main conditions, high cooling needs close to the sea and 
great depths near the coast. 
 

 
Figure 1: Operating process diagram of SWAC system 

The SWAC system is represented above (Figure 1), it includes a drawing and a rejection 
pipeline. The drawing point is around 960 m depth, and the reject level is at 30 m depth with a 
technical area located 1.26 m deep in the ground. The technical area contains three pumps and 
three heat exchangers, combined with a district cooling system with the typical temperature 
regime 7/12°C. The seawater inlet temperature is about 6°C and 11°C for the return. The 
environmental impact of a deep seawater discharge was studied for an OTEC installation in 
Martinique and found that it had a minimal effect on the environment (Giraud, s. d.). 
 

Table 1: Characteristics of SWAC installations in French Polynesia 

Location Year Drawing 

pipeline length 

Drawing 

pipeline 

diameter 

Cooling power Investment 

cost 

Bora Bora 2006 2300 m 400 mm 1.6 MWf 5.5 M€ 
Tetiaroa 2011 2618 m 368/383 mm 2.4 MWf 10 M€ 
Tahiti 2022 3800 m 710 mm 6 MWf 30 M€ 

 
The SWAC alternative is a relevant solution for insular regions with a high energy cost, 
especially those having a suitable bathymetry with huge depths close to the shore like French 
Polynesia. There are three installations providing cooling for two hotel complexes and a 
hospital center respectively in Bora Bora, Tetiaroa, and Tahiti. Their characteristics are 
summarized in Table 1 (Sanjivy et al. 2023).  

463 | P a g e



2.2 Experimental data 

 
Experimental data of Tetiaroa SWAC system, including loop temperatures, heat flows, electric 
pump consumption and Coefficients of Performance (COP) will be presented over a two-year 
period. Data were averaged on a weekly basis after being processed using the Interquartile 
Range (IQR) method to remove outliers. 
 
 IQR = Q3 − Q1 (1) 
 Q1 − 1.5 ∗ IQR < μ < Q3 + 1.5 ∗ IQR (2) 

 
Figure 2: Seawater and chilled water temperatures 

Temperatures at the heat exchangers inlet (Tsw_in; Tcw_in) and outlet (Tcw_in; Tcw_out) of 
each loop are depicted above. The seawater inlet temperature remains between 5.5 and 6.5°C 
throughout the year, depending on the primary flow rate. The greater the flow rate, the lower 
the thermal losses along the drawing pipeline. The chilled water inlet temperature is a constant 
temperature setpoint which controls the primary flow rate, it is generally fixed between 7.5 and 
8°C. Both outlet temperatures vary depending on the building’s cooling demand, around 9 and 
10°C for the primary loop and 11 and 13°C for the secondary loop. 

 
Figure 3: Seawater and chilled water heat flows 

The heat flows on each side of the heat exchangers are plotted in Figure 3 and are calculated 
using (3) and (4). 
 Q̇sw = ϱsw. V̇sw. cpsw. (Tsw_out − Tsw_in) (3) 
 Q̇cw = ϱcw. V̇cw. cpcw. (Tcw_out − Tcw_in) (4)  
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The cooling demand of the District Cooling (DC) varies between 550 and 850 kW during the 
year, which is low compared to the nominal installation operation of 2.4 MWf.  

 
Figure 4: Seawater and chilled water pump electrical powers 

The primary pumps consume about 5 kW (Figure 4), the secondary pumps are controlled either 
by a constant pressure setpoint or manually by the operator. 

 
Figure 5: Primary and global COP 

Using (5) and (6), two performance indicators have been estimated in Figure 5. The primary 
COP is excluding the distribution loop in order to compare SWAC performance to centralized 
AC and is the theoretical maximum of the global COP of its installation. The global COP 
includes both loop and represents the whole system’s performance, it tends to be higher with 
increased cooling demand. 
 COPprim =

Qcw

Wsw
 (5) 

 COPglob =
Qcw

Wsw+Wcw
 (6) 

 
Regarding the measurement period, we can consider seasonal variations of the system’s 
performance by calculating the Seasonal COP (SCOP) with (7). 
 
 SCOP =

1

𝑇
∫ COPglob

𝑇

0
 (7) 

 
The Tetiaroa SWAC installation SCOP is 25.44 for the studied period.  
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3 NUMERICAL MODEL 

 
3.1 EnergyPlus/Python co-simulation 

 
EnergyPlus is a building energy simulation software used to model energy consumption for 
Heating Venting and Air-Conditioning (HVAC) and water use in buildings. It will allow us to 
create a coupled model of the SWAC system and the building in order to include mutual 
influence between both. EnergyPlus now provides a Python API which enables the integration 
of user-defined scripts. These scripts called plugins can be triggered at various simulation 
points, these points are the same as those defined for the EMS (Energy Management System) 
feature. 

 
Figure 6: Block diagram of SWAC numerical model 

The block diagram of the SWAC numerical model is represented in Figure 6. The blue block 
depicts the EnergyPlus built-in models used, and the green block represents the additional 
features from the plugins and their impact on the running simulation with violet arrows. 
Python plugins are first used to accurately estimate the pump head of each loop depending on 
their respective flowrates (8) using the equivalent hydraulic resistance calculation in (9) and 
(10). 
 ΔP = 𝜌𝑔𝑅�̇�² (8) 
 𝑅 = ∑ (

Δ𝐻

�̇�2 )
𝑛

𝑛
𝑖=1   (9) 

 ΔH =
λL

D
∗

𝑣2

2𝑔
 (10) 

 
They are also used to model primary pipeline heat loss to adjust the predicted value of seawater 
temperature inlet and outlet (11). Heat transfers by forced convection inside, natural convection 
outside, and conduction through the pipeline are included (12). 
 
 𝑑𝑇

𝑑𝐿
=

2𝜋𝐿

�̇�𝑠𝑤𝑐𝑝
𝑈(𝑇𝑒𝑥𝑡 − 𝑇)  (11) 

 1

U
=

1

ℎ𝑖𝑛𝑡
+

1

ℎ𝑒𝑥𝑡
+

𝑒

𝜆
 (12)  
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3.2 Experimental Validation 

 
The numerical model will be validated using the measurements of temperature, flow rate and 
electrical power gathered on Tetiaroa SWAC installation. The sequence of December 2021 was 
chosen for convenience as it is complete without data gaps. Measurement data and the 
simulation results are both on an hourly timestep. 

 
Figure 7: Validation load profile sequence 

The chilled water loop heat flow measured in December will be input as a load profile in the 
model, replacing the building model and weather data. The cooling needs fluctuate between 
600 kW and 1 MW, which is less than half of the SWAC nominal power, the installation 
operates with one pump instead of two. The period of measurements does not include any two-
pump operation sequence thus, it is only possible to validate the single pump functioning. 
 
 ri = 𝑦𝑖 − �̂�𝑖 (13) 
 
The numerical model results will be plotted with their residuals 𝑟𝑖 which are the difference 
between the measurement 𝑦𝑖 and its corresponding predicted value �̂�𝑖 (13). The reliability of 
the model will be assessed by comparing the residuals to the measurement uncertainties, in 
order to verify that the variability of model predictions remains in an acceptable range and thus, 
that the model is correctly representing the system’s behavior. 
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Figure 8: Modeling of seawater temperatures with residuals and measurement uncertainty 

Seawater temperatures fluctuate daily around 6°C for the inlet and 10°C for the outlet. Their 
uncertainties are both represented by the grey band, corresponding to a relative uncertainty of 
+/- 0.1 % and approximately +/- 0.28°C. The two residuals remain predominantly within the 
range of the temperature sensor uncertainties. 
 

 
Figure 9: Modeling of chilled water temperatures with residuals and measurement uncertainty 

The chilled water inlet temperature is a constant temperature setpoint adjusted to 7.5°C. The 
outlet temperature is oscillating daily between 11°C and 12.5°C. Residuals for the chilled water 
loop temperatures also stay within the uncertainty band of +/- 0.28°C, except for December 
23rd. This deviation was caused by a manual intervention from the installation operator. 
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Figure 10: Modeling of loop flows with residuals and measurement uncertainty 

The water flow rate of each loop represented above along with its uncertainty band, they follow 
the same fluctuations as the load profile with an average of 194 m3/h for the primary loop and 
176 m3/h for the secondary loop. Their respective relative uncertainties are +/- 6 % (due to a 
suboptimal flowmeter placement) and +/- 2 %, thus approximately +/- 11.7 m3/h and +/- 3.5 
m3/h. 

 
Figure 11: Modeling of pump electrical powers with residuals and measurement uncertainty 

The pump electrical power consumptions have a relative uncertainty of +/- 2 %. However, the 
primary loop of the SWAC installation includes a vacuum pump with a nominal power of 1.6 
kW. This pump operation is unknown, therefore introducing an additional random error on the 
primary power of +/- 0.8 kW. The uncertainty is around +/- 0.9 kW for the seawater pumps and 
0.52 kW for the chilled water pumps. Small deviations can also occur because the installation 
includes, for each loop, 3 pumps in parallel rotating in sequence on a weekly basis, which are 
considered perfectly identical by the numerical model. 
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4 CONCLUSIONS 

 
The SWAC provides support to a natural ventilation solution when the latter is no longer 
applicable or feasible due to external pollution (pollutants, noise, dust...), extreme weather 
conditions, or excessive internal loads. The data collected over a span of two years in The 
Brando hotel at the Tetiaroa site, one of the three deep Seawater Air Conditioning (SWAC) 
installations operating worldwide, provides us with a comprehensive understanding of the 
technology's performance and its seasonal variations. The primary Coefficient of Performance 
(COP) exhibits a range between 100 and 200, while the global COP ranges from 15 to 38. 
Notably, the Tetiaroa SWAC installation demonstrates an impressive Seasonal Coefficient of 
Performance (SCOP) of 25.44 over the two-year period, which is six times higher than the 
weighted average SCOP of traditional air conditioning systems, which typically ranges between 
4 and 4.5 (International Energy Agency (IEA) 2018). To experimentally validate the numerical 
model of the SWAC system developed in EnergyPlus/Python, a data sequence of one month 
was used, analyzing seawater and chilled water temperatures, loop flow rates, and electrical 
pump consumptions predicted values. The accuracy of the model was confirmed as each 
residual match with its respective measurement uncertainty. In future work, this validated 
model, integrated with realistic cost data, will enable the exploration of design and operational 
variants to optimize performance and mitigate the high initial investment associated with 
SWAC technology. Allowing the worldwide development and adoption of SWAC in coastal 
areas that are traditionally deemed less favorable for such cooling systems. 
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Nomenclature 

𝑐𝑝 Heat capacity 𝑃 Pressure 𝑊 Electrical pump power 
𝐷 Pipeline diameter 𝑄 Heat flow 𝜆 Thermal conductivity 
𝑒 Pipeline thickness 𝑅 Hydraulic resistance 𝜌 Density 
𝑔 Gravity of Earth 𝑇 Temperature 𝑐𝑤 Chilled Water 

𝐻 Hydrostatic pressure 𝑈 Overall heat transfer 
coefficient 𝑠𝑤 Sea Water 

ℎ Heat transfer coefficient 𝑉 Volumetric flow rate 𝑖𝑛/𝑜𝑢𝑡 inlet / outlet 
𝐿 Pipeline length 𝑣 Flow speed 𝑖𝑛𝑡/𝑒𝑥𝑡 interior / exterior 
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ABSTRACT 

This study investigates the impact of lowering temperature setpoints on occupants' thermal comfort in office 
buildings, prompted by government initiatives in Europe, including the Netherlands, to reduce energy 
consumption. The research methodology involved a case study conducted in three office buildings in The 
Netherlands. Data on occupants' perception, motivation, clothing thermal insulation, activity level, discomfort, and 
thermal control options were collected through interviews conducted for thermal comfort surveys and building 
surveys. Statistical analysis revealed the importance of providing diverse control options to accommodate 
individual preferences, specially under temperatures outside the comfort zone. Occupants with more control 
options reported higher satisfaction. Variations in thermal sensation and comfort were observed among gender, 
age, and BMI groups, with females experiencing more discomfort and cold sensations at lower temperatures. The 
study emphasizes the need to consider individual differences in thermal comfort and the importance of adequate 
thermal control in office design and energy-saving measures. The findings contribute to the development of 
effective strategies for lowering temperature setpoints while maintaining occupant comfort and satisfaction. 
 

KEYWORDS 
 
Temperature setpoints, occupant thermal comfort, energy-saving measures, office buildings 

 
1 INTRODUCTION 

The pursuit of energy efficiency and reduction of greenhouse gas emissions has become a 
global priority, driven by the Russian invasion of Ukraine in 2022. Governments and building 
managers are exploring ways to reduce energy consumption. One widely proven approach to 
achieving energy savings in buildings is through human-based retrofits, specifically by 
adjusting HVAC temperature setpoints, which can be implemented at minimal cost (Haniff et 
al., 2013). Given this situation, in the beginning of April 2022, the Dutch government launched 
a campaign titled "Zet de knop om" ("turn the knob"), outlining plans to reduce energy 
consumption for room air conditioning in the short term (Rijksoverheid, 2022). The government 
proposed adopting a "2 degrees lower" winter setpoint of 19ºC in all governmental buildings, 
as according to the European Commission HVAC systems in buildings account for 
approximately 40% of the EU's energy consumption and 36% of CO2 emissions. However, it 
has also been observed that increasing the dead band results in decreased occupant thermal 
comfort (Jafarpur & Berardi, 2021). Neglecting comfort for energy efficiency may lead to 
issues like discomfort, fatigue, and reduced productivity (Ortiz et al., 2017). Humans are 
constantly reacting and adapting to indoor thermal surroundings. Previous studies have 
highlighted the role of adaptive behaviours in achieving thermal comfort and energy savings, 
including physiological, behavioural, and psychological responses (Sun & Hong, 2017). 
However, the adoption of such behaviour measures can be influenced by various factors, 
including occupant awareness, motivation, perceived effectiveness, convenience, and the 
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availability of feedback and incentives (D’Oca et al., 2017; Hu et al., 2020). Moreover, granting 
occupants the ability to exert control over the thermal environment has been shown to enhance 
their satisfaction. Leaman & Bordass (1993) found that greater occupant control access leads 
to higher tolerance for thermal variations in buildings. These findings highlight the complex 
and subjective nature of the relationship between energy-saving measures and occupants' 
perceived thermal comfort. Empirical studies are crucial to understanding the effects of 
lowering temperature setpoints on occupant comfort. This paper presents a case study in three 
Dutch office buildings to explore the trade-off and provide insights on lower temperature 
setpoints and thermal comfort. The main research question is: "What are the effects of lowering 

the temperature setpoints, in Dutch office buildings, on the occupant's thermal comfort?". The 
study used thermal comfort surveys to collect data on occupant comfort levels at different 
temperature setpoints, focusing on behavioral responses, occupant satisfaction, and personal 
motivation. 

 
2 METHODOLOGY 

 
2.1 Design and Procedure 

A thermal comfort study was conducted in three office buildings in the Netherlands to 
assess the impact of lowering temperature setpoints on occupant thermal comfort. The study 
involved conducting individual interviews, lasting around 7 minutes on average, in a dedicated 
room. The interviews were conducted in English and incorporated a combination of closed-
ended and open-ended questions to gather extensive data. The interview process spanned 
approximately two days per building, resulting in a total duration of six days for the entire 
survey. The same questionnaire and methodology were used across all three buildings in the 
study. 
 
2.2 Participants 

A total of 121 participants, 65 males and 56 females, took part in the field study. Building A 
had 51 participants, while Buildings B and C each had 35 participants. The study focused on 
office workers only, excluding janitors and maintenance staff. Participants were randomly 
selected and provided with a brief introduction to the study and interview process. Participants 
who met the inclusion criteria, which included a minimum of one year of work experience in 
the building for winter comparisons, were invited to participate. 

 
2.3 Buildings 

The study examined three office buildings in the Netherlands: two high-rise buildings 
(Buildings A and C) with glass facades and air heat distribution systems, and one 3-floor office 
building (Building B) with air and water heat distribution systems, and a balanced window-to-
wall ratio. In winter 2022-2023, all three buildings lowered their temperature setpoints, but the 
extent of reduction varied. Additional information on the buildings' characteristics is provided 
in Table 1. 

Table 1: Brief description of the studied buildings 

Building Height Location TSet- before (ºC) TSet- after (ºC) 
Investigated 

floors 
Interviews 

A 149.1 m Rotterdam 22.7 19 15 51 
B 10 m Utrecht 22 20 3 35 
C 141.9 m The Hague 21 19 10 35 
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3 RESULTS 

The respondent group included 121 individuals, aged 18 to over 60. In Buildings A and 
B, the main age group was 50-59 years, while in Building C, it was 30-39 years. The majority 
of respondents reported being in the healthy BMI range. The following analysis combines data 
from all three buildings.  

The analysis found that occupants adopt compensatory behaviours in response to lower 
indoor temperatures, such as adjusting clothing thermal insulation or using radiators. The 
preference for using radiators to enhance comfort raises implications for energy-saving control. 

 Figure 1 shows the impact of lower temperatures on thermal comfort. The analysis 
indicates that occupants generally experience higher comfort levels with higher temperature 
setpoints. A chi-square test (χ2 (4, N = 242) = 35.63, p < .001) demonstrates a significant effect 
of lower temperature setpoints on perceived comfort. This suggests an association between 
indoor temperatures and thermal comfort. 

 

 
Figure 1: Box-plot illustrating the influence of lower temperature setpoints on thermal comfort. Where -2 signifies 
discomfortable and 2 signifies comfort. The X represents the mean. 

 
Additionally it was found that, the majority of building occupants displayed a high 

motivation level (level 4) to save energy. Building B had the highest motivation (65.7%), 
closely followed by Building A (56.9%). Building C had a relatively lower motivation level 
(40%). All buildings showed an increase in motivation compared to the previous winter, with 
Buildings B and C having the highest percentage of occupants with changed motivation. An 
analysis of motivation to save energy identified sustainability as the primary driving factor 
across all three buildings. The second most reported motivation factor in all buildings was high 
energy bills. 

Remarkably, the percentage of individuals motivated by the war in Ukraine was 
relatively low: 13.7% for Building A, 5.7% for Building B, and 9% for Building C. Despite 
this, when comparing the willingness to maintain low temperature setpoints across the three 
buildings, Building B had the highest level of willingness, with 89% of occupants committed 
to maintaining the setpoints even after energy prices return to regular values. Building C 
showed a moderate level of willingness, with 66% of occupants expressing their intention to 
maintain the setpoints. Building A had a lower level of willingness, with only 43.1% of 
occupants committed. Notably, within Building A, 31.4% of individuals explicitly stated their 
willingness to maintain the lower temperature setpoints only if they remained within acceptable 
levels of thermal comfort. 

Figure 2 shows the evaluation of the "Zet de knop om" campaign in the three buildings. 
Building B had the most favourable evaluation, Building C had a mix of satisfied and 
dissatisfied occupants, and Building A had a significant percentage of occupants leaning 
towards being very dissatisfied, dissatisfied, or neutral in their evaluation of the campaign. 
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These results highlight the varying perceptions of the campaign's implementation across the 
buildings, with Building B displaying the highest satisfaction level. 

 

 
 

Figure 2: Evaluation of execution of "Zet de knop om" energy-saving campaign across the three buildings 

 
A qualitative analysis identified common complaints in the three buildings: absence of 

feedback solicitation and perceived disregard for occupants' comfort, lack of control over the 
thermal environment, and unacceptable comfort levels.  

Figure 3 shows the relationship between the number of control options for the thermal 
environment and occupant satisfaction. A chi-square test (χ2 (8, N = 121) = 66.65, p < .001) 
revealed a significant difference in satisfaction based on the number of control options. The 
data suggests that occupants with more control options reported higher satisfaction levels 
compared to those with limited or no options. 

 

 
Figure 3: Box-plot depicting the effect of the number of options to control the thermal environment and occupant 
satisfaction. Where 0 signifies dissatisfaction and 5 signifies satisfaction. The X represents the mean. 

 
Figure 4 illustrates the influence of gender, BMI, and age on perceived thermal comfort. 

A statistical analysis showed significant differences in perceived thermal comfort with lower 
indoor temperatures based on gender (χ2 (4, N = 121) = 13.67, p = 0.00843), BMI (χ2 (12, N = 
121) = 105.6, p < .001), and age (χ2 (12, N = 121) = 57.5, p < .001). Suggesting that females 
experienced more discomfort and cold sensations at lower temperatures compared to males. 
Moreover, no clear patterns were found for BMI and age. 
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a)                                                                                     b) 

 

  
c) 

Figure 4: Box-plot illustrating the differences in perceived thermal comfort with lower indoor temperatures, 
considering gender (a), BMI (b) and age (c). Where -2 signifies discomfortable and 2 signifies comfort. The X 
represents the mean.    

    
4 DISCUSSION 

 
The case study yielded important findings on occupant behaviour, coping strategies, 

perceptions, and the impact of temperature setpoints on thermal comfort. Occupants employed 
compensatory behaviours like adjusting clothing thermal insulation and using radiators in 
response to lower temperatures, highlighting considerations for energy savings. Previous 
research emphasizes the role of adaptive behaviours in achieving comfort and energy savings 
(Butera, 1998; Sun & Hong, 2017). In line with the literature (Chun et al., 2008; Wang et al., 
2018), higher temperature setpoints generally led to increased comfort, but individual 
experiences varied, emphasizing the importance of understanding individual preferences.  

Occupants' motivation to save energy primarily stems from high energy bills rather than 
environmental concerns, as the majority of occupants motivation to save energy has increased 
since last winter, and there were variations in motivation between different settings (office vs. 
home), possibly due to personal responsibility for utility bills. Despite this, occupants expressed 
willingness to maintain lower temperature setpoints, as long as minimum comfort levels were 
ensured, particularly in Building A. Satisfaction with energy-saving campaigns differed across 
buildings, emphasizing the importance of feedback and communication. Providing diverse 
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control options improved satisfaction, aligning with existing literature on the positive impact 
of user control on comfort, satisfaction, energy savings, and productivity. 

Gender, age, and BMI influenced thermal comfort, with females experiencing more 
discomfort in lower temperatures, consistent with previous studies by Indraganti et al., (2015) 
and Chaudhuri et al., (2018) highlighting women's higher dissatisfaction and sensitivity to 
temperature variations. Variations in comfort among different BMI and age groups call for 
tailored considerations. Additionally, exploring whether highly motivated individuals who 
actively lowered the temperature at home perceived more comfort would have been interesting. 
However, the data collected in this study, which consisted of participants with uniformly high 
levels of motivation towards energy conservation, did not allow for definitive conclusions. 
Without a suitable control group or participants with varying motivation levels, establishing a 
direct link between motivation, temperature adjustment behaviour, and perceived comfort 
becomes challenging. Further research with diverse participants is necessary to delve deeper 
into this question and obtain meaningful insights.  
 
5 CONCLUSION 

 
This study explored the impact of lower temperature setpoints on thermal comfort in Dutch 

office buildings, revealing significant effects on occupants' comfort perception. Adaptation to 
lower temperatures varied among individuals based on factors such as age, gender, clothing, 
and activity level. Control over the thermal environment and clear communication positively 
influenced comfort, while acceptance of lower setpoints differed across buildings. Higher 
comfort ratings were associated with greater acceptance, highlighting the link between comfort 
and energy-saving measures. The study underscores the importance of a holistic approach 
considering occupant preferences, energy efficiency goals, and adaptive strategies for optimal 
comfort. Ongoing communication and engagement are crucial for occupant satisfaction and 
support for sustainable, energy-efficient buildings. 
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ABSTRACT 
 
The progressive increase in the global average outdoor air temperature has caused an increase in the cooling 
demand in buildings in recent years. Given this climate change scenario, there is a need to develop efficient air-
cooling systems that improve the energy efficiency of traditional direct expansion units. In this sense, ventilative 
cooling technologies should be tested under the climate change world scenario. 
In this research study, the main objective was to evaluate the seasonal energy behaviour of a Dew-point Indirect 
Evaporative Cooler (DIEC) for three different climatic zones under a hostile climate change scenario. An empirical 
model of a DIEC system was used to obtain Seasonal Energy Efficiency Ratio (SEER) values under different 
climatic conditions. This DIEC model and variable air flow control of DIEC were adjusted to perform several 
annual energy simulations in TRNSYS17 software. Three different climatic zones according to the ASHRAE 
climate classification were considered in this work: 1-Very hot, 2-Hot and 3-Warm. In addition, different weather 
scenarios were established using a specific tool for the development of meteorological data predictions, 
CCWorldWeatherGen.  
Based on the results, the DIEC system showed high SEER values, between 2.5 and 6.3. The lowest SEER values, 
between 2.5 and 5.1, were obtained for Bangkok (Thailand) – climatic zone 1 with high outdoor air temperature 
values and high outdoor air humidity ratio values. However, the highest SEER values, between 5.9 and 6.3, were 
obtained for Brasilia (Brazil) – climatic zone 2 with low outdoor air humidity ratio values and high outdoor air 
temperature values. These results showed that the use of a Dew-point Indirect Evaporative Cooler could be 
interesting under the world climate change scenario, since its SEER value improved with increasing climatic 
severity. 
 

KEYWORDS 
 
Energy simulations, evaporative cooling technology, Seasonal Energy Efficiency Ratio, world changing climate. 
 
1 INTRODUCTION 

 
Climate change has several implications for both human health and the energy performance of 
buildings (Ciancio et al., 2020; Pörtner H-O, et al., 2022). Research papers have highlighted 
the significant contribution of buildings to global energy consumption and carbon emissions. 
The heating, ventilation and air-conditioning systems (HVAC) in buildings consume 
approximately 36% of the global final energy and are responsible for nearly 40% of total CO2 
emissions (Allouhi et al., 2015; Xu et al., 2023). One of the main effects of climate change is 
the increase in the average outdoor temperature around the world. This rise in temperature has 
direct implications for energy demand, particularly in the areas of refrigeration and global 
electricity consumption (Huang and Gurney, 2016). Therefore, ensuring comfortable indoor 
environments with low energy consumption in buildings is a major challenge. 
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The development and adoption of energy-efficient cooling technologies can help reduce the 
reliance on fossil fuels and minimize CO2 emissions. According to several studies, indirect 
evaporative cooling technology offers an interesting solution for achieving thermal comfort 
while simultaneously reducing energy consumption and minimizing environmental impact 
(Romero-Lara et al., 2021; Yang et al., 2021). Energy Efficiency Ratio (EER) is a widely used 
index for evaluating the energy performance of indirect evaporative coolers (IEC). EER is 
defined as the ratio between cooling capacity and electrical-power consumption of an IEC. In 
a research work, a comparative study between a traditional air-cooling system based on vapor 
compression and two innovative air-cooling systems was carried out (Romero-Lara et al., 
2021). The main finding was that a DIEC system demonstrated three to four times lower energy 
consumption than the traditional air-cooling system, which translates into a higher EER value. 
Another work studied the correlation between the EER value of a DIEC, from 10.6 to 19.7, and 
different climatic conditions (Duan et al., 2017): lower EER values for high values of outdoor 
air humidity ratio and higher EER values for high values of outdoor air temperature. 
 
Given the rising cooling demand in buildings, the main objective of the present work was to 
assess the long-term energy performance of a dew-point IEC (DIEC) considering the effects of 
climate change. Energy simulations were performed in the TRNSYS17 software using the 
DIEC experimental model. The main analysis focused on the influence of the climatic 
conditions of different zones on the seasonal EER (SEER) for DIEC from 1995 to 2080. 
 
2 METHODOLOGY 

 
2.1 Empirical model of DIEC 

 
In this study, an experimental model of DIEC was used to obtain its long-term energy 
performance in terms of Seasonal Energy Efficiency Ratio (SEER). In a recent work, the 
authors detailed the constructive and operational characteristics of this DIEC (Romero-Lara et 
al., 2022). The authors also provided an explanation of the experimental setup built to examine 
the energy performance of the DIEC under different operational conditions. The ranges of 
values of outdoor air temperature (TOA), outdoor air humidity ratio (ωOA), and volumetric air 
flow (V̇OA) were adjusted to obtain a complete empirical model of the DIEC. High values of the 
determination coefficient (R2) were shown for the empirical models of cooling capacity 
(Q̇cooling), electrical-power consumption (Ẇ), and EER: 0.9991, 0.9997 and 0.9973, respectively 
(Romero-Lara et al., 2022). These empirical models and a variable volumetric air flow control 
based on outdoor temperature, see Figure 1, were used to perform several energy simulations. 
 

 
Figure 1: Variable air flow control of the studied DIEC. 
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2.2 Climatic zones classification 

 
According to the ASHRAE climate classification, three different climatic zones were defined: 
climatic zone 1 for a very hot climate, climatic zone 2 for a hot climate, and climatic zone 3 for 
a warm climate (ASHRAE, 2007). This classification was made based on the thermal criteria 
of Cooling Degree Days (CDD), as indicated in Table 1. To ensure greater consistency in this 
work's analysis, two cities were selected from each climatic zone, see Table 1. In this way, a 
wider range of outdoor air conditions was covered.  

 

Table 1: Classification of the climatic zones selected. 

Zone  number and name* City Country Thermal criteria 

1 – Very hot (humid) Bangalore India 5000 < CDD10°C 
1 – Very hot (humid) Bangkok Thailand 5000 < CDD10°C 
2 – Hot (dry) Brasilia Brazil 3500 < CDD10°C ≤ 5000 
2 – Hot (dry) Brisbane Australia 3500 < CDD10°C ≤ 5000 
3 – Warm (dry) Valencia Spain 2500 < CDD10°C < 3500 
3 – Warm (dry) Nairobi Kenya 2500 < CDD10°C < 3500 

*Humid = average ωOA value > 11.0 g/kg. Dry = average ωOA value < 11.0 g/kg. (Reference: year 1995) 
 
Due to the selection of cities with different of TOA and ωOA, a more complete analysis can be 
performed to assess the impact of these climatic conditions on the SEER values of a DIEC. 
 
2.3 Changing climate scenarios 

 
Most scientific studies have used the CCWorldWeatherGen tool, which was developed at the 
University of Southampton, to generate and analyse new weather scenarios (Andrić, 2019). 
This tool has demonstrated to be highly valuable in simulating and modelling different climatic 
conditions, allowing researchers to explore and study the potential impacts of climate change 
on several environmental and economic factors (Ascione et al., 2022; Cruz et al., 2022; Thapa 
et al., 2023). 
In this work, the CCWorldWeatherGen tool was investigated to create new weather scenarios: 
year 2020, year 2050, and year 2080. The reference scenario was the year 1995, since it is the 
year corresponding to the TRNSYS meteorological base. So, 24 cases were studied in this work, 
combinations of six cities in different climatic zones and four scenarios. As a summary, Table 
2 provides the set of average outdoor air temperature (TOA,avg) and average outdoor air humidity 
ratio (ωOA,avg) values for each city in each weather scenario. The cooling period considered in 
this study refers to the period when the TOA value exceeded 18 °C. 

 

Table 2: Climatic conditions in changing climate scenarios of the six selected zones. 

 1995 2020 2050 2080 

Zone  number 

and city 

TOA,avg ωOA,avg TOA,avg ωOA,avg TOA,avg ωOA,avg TOA,avg ωOA,avg 

(°C) (g/kg) (°C) (g/kg) (°C) (g/kg) (°C) (g/kg) 

1 – Bangalore 26.0 11.8 27.1 10.4 27.9 10.6 29.5 10.9 
1 – Bangkok 26.7 13.0 28.2 11.8 29.0 11.8 30.7 12.3 
2 – Brasilia 24.7 10.9 26.3 10.5 27.2 10.5 28.7 10.6 
2 – Brisbane 24.2 10.8 24.2 10.5 24.5 10.5 25.1 10.6 
3 – Valencia 23.6 10.9 25.1 11.0 26.1 11.1 26.8 10.7 
3 – Nairobi 23.1 10.9 23.4 10.6 24.1 11.1 25.3 11.8 

 
It can be observed a progressive increase in the TOA,avg values for all climatic zones, see Table 
2. Climatic zone 1 shown an approximate rise of outside temperature of 2.5°C, while climatic 
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zones 2 and 3 exhibited increases of 1.8 °C and 1.7 °C, respectively, between 2020 and 2080. 
However, the ωOA,avg values did not show any correlation. These ωOA,avg values were between 
10.4 and 13.0 g/kg for climatic zone 1, between 10.5 and 10.9 g/kg for climatic zone 2 and 
between 10.6 and 11.8 g/kg for climatic zone 3, see Table 2. 
 
2.4 Energy performance index 

 
In the present study, several energy simulations were performed using a DIEC empirical model 
and variable air flow control indicated in Figure 1. All SEER values were determined for the 
cooling period, using the TRNSYS17 software with a time step of 2.4 minutes for each climatic 
zone in each scenario (S.A. Klein, 2006). 
 
The SEER values of DIEC were calculated according to the annual cooling energy, Qcooling, and 
annual electrical energy consumption, W, of DIEC during the cooling period. For each of the 
24 cases, Equations 1, 2 and 3 were used as follows. 
 
 Q̇cooling = ρair ·V̇SA  ·(hOA – hSA) (1) 
 
 Ẇ = Ẇfan + Ẇpump (2) 
 

 SEER = ∑ Q̇cooling

∑Ẇ
=  

Qcooling

W
 (3) 

 
Where ρair is the density of air [kg/m3], �̇�SA is the supply volumetric air flow [m3/s], and hOA 
and hSA are the outdoor and supply air specific enthalpy [kJ/kg], respectively. �̇�fan and �̇�pump 
are the electrical-power consumption of the fan and pump of DIEC [kW]. 
 
3 RESULTS AND ANALYSIS 

 
The long-term energy performance of a DIEC, in terms of SEER, was performed under the 
climate change world scenario. Different SEER values were obtained and analysed according 
to the different climatic conditions across four scenarios (year 1995, year 2020, year 2050, and 
year 2080) for six different cities, see Table 2. 
 
3.1 Analysis of weather scenarios 

 
The CCWorldWeatherGen tool was used to develop the prediction of weather conditions in 
year 2020, 2050 and 2080. These scenarios and the reference scenario, year 1995, were analysed 
for the two cities selected in each climatic zone, during their respective cooling periods. 
 
Figure 2 illustrates the annual variation in TOA from the year 1995 to 2080 for the city of 
Bangalore, India, serving as a representation of climatic zone 1. It is evident that the highest 
TOA values, ranging from 30 °C to 40 °C, occurred during the period from early April to early 
July, see Figure 2. For each scenario – 1995, 2020, 2050, and 2080 – the TOA,avg values were 
recorded as 26.0 °C, 27.1 °C, 27.9 °C, and 29.5 °C, respectively, see Table 2. The most 
significant temperature difference of 1.6 °C was observed between the years 2050 and 2080. 
Therefore, it should be noted both the progressive increase in outdoor air temperatures within 
this climatic zone 1 and the accelerated rate of increase in TOA in recent years. 
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Figure 2: Hourly outdoor air temperature variation during the four weather scenarios for climatic zone 1. 

 
According to the representation of climatic zone 2, Figure 3 displays the yearly fluctuations in 
outdoor air temperature for the city of Brasilia, in Brazil, from 1995 to 2080. It can be observed 
that high outdoor air temperature values were recorded, between 30 °C and 40 °C, throughout 
the year in Brasilia, see Figure 3. The TOA,avg values for the years 1995, 2020, 2050, and 2080 
were recorded as 24.7 °C, 26.3 °C, 27.2 °C, and 28.7 °C, respectively, as shown in Table 2. The 
highest  temperature differences were 1.6°C between the years 1995 and 2020, and 1.5 °C 
between the years 2050 and 2080. This indicated that the rate of TOA increase in Brasilia 
(climatic zone 2) was relatively more stable compared to Bangalore (climatic zone 1). 
 

 
Figure 3: Hourly outdoor air temperature variation during the four weather scenarios for climatic zone 2. 

 
Figure 4 exhibits the changes in outdoor air temperature from the year 1995 to 2080 for the city 
of Valencia, in Spain, serving as a representation of climatic zone 3. High TOA values, ranging 
from 30 °C to 40 °C, were shown between the months of June (3624 hours) and October (6552 
hours), see Figure 4. These months correspond to the summer season in Spain, characterized 
by more severe weather conditions each year. As depicted in Table 2, the average TOA,avg values 
for the years 1995, 2020, 2050, and 2080 were documented as 23.6 °C, 25.1 °C, 26.1 °C, and 
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26.8 °C, respectively. These findings indicate a progressive increase in outdoor temperature for 
climatic zone 3 as well as for climatic zones 1 and 2. 
 

 
Figure 4: Hourly outdoor air temperature variation during the four weather scenarios for climatic zone 3. 

 
3.2 Analysis of SEER for DIEC 

 
The SEER values for the DIEC system were obtained under the changing climatic conditions 
of each selected city. The impact of the TOA,avg and ωOA,avg values on SEER was grouped 
according to climatic zones: zone 1 in Figure 5, zone 2 in Figure 6 and zone 3 in Figure 7.  
Despite belonging to the same climatic zone, Figure 5 shown contrasting variations in SEER 
between Bangalore and Bangkok. In both cases, there was a gradual increase in TOA,avg. 
However, Bangkok experienced higher levels of ωOA,avg than Bangalore. For climate zone 1, 
the highest SEER value recorded was 6.1, under a ωOA,avg value of 10.4 g/kg (Bangalore 2020). 
Conversely, the lowest SEER value for climatic zone 1 was 2.5, with a ωOA,avg value of 13 g/kg 
(Bangkok 1995). Thus, it is evident that outdoor air humidity had a significant role in 
influencing the energy efficiency of the DIEC. 

 

 
Figure 5: Impact of TOA and ωOA on the SEER values of DIEC for the climate change scenario in zone 1. 

 
In the case of climatic zone 2, both the variations of TOA,avg and ωOA,avg from 1995 to 2080 were 
similar for Brasilia and Brisbane, see Figure 6. The SEER variation for each city was similar in 
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all four scenarios, due to the stability of the ωOA,avg values. Therefore, the SEER value increased 
with the increase in TOA. The SEER values were high for all cases of the climatic zone 2, in the 
range of 5.5 to 6.3, see Figure 6. 
 

 
Figure 6: Impact of TOA and ωOA on the SEER values of DIEC for the climate change scenario in zone 2. 

 
The SEER variation analysis carried out for climatic zone 3 confirmed the influence of TOA and 
ωOA on SEER. Research in the climate of Valencia indicated that the value of TOA exhibited a 
progressive increase from 1995 to 2020. In contrast, the value of ωOA remained constant or even 
decreased during that period, as shown in Figure 7. This combination of factors resulted in an 
overall increase in SEER of the four scenarios. However, the SEER results for Nairobi had 
lower SEER values in the years 2050 and 2080 due to increased outdoor humidity, see Figure 
7.  

 
Figure 7: Impact of TOA and ωOA on the SEER values of DIEC for the climate change scenario in zone 3. 

 
As a summary of the analysis carried out previously, Table 3 shown the values of TOA,avg, ωOA,avg 
and SEER in gradient format for the six cities and the four selected years. For the TOA,avg and 
SEER values, the green colour represented the lowest values, and the red colour represented 
the highest values, see Table 3. For the ωOA,avg values, the white and blue colours represented 
the lowest and highest values, respectively. It can be observed that the lowest SEER values, 
between 2.5 and 5.1, were shown for Bangkok (climatic zone 1 with high TOA,avg values, but 
high ωOA,avg values that penalize the SEER result of DIEC), see Table 3. However, the highest 
SEER values, between 5.9 and 6.3, were observed for Brasilia (climatic zone 2 with low outdoor 
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air humidity). Brisbane and Valencia had similar SEER values due to similar TOA,avg and ωOA,avg 
values, despite being different climatic zones, see Table 3. 
 

Table 3: TOA,avg, ωOA,avg and SEER values of DIEC for the six selected cities and for scenarios. 

City Bangalore Bangkok Brasilia Brisbane Valencia Nairobi 

 

Climatic zone 1 1 2 2 3 3 

TOA,avg 
(°C) 

1995 26.0 26.7 24.7 24.2 23.6 23.1 
2020 27.1 28.2 26.3 24.2 25.1 23.4 
2050 27.9 29.0 27.2 24.5 26.1 24.1 
2080 29.5 30.7 28.7 25.1 26.8 25.3 

ωOA,avg 
(g/kg) 

1995 11.8 13.0 10.9 10.8 10.9 10.9 
2020 10.4 11.8 10.5 10.5 11.0 10.6 

 

2050 10.6 11.8 10.5 10.5 11.1 11.1 
2080 10.9 12.3 10.6 10.6 10.7 11.8 

SEER  
(-) 

1995 4.9 2.5 5.9 5.6 5.5 5.8 
2020 6.1 5.0 6.2 5.7 5.5 6.0 
2050 6.0 5.1 6.3 5.6 5.4 5.6 
2080 5.9 4.7 6.2 5.5 5.7 4.7 

 
4 CONCLUSIONS 

 
Nowadays, there is the increasing concerns about adverse weather conditions due to climate 
change. There is a growing need to find sustainable solutions that rely on efficient air-cooling 
systems. In this study, the impact of the progressive rise in outdoor air temperature and the 
influence of outdoor air humidity on the SEER values of a DIEC was analysed. 
 
The main findings obtained from the energy analysis of a DIEC for three different climatic 
zones during the years 1995, 2020, 2050, and 2080 were as follows: 
 
• High SEER values for DIEC were obtained for all cities studied, between 4.7 and 6.3, except 

Bangkok due to its ωOA,avg values. 
• The lowest SEER value was 2.5, obtained in Bangkok in 1995, due to the high average 

outdoor air humidity value that year, 13 g/kg. 
• The SEER value for DIEC increased considerably in Brasilia and Valencia when the outdoor 

air temperature increased. 

Therefore, the DIEC showed a more efficient seasonal energy behaviour for hot-dry climatic 
conditions. Due to the continuous increase in outdoor temperature caused by climate change 
scenario, this DIEC technology could be an interesting solution in terms of energy efficiency. 
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ABSTRACT 
 
The accurate estimation of the local wind pressure coefficient is crucial in the numerical modeling of natural or 
mixed ventilation in buildings subjected to wind. Building ventilation modeling typically relies on average wind 
pressure coefficient values specific to the building façade and wind direction. While the literature provides some 
correlations and standards for building wall-average pressure coefficients, these values are only useful in the 
absence of additional information or a database, as they can vary significantly based on urban forms. Field 
measurements, wind tunnel tests, and numerical modeling are the available methods for estimating pressure on 
building facades. In the first part of this study, the wall-average pressure coefficient was validated using 
Computational Fluid Dynamics (CFD) for both an isolated low-rise building and a non-isolated low-rise building. 
Acceptable relative errors were achieved for the non-isolated building in all wind directions. However, higher 
relative errors were observed for the non-isolated building at surface directions of 90° and 180° for wind directions 
exceeding 75°. In the second part of this study, a Building Energy Simulation Test was conducted to assess the 
impact of the pressure coefficient on ventilation modeling, comparing five scenarios: no wind action, standard 
pressure coefficient, literature correlation pressure coefficient, and CFD-derived pressure coefficient for isolated 
and non-isolated buildings. The results indicated relative differences on the order of 7% and 6% for Air Change 
Rate and CO2 average concentrations, respectively. This research contributes to the understanding of performance 
indicators for Indoor Air Quality (IAQ) studies, emphasizing the importance of considering both intentional and 
involuntary airflows in ventilation design. 
 

KEYWORDS 
 
Pressure coefficient. Ventilation. CFD. IAQ. Multizone model. 
  
1 INTRODUCTION 

 
Thermal comfort and Indoor Air Quality (IAQ) are closely tied to effective ventilation and 
infiltration management, which directly impact a building's energy consumption. Ventilation 
encompasses intentional indoor air exchange, which can occur through natural means such as 
opening windows and doors, or through mechanical systems involving supply and exhaust fans 
(ASHRAE, 2021). On the other hand, infiltration refers to the unintentional flow of outdoor air 
into a building through unintended openings like cracks, gaps around windows, doors, and 
electrical components. Conversely, when this unintentional airflow exits the indoor space, it is 
termed exfiltration. Both infiltration and exfiltration contribute to air leakage, representing 
unintentional airflows within a building. 
 
Natural ventilation and air leakage are influenced by pressure differentials across the building 
envelope, which can arise from various factors such as wind, stack effect, and ventilation fans. 
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In the case of natural ventilation, these pressure differentials are primarily generated by external 
forces like wind or temperature differences. In contrast, mechanical ventilation relies on devices 
such as supply and exhaust fans to create pressure differences and induce airflow. In real-world 
scenarios, buildings experience a combination of these driving forces simultaneously, and the 
resulting airflow through the building envelope is a culmination of their combined effects. 
 
To accurately comprehend the driven mechanisms of wind and stack effects, it is crucial to gain 
a comprehensive understanding of the airflow patterns around the building. In the case of an 
isolated rectangular flat-roofed building, the mean wind flow pattern reveals intricate 
characteristics, including the presence of horseshoe vortices, corner streams, areas of flow 
separation and reattachment, as well as slow rotating vortices formed behind the building due 
to backflow (Oke et al., 2017). The flow in the immediate wake of the building and the 
stagnation points upstream and downstream of the wind direction further contribute to the 
complexity of the airflow. Additionally, the actual airflow around buildings includes a wide 
range of wind speeds and directions, showcasing distinctive transient features such as the 
formation and dissipation of separation and recirculation bubbles, as well as periodic shedding 
of vortices in the wake. 
 
The assessment and understanding of the wind load on a building can be achieved through wind 
tunnel tests and/or Computational Fluid Dynamics (CFD) modeling (Picozzi et al., 2022). The 
complex airflow surrounding buildings includes various spatial and temporal scales, and 
accurately representing full-scale buildings requires satisfying specific similarity criteria. These 
criteria include geometric, dynamic, and kinematic similarities, as outlined by Shu et al. (2020). 
 
The complexity of CFD codes arises from their requirement to solve a set of nonlinear partial 
differential equations called the Navier-Stokes equations (Ferziger et al., 2020). Furthermore, 
the airflow around buildings typically exhibits turbulence, necessitating the modeling of 
turbulence closure problem (Wilcox, 2006). These turbulence models require significant 
computational resources and many of them are impractical for building-related problems that 
rely on transient boundary conditions derived from weather files. 
 
Numerical simulations are utilized for evaluating IAQ performance indicators. Accurate 
modeling necessitates considering the building interior, exterior environment, and building 
envelope (Beausoleil-Morrison, 2021). Achieving highly accurate building modeling involves 
using a combination of toolboxes rather than relying on a single software, a practice known as 
co-simulation or coupling. In recent years, several coupling approaches have been developed, 
mostly aimed at assessing building energy consumption by correcting the convection heat 
transfer coefficient, as highlighted in Singh and Sharston (2021). However, incorporating 
building ventilation and infiltration into IAQ remains a challenging task, resulting in only a 
limited number of studies in the literature that explore IAQ and CFD coupling approaches 
(Kato, 2018). 
 
Wang et al. (2010) conducted CFD simulations to predict outdoor CO concentrations in a two-
story home, where the primary source was a generator located near the house. They investigated 
the impact of varying the distance between the source and the house. Nikolaou and Michaelides 
(2016) studied two indoor environments by performing CFD simulations to analyse CO 
transport and determine the optimal quantity and location of CO concentration sensors for 
occupant safety. Argyropoulos et al. (2017) employed CFD-IAQ coupling to investigate 
building ingress, utilizing three models to calculate pressure coefficients, and applied them to 
two case studies. Szczepanik-Scislo (2022) utilized the CFD-IAQ approach to study the release 

488 | P a g e



of CO from an indoor gas furnace, modifying the geometry of an air terminal device to improve 
IAQ. 
 
For the present study, the CFD code “CFD0 Editor” developed by Wang (2007) was employed. 
It is a plugin for Contam® (Dols and Polidoro, 2020), a software used for whole-building 
multizone airflow and contaminant transport analysis. Consequently, the first part of this study 
aims to enhance wall-averaged pressure coefficient profiles by employing CFD0-Contam 
indirect coupling (Wang et al., 2010). In the second part, the geometry from the Building 
Energy Simulation Test (BESTEST) MZ320 (Neymark and Judkoff, 2008) was selected, and 
boundary conditions were modified to assess the influence of wall-averaged pressure 
coefficients on certain IAQ indicators. 
 
2 MODEL DESCRIPTION 

 
2.1 Multizone model 

 
Contam® operates on the basis of a multizone airflow network model. This model assumes 
well-mixed conditions within each zone, where air momentum effects, pressure, and species 
concentration are uniformly and homogeneously distributed. Furthermore, there is no 
integration with Building Energy Simulation (BES) software in this study, resulting in a 
constant temperature assumption. The contaminant flow balance is mathematically represented 
by: 
 

 ( )cont, ,
air, air, air,

dm
m 1 C G m K C m C R C

dt
i

j i j j i i i i i j i i ij j



        


→ →= − + + − −    (1) 

 
where mα

cont,i is the mass of a contaminant α in zone i, m air,j→i is the rate of air mass flow from 
zone j to zone i, ηα

j is the filter efficiency of the contaminant α through the path between zones 
j and i, Cα

j is the concentration of contaminant α in the zone j, Gα
i is the α contaminant 

generation rate, mair,i is the air mass in zone i, Kα,β
i is the kinetic reaction coefficient in zone i 

between species α and β, Cβ
i is the concentration of the component β in zone i, m air,i→j is the 

rate of air mass flow from the zone i to the zone j, Cα
i is the concentration of contaminant α in 

zone i, and Rα
i is the removal coefficient of the component α in zone i. 

 
To discretize the mass balance equation (Equation (1)), a control volume model employing the 
standard implicit method is employed. The resulting set of discretized equations is solved using 
both an iterative biconjugate gradient (BCG) algorithm and an iterative successive over-
relaxation (SOR) algorithm, as described in Dols and Polidoro (2020). 
 
2.2 CFD model 

 
CFD codes are capable of handling non-uniformities and heterogeneities in fluid flow, although 
at a significant computational cost when dealing with multizone models. The mass and 
momentum equations for steady-state fluid flow can be expressed in the following general form, 
as shown in: 
 
 ( ) ( ) S    −   =u  (2) 
 
where ρ is the air density, u is the air velocity, φ is the transported property (mass or a velocity 
component), Γφ is the generalized diffusion coefficient, and Sφ is a source or sink term. 
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In certain simplified cases, such as some laminar flows, analytical solutions for the set of partial 
differential equations described in Equation (2) exist. However, for most flow problems, 
including airflow around bluff bodies, empirical and/or numerical solutions are necessary. 
Among the various numerical discretization methods available, the Finite Volume Method 
(FVM) is commonly employed. This method discretizes the domain into smaller control 
volumes and integrates the transport equations for each volume. To solve the convective, 
diffusive, and gradient terms arising from the FVM, numerical schemes are utilized. 
Additionally, addressing the turbulence closure problem requires numerical modeling, such as 
the Reynolds-Averaged Navier-Stokes (RANS) methods, which involve modeling eddies of all 
sizes through the Reynolds decomposition. 
 
For dealing with incompressible airflow, the "CFD0 Editor" from Contam® comes into play. 
This software implements the Semi-Implicit Method for Pressure Linked Equations 
(SIMPLER) algorithm to determine the airflow field (Patankar, 1980). The liner eddy-viscosity 
model standard k-ε (Launder and Spalding, 1974) is employed as the High-Reynolds number 
turbulence model. Lastly, the convective terms are discretized using the power-law scheme. 
 
2.3 Numerical Procedure 

 
In the first part of this study, a validation study was conducted using two low-rise building 
geometries from the comprehensive wind pressure database of the School of Architecture & 
Wind Engineering at Tokyo Polytechnic University (“TPU Aerodynamic Database”, 2023). 
The first building, considered in isolation, has dimensions of 4m × 16m × 40m, while the second 
building, non-isolated, has dimensions of 12m × 16m × 24m, with a plan density area of 0.2 
and a canyon street aspect ratio of 1.0. 
 
Following the grid refinement factors suggested by Blocken (2015), a grid convergence study 
was performed with three different grid resolutions. For the isolated building, the final grid 
consisted of 94 × 146 × 46 nodes, while the non-isolated building grid comprised 166 × 200 × 
30 nodes. A length scale of 1:100 was applied, and the wind velocity at the height of the building 
was set to 7m/s. 
 
The CFD study incorporated specific boundary conditions. The ground boundary was modeled 
as no-slip, the top of the computational domain was set as a slip wall, and the sides of the 
domain were designed as openings with an atmospheric boundary layer profile that varied with 
the wind direction. Figure 1 illustrates a top view of these grids, where H represents the height, 
W represents the width, and L represents the length of the building. 
 

Figure 1: Mesh 

(a) Isolated building. (b) Non-isolated building. 
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The local wind pressure coefficient is defined by:  
 

 p,
2

P PC 1
2

i
i

U



 

−
=  (3) 

 
where ρ∞ is the outdoor air density, U∞ is the approach wind speed at upwind wall height, P∞ is 
the local outdoor atmospheric pressure, and Pi is the pressure in a point i for a given wall surface 
under wind action. 
 
Equation (3) provides a straightforward definition, but calculating the wind pressure coefficient 
is a complex task due to its dependence on factors such as the building shape, wind direction, 
and surrounding environment. To capture an accurate representation of the wall-averaged 
pressure coefficient for the building facades, this study employed a wind direction increment 
of 15° and 22.5°. 
 
In the second part of this study, a test was conducted using the geometry depicted in Figure 2a, 
featuring three distinct zones: A, B, and C. Each zone shared the same dimensions of 
8.0m × 6.0m × 2.7m. Zone C was equipped with an exhaust ventilation system operating at a 
rate of 1 Air Change per Hour (ACH), equivalent to approximately 130 m3/h or 77 cubic feet 
per minute (cfm). Zone B had a constant emission rate of CO2 at 18 l/h (Poirier et al., 2021) 
and followed a daily schedule from 5 pm to 9 am. The air leakage between zones was modeled 
using the power-law model based on Poirier (2023). 
 
For the Contam® simulation (Figure 2b), the weather file for Lyon, France, was utilized, along 
with a constant outdoor CO2 concentration of 400 ppm. The simulation spanned a week, starting 
from January 1st at 0h and concluding on January 7th at 24h, with a time step of 60 seconds. 
 

Figure 2: Modified BESTEST MZ320 

(a) Geometry of the BESTEST MZ320 (b) Contam® plan 

  

 
Table 1 presents the five different scenarios considered for the analysis of IAQ. The “No wind” 
case serves as the base case, focusing solely on mechanical ventilation, while the remaining 
cases involve mixed ventilation resulting from wind effects. According to the EN15242 
regulation, windward facades are assigned a pressure coefficient of +0.5, while leeward facades 
receive a coefficient of -0.7 when no barriers are present. 
 
Additionally, Swami and Chandra (1987) proposed a pressure coefficient correlation based on 
wind direction and building dimensions. Two additional pressure coefficients were obtained 
through CFD: one without any barriers (CFD-Isolated) and another considering a building in a 

491 | P a g e



surrounding area with a plan density of 0.2 (CFD-Non-isolated). These coefficients reflect the 
influence of the surrounding environment on the building's airflow patterns. 
 

Table 1: Scenarios of study 

Case Description 
No wind No wind action (Cp = 0) 
EN15242 EN15242 pressure coefficient profile 
Swami and Chandra (1987) Literature correlation of Swami and Chandra (1987) 
CFD-Isolated CFD pressure coefficient profile for a building without any barrier surrounding 
CFD-Non-isolated CFD pressure coefficient profile for a building with a plan density area of 0.2 
 
3 RESULTS AND DISCUSSION 

 
3.1 Wall-averaged wind pressure coefficient 

 
The wall-averaged wind pressure coefficient for low-rise buildings is presented in Figure 3 in 
which the relative surface angle (α) is defined as: 
 
 wind surface  = +  (4) 
 
where αwind is the wind direction and αsurface is the wall orientation. 
 

Figure 3: Wall-averaged wind pressure coefficient 

(a) Isolated building. (b) Non-isolated building. 

  
 
Regarding the isolated building (Figure 3a), besides the experimental data (“TPU Aerodynamic 
Database”, 2023) the CFD results were compared against the ASHRAE data range for low-rise 
buildings (ASHRAE, 2021) in which 80% of pressure coefficients are expected (the grey zone 
in the curve). The CFD results agreed quite well with the mean values from experimental data 
with higher errors in façade orientation of 90° (90° ≤ α ≤ 180°) and 180° (180° ≤ α ≤ 270°) with 
higher errors for relative surface angle near 180° and 270° (the relative error in this region is 
the order of 40%). These errors occurred due to the difficulty of CFD using RANS models to 
solve turbulence structures such as in flow separation regions and the vortices found in airflow 
around bluff bodies. However, almost 85% of points yielded errors as lower as 10% and the 
sign was the same leading to accurate pressure coefficient profiles using this CFD method for 
isolated low-rise buildings. 
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The airflow around buildings becomes even more complex when we have a neighbourhood. A 
building surrounded by buildings of similar height will have quite different airflow partners, 
i.e., different near-wall velocities and pressures. Consequently, the pressure coefficient will 
change and due to the large possibilities of surrounding patterns, there are fewer data found in 
the literature. Taking regular surroundings such as shown in Figure 1b will lead to the pressure 
coefficient profiles in Figure 3b. For façade orientation between 90° (90° ≤ α ≤ 180°) and 270° 
(270° ≤ α ≤ 360°), the errors were lowered, and the pressure coefficient profile was quite 
accurate. The CFD method of this study failed for the surface direction of 0° (0° ≤ α ≤ 90°) 
mostly because for relative surface angle up to 70° the mean experiments are positive while 
CFD was negative. This difference in the sign is critical for natural ventilation analysis, 
therefore the CFD results must be improved in this façade. 
 
3.2 IAQ in the modified BESTEST MZ320 

 
The ACH for the whole building in Figure 2 is shown in Figure 4 in which each case was 
described in Table 1. When the wind action is neglected, we have ~1/3ACH for the whole 
building once we have an extract ventilation of 1ACH only in Zone C. Overall, when we 
consider the wind action the air change rate of the whole building is around 7% higher than no 
wind action. 
 

Figure 4: Air change rate (whole building) 

(a) Total simulation period. (b) Simulation between the second and fourth days. 

  
 
The only contaminant in this study was the CO2 which is associated with the air change rate 
and is the most comment monitored building contaminant when it is important to control the 
building ventilation. The CO2 concentration in Zone B is shown in Figure 5. As expected, 
improving the ventilation with mixed ventilation led to a reduction of the CO2 concentration in 
the order of 6% for Zone B. 
 

Figure 5: CO2 concentration (Zone B) 

(a) Total simulation period. (b) Simulation between the second and fourth days. 
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Table 2 sums up the IAQ indicators of this study in which the relative error (Er) is calculated 
against the case with “No wind”. The air change rate for the whole building is almost the same 
for the different forms to consider the pressure coefficient, therefore, for this case, there is no 
need to apply the CFD to obtain a pressure coefficient profile once we have almost the same 
outcomes regarding the straightforward correlations from the literature. Similar results were 
achieved for the decrease of the CO2 concentration in Zone B and C, with lower concentrations 
in Zone B. In Zone A we observed a very large increase in the CO2 due to when there is no 
wind, the outdoor contaminant concentration will not affect this zone. In addition, it is expected 
lower ventilation rates in Zone A for this building. 
 

Table 2: Arithmetic mean of ACH (whole building) and median of CO2 concentration 

Case ACH  ACHEr  
2

Zone A
COC  

CO2

Zone A
CEr  

2

Zone B
COC  

CO2

Zone B
CEr  

2

Zone C
COC  

CO2

Zone C
CEr  

No wind 0.334 - 59 - 754 - 497 - 
EN15242 0.354 +6% 411 +599% 713 -6% 480 -3% 
Swami and Chandra (1987) 0.360 +8% 409 +596% 703 -7% 476 -4% 
CFD-Isolated 0.357 +7% 412 +602% 708 -6% 478 -4% 
CFD-Non-isolated 0.354 +6% 411 +599% 708 -6% 482 -3% 

 
4 CONCLUSIONS 

 
This study performed numerical simulations employing the CFD method to obtain pressure 
coefficient profiles. These profiles were subsequently tested in the modified BESTEST MZ320 
and compared against correlations found in the literature, as well as a case without wind effects. 
 
To begin with, the CFD code was validated for low-rise buildings. It yielded errors as low as 
10% for a building without barriers, although certain areas exhibited slightly higher errors for 
a building with a canyon street aspect ratio of 1.0 due to limitations in the RANS modeling 
technique. 
 
Next, four pressure coefficient profiles were tested in the BESTEST MZ320 and compared with 
a case where no wind load was applied. This comparison focused on air change rates for the 
entire building and CO2 concentrations in different zones. The results indicated an increase in 
the ACH of up to 8% and a decrease in CO2 concentrations in two zones by as much as 7%. 
 
While CFD may not be essential for this simple case, its significance is expected to be more 
pronounced in complex building scenarios. Therefore, future research should emphasize the 
importance of obtaining accurate profiles for pressure coefficients, include other IAQ 
indicators, explore additional scenarios such as cosimulation with BES software for non-
isothermal conditions, and propose ventilation control strategies based on the most accurate 
boundary conditions attainable. 
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ABSTRACT 
 

In recent years, earth-to-air heat exchanger (EAHE) systems, which is a method of pre-cooling and pre-
heating outdoor air with earth-to-air heat, have been attracting attention as one of the technologies to achieve 
ZEB. However, at the operational phase, in order to achieve both energy saving and suppression of dew 
condensation control, EAHE control methods such as the timing or amount of outdoor air introduction have not 
been established. Recently, research on operational control by reinforcement learning (RL) has become popular 
and has attracted attention in the field of air conditioning control. RL is effective even in cases where future 
states are difficult to predict, such as EAHE. In previous studies, the unsteady CFD analysis method proposed by 
the authors made it possible to evaluate the annual energy savings and dew condensation in EAHE in detail. In 
addition, it was clarified that the RL, which uses the same CFD method as a simulator, can establish a control 
law that achieves both energy-saving effects and prevent indoor air pollution by suppressing dew condensation. 
On the other hand, RL requires a huge number of trials to construct the control law.  

Therefore, the purpose of this study is to improve the learning speed and control performance. First, we adopt 
transfer learning (TL), which reuses a model pre-trained in RL for training in a new environment. Next, we 
verify the effectiveness of using this transfer reinforcement learning (TRL) as a control method for EAHE. The 
result showed that TRL achieved better control performance and faster learning speed than RL. In addition, it 
was suggested that EAHE with insufficient actual measurement data may be efficiently controlled from the first 
year of operation by directly using the control law established in advance. It was confirmed that RL performs 
well in terms of energy efficiency and air quality maintenance. 
 

KEYWORDS 
 
Earth-to-air heat exchanger system, CFD, Transfer Reinforced Learning, Ventilation, 
Outdoor air load, Condensation, Indoor air quality 
  
1 INTRODUCTION 

 
One of the fundamental technologies for developing zero-energy buildings is earth-to-air heat 

exchanger (EAHE) systems. An EAHE is a passive component of a heating, ventilation, and air 
conditioning (HVAC) system that utilizes the large heat capacity of the soil to pre-cool the 
outdoor air (OA) in the summer and pre-heat it in the winter. Further, it can reduce the heat 
loads of OA for air handling units or fresh air handling units (FAHU) by introducing pre-heated 
or pre-cooled OA through this system. The operational control of such a system is limited to 
control based on schedules, sequential disturbances, and internal system conditions. 1) We have 
been using reinforcement learning (RL) to develop a control law for an EAHE system 
(underground pit system) to achieve energy-saving effects and prevent indoor air pollution by 
suppressing dew condensation. 2) However, RL has the problem of requiring a huge number of 
trials for learning convergence. For this reason, previous studies have reduced the 
computational load on the environment side of the RL (e.g., by reducing the number of meshes 
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in computational fluid dynamics [CFD] analysis), thereby enabling a large number of training 
cycles. Another solution to this problem that has been attracting attention in recent years is 
transfer learning (TL), which enables faster learning and improved learning performance by 
reusing previously learned models for training in a new environment. 3) However, few studies 
have applied TL to RL, and important details have yet to be clarified, such as the area (range) 
in which TL is effective. 

The objective of this study was to construct an efficient operational control law for soil heat 
exchange systems using RL that utilizes TLs to speed up and improve the learning performance 
of RL. We do this for an EAHE, and after adapting TL to RL, we conduct a case study on the 
transition target to verify the effectiveness of transition reinforcement learning (TRL) as an 
operational control method. 
 

 
Figure 1 Diagram of RL process with EAHE as example 

 
2   REINFORCEMENT LEARNING 

2.1 Reinforcement Learning Overview 

 
As shown in Figure 1, the RL is composed of the environment and the agents that control its 

operational decisions, with a reciprocal relationship between them. In RL, at a certain state st 

on the environment side, the agent manipulates the environment based on the action at, the 
output by the agent, and the next state st+1, resulting from the transition and the immediate 
reward rt+1 obtained at the transition destination (an example is an evaluation value, such as 
how much energy was saved), is passed from the environment to the agent. By repeating this 
through trial and error for the state st, RL learns to output an action at that maximizes the sum 
of the immediate rewards for a certain period of time. 
 

2.2 Reinforcement Learning Problem Setup 

 
The definitions of states s, action a, and immediate reward r are given in Table 1 as the 

problem set for RL. In addition to weather conditions, such as the outdoor air temperature and 
absolute humidity, five types of states s were used as information in the system: the 
condensation area ratio and surface temperatures at two representative points in the system 
(near the inlet and outlet ports). Action a was set to five discrete values of "MDo / MDe OA 
damper opening," that is to say the "outdoor air intake through the system," as shown in Figure 
2. In the subject system, the outdoor air conditioner was assumed to have a constant air volume 
of 8,100 m3/h (CAV) during air intake hours. Since the control objective was to ensure energy-
saving performance and to suppress condensation inside the system, the immediate reward r 
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was defined as two kinds of rewards: the amount of heat processed by the external controller r1 
and the condensation area ratio r2. 
 

 
Figure 2 Diagram of EAHE 

 

Table 1: Definition of state, action, and reward 

State s Outdoor air temperature/Outdoor air absolute humidity /  
Condensation area ratio / Surface temperature (2 points) 

Action a {0 m3/h, 2,025 m3/h, 4,050 m3/h, 6,075 m3/h, 8,100 m3/h}注１） 
Reward r 𝑟 =  𝑟1  ×  𝑤1 + 𝑟2  ×  𝑤2 ( r1 = 0.3, r2 = 0.7 ) 

r1 

  

𝑟1  =  𝑐𝑙𝑖𝑝 (
𝑄𝐹𝐴𝐻𝑈
𝑄𝑠𝑡𝑑

,   − 1.0, 0) 

𝑇𝑂𝐴 =
𝑇𝑒 ∙ 𝑎 + 𝑇𝑜(𝑚𝑎𝑥(𝑎) − 𝑎)

𝑚𝑎𝑥(𝑎)
 

∆𝑇 =

{
 
 

 
 
𝑇𝑂𝐴 − 22
26 − 𝑇𝑂𝐴
𝑇𝑂𝐴 − 20
28 − 𝑇𝑂𝐴

0

       

(𝑖𝑓 𝑤𝑖𝑛𝑡𝑒𝑟 𝑎𝑛𝑑 𝑇𝑂𝐴 < 22)

(𝑖𝑓 𝑠𝑢𝑚𝑚𝑒𝑟 𝑎𝑛𝑑 𝑇𝑂𝐴 > 26)

(𝑖𝑓 𝑠𝑝𝑟𝑖𝑛𝑔 / 𝑓𝑎𝑙𝑙 𝑎𝑛𝑑 𝑇𝑂𝐴 < 20)

(𝑖𝑓 𝑠𝑝𝑟𝑖𝑛𝑔 / 𝑓𝑎𝑙𝑙 𝑎𝑛𝑑 𝑇𝑂𝐴 > 28)

(𝑒𝑙𝑠𝑒)

 

𝑄𝐹𝐴𝐻𝑈 = 𝐶𝑝 × 𝜌 ×
𝑚𝑎𝑥(𝑎)

3,600
× ∆𝑇 

r2 
𝑟2  =  𝑐𝑙𝑖𝑝 (

𝐶𝑎𝑟𝑒𝑎
𝐶𝑠𝑡𝑑

,   − 1.0, 0) 

𝐶𝑎𝑟𝑒𝑎 =
𝑆𝑐
𝑆𝑒
× 100 

Qstd: Standard value for r1 [W], QFAHU: Heat load of FAHU [W], TOA:                 h  F    [℃]  Te: Outlet temp. of 
 h       [℃]  To: Outdoor air       [℃]  ΔT: Difference in the blow-              h  F    [℃]  Cp: specific heat 
capacity (=1.007) [kJ/(kg・K)], ρ: Air density (=1.206) [kg/m3], Carea: Condensation area ratio [%], Se: Total surface 
area in the EAHE [m2], Sc: Condensation area in the EAHE [m2] 

 
3. TRANSFER LEARNING 

3.1 Transfer Learning Overview 

 
TL is a framework in which the knowledge learned by the source task agent is reused by the 

target task agent. After incorporating TL in RL, the RL agent learns and acquires measures in 
the source task. Then in the target task, which is the same or a similar environment, the measures 
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acquired in the source task are reused, enabling faster learning and improved learning 
performance in the target task. 
 

 
3.2 Transition Reinforcement Learning with Deep Learning 

 
An effective method for policy reuse is the TL method using deep learning (DL). DL is a 

machine-learning method that uses a multi-layered neural network (NN), which is a 
mathematical model that mimics the network structure of neurons in the brain. NNs consist of 
an input layer, an intermediate layer, and an output layer, and the relationship between inputs 
and outputs in each layer is given by Equation (1). 
 

𝒚 = 𝑓(𝒙𝑾+ 𝒃) (1) 
 
Here, 𝒚 is the output vector, 𝒙 is the input vector, 𝒃 is the bias vector, 𝑾 is the weight matrix, 
and f is the activation function. In an NN, the output of the L-1 layer is the input of the L layer. 
That is, each layer computes Equation (1) independently, so the NN can extract and combine 
layers. In TL using DL, this feature is utilized to reuse the NN model learned in the source task 
for training the NN in the target task. Also, by changing the number of layers to be extracted 
and the positions to be combined, it is possible to respond flexibly according to the target task. 

The steps involved in the TRL implemented in this paper, shown in Figure 3, are as follows. 
First, the optimal measures (pre-trained Q-Network) in the source model (e.g., a simple CFD 
model of an underground pit) are learned using Deep Q-Network (DQN). Second, all or partial 
layers are extracted from the pre-trained Q-Network. Next, the layers extracted from the pre-
trained Q-Network are combined with newly added layers to train the target model (e.g., a CFD 
model of a real underground pit). Then, the weights of all or some of the layers extracted from 
the pre-trained Q-Network are fixed (optional). Finally, training (re-training) is performed for 
all the layers that were combined or only the layers that were added. Thus, by reusing the Q-
Network acquired in the source model and changing the transition rate (number of layers 
extracted from the pre-trained Q-Network) and layers to be fixed, we expect to improve initial 
performance, convergence (reduction in the amount of training data), and learning performance, 
as shown in Figure 3. 

 

 
Figure 3 Diagram of Transfer Reinforcement Learning (Image of using DQN as reinforcement learning) 

 
4. Analysis Condition  

4.1 Target Building and CFD 

 
EAHE system (underground pit system) is installed in a medium-sized office in Fukuoka 

Prefecture, Japan (Table 2). Outdoor air introduced into the underground pit through the inlet 
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protruding outdoors exchanges heat with the soil (concrete) for approximately 70 m to the outlet 
of the underground pit. The introduced outdoor air is pre-cooled and pre-heated and supplied 
to the outdoor air conditioner, contributing to energy savings in the outdoor air conditioner. 
Table 3 shows the CFD analysis conditions and Figures 4 and 5 show the analytical models. 
The outdoor air introduction period was from 9:00 to 18:00 daily. During the analysis, the 
amount of outdoor air introduced through the system was switched every hour according to the 
operational values output by reinforcement learning. CFD was employed as a simulator in the 
reinforcement learning environment, and the computational load reduction method of unsteady 
CFD, which assumes a fixed flow field, was used as the solution method.4) 

 
Table 2: Brief Description of the Building 

Location Fukuoka 
Use Accommodations and Research Facilities 
Structure RC 
Number of Stairs 1F-4F 
Year Completed July 2008 
Extended Bed Area 5,498m2 
Underground Pit (W x H)      ×   5 – 1.7m  
Underground Pit (Length) 76.8m 

 
Table 3: CFD conditions 

Condition Method/Parameter 
Calculation period 1/1~12/31 (Approached period:1 year) 

Time interval 3,600s 
Domain  40.4m(X)×13.4m(Y)×6.9m(Z) 

Mesh Source model:6,422 (26(x)×19 (y)×13(z)) 
Target model:92,610 (70(x)×49 (y)×27(z)) 

Turbulence model, 
Scheme 

Standard k-ε model, 1st-order upwind scheme for advection term, SIMPLE algorithm 

Inflow boundary 
Uin：at , To：Outdoor air temperature5) [℃]  
xo：Outdoor air absolute humidity5) [k    k ’]  
kin = 3/2(Uin×   5 2 ，εin = Cμ3/4･kin

3/2/lin 
Initial temperature Results of the 3D pre-analysis of this system controlled by schedule 

Wall boundary Velocity and Temperature: General logarithmic function 
Humidity: L    ’           h     x      =  67  

Upper side 
Boundary of the pit 

                   : 22      26   °   
Heat transfer coefficient: 23.0 W/(m2ꞏK) 

Ground surface 
boundary 

                   :                     [℃]  
Convective heat transfer coefficient: 17.9 W/m2K 

Uin: Inlet velocity [m/s], lin: Length scale(=1.0m), kin: Turbulence kinetic energy [m2/s2], 
εin: Dissipation rate of kin [m2/s3], Cμ: Model constant (=0.09) [-] 
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Figure 4 CFD model of EAHE system (Straight) 

 
Figure 5 CFD model of EAHE system (Left: L, Mid: Corridor, Right: Meandering) 

 
 
4.2 RL 

 
The RL conditions are given in Table 4. In this study, DQN was used to implement TRL with 

DL. In an environment where actions are discrete, the Q function can be expressed without 
deepening the middle layer of the NN. Therefore, the middle layer for both the source and target 
                  4         64 × 64   To speed up the learning process, the learning rate was set 
to 0.001 in the target model to efficiently learn the measures acquired in the source model. The 
ε-greedy method was used as the action s            h        ε  =   5                      h  
search in the target model while using the measures acquired in the source model from the 
initial stage of learning. 
 

Table 4 Conditions of reinforcement learning 
Algorithm / Episode Deep Q-Network (DQN)6) / 200 

Discount factory  0.99 

Exploration rate ε ource: Linear schedule, ε0 = 1.0, εN = 0.02 
Target: Linear schedule, ε0 = 0.5, εN = 0.02  

Learning rate η Source: 0.0005, Target: 0.001 
Replay memory buffer 49,984 
Q-Network / Batch size 5×64×64×2    5    2 

N: Number of episode (≦200) [-] 
 
4.3 TL 

 
The similarity of the source and target is important when implementing TL. In this study, the 

effectiveness of TRL was verified by being conducting on various targets with measures learned 
with the same source model. The analysis cases are given in Table 5. The source model for each 
case was a straight-type CFD model. In Case 1 (transition of action), TRL from two types of 
airflow to five types of airflow was implemented. In the Case 2 series (shape transition), TRLs 
were performed from a rectilinear to an L-shape, a corridor, meandering, and for real buildings. 
In the Case 3 series (weather transition), TRL was conducted from Kitakyushu (warmer 
climate) to Fukuoka (warmer climate) and Akita (colder climate). Regarding the transition rate, 
the first two layers extracted from the Q-Network of the source model were combined with the 
new output layer because the number of nodes in the output layer was different from that in 
Case 1, which is a transition of action. Additionally, Cases 2 and 3 were assumed to be all layers. 
In all cases, the weights of the first half of the layers were fixed, and only the second half of the 
layers were trained. In Cases 2-4, the target model was an EAHE (straight) installed in a real 
building, and an analysis was conducted to directly apply the control laws constructed in the 
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source model to the operational control of the building to study the versatility of RL. For 
comparison, the analysis also included random control of RL and the outdoor air intake. 

 
Table 5 Conditions of reinforcement learning 

CASE Source Target Object 
1 2 5 action 

2-1 Straight L 

Shape 2-2 Straight Corridor 
2-3 Straight Meandering 
2-4 Straight Actual tunnel 
3-1 Kitakyushu Fukuoka Weather 3-2 Kitakyushu Akita 

 

5. RESULTS 

5.1 Progress of RL and TRL 

 
Figure 6 shows the episode reduction rate and the number of episodes required for 

convergence of the RL and TRL studies for each case, and Figure 7 shows the progress of the 
studies from Cases 2-1 to 2-3. Figure 6 shows that Case 3-1 (Kitakyusyu to Fukuoka) resulted 
in the fastest learning speed and a 90-episode reduction. This is presumably because both the 
source and target models were straight EAHE systems, and the climates of Kitakyushu and 
Fukuoka are very similar, having the highest similarity between the source and target among 
all cases. For the Case 2 series (shape transition), more than 50 episodes were reduced in Case 
2-1 (straight to L) from Figure 7. TRL also remained higher than RL with respect to total 
rewards. In Cases 2-2 (straight to corridor) and 2-3 (straight to meandering), the total reward 
remained high from the early stages of learning, which is presumably the result of efficiently 
utilizing the source model's measures from the early stages of learning. Cases 2-2 and 2-3 
achieved an increase in learning speed of 40 episodes and 20 episodes, respectively. As in Case 
2-1, TRLs showed a high sum of rewards, suggesting that they improved learning performance. 
This is presumably because, as in Case 3-1, the L-type had the highest similarity to the straight 
type. In all cases, however, TRL achieved episode reduction. 
 

 
Figure 6 Episode reduction ratio / Episode of convergence 
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CASE2-1 (L type) CASE2-2 (Corridor type) CASE2-3 (Meandering type) 

Figure 7 Total reward each episode (CASE2) 
 
5.2 Comparison with RL and Random 

 
Figures 8 and 9 show the heat rate and condensation area ratio of the external controller when 

controlled by Case 2-1, RL, and random, which are the fastest learning methods in Case 2. The 
condensation area percentages for Case 2-4 are also shown in Figure 10. For Case 2-1, the 
annual heat rates for the external air conditioner process were 128.8 GJ, 128.9 GJ, and 139.4 
GJ for TRL, RL, and random, respectively, indicating that control with TRL and RL had high 
energy-saving performance. As for the condensation suppression effect, it was confirmed that 
TRL mitigated the condensation situation compared with RL and random, especially during the 
summer season. This confirms that TRL improved control performance. Finally, for Case 2-4, 
Figure 10 shows that the direct use of the source model's control law in the EAHE of a real 
building resulted in partial suppression of condensation compared with the random case, but 
the control performance was inferior to the case in which TRL was implemented. The annual 
heat output of the external controller was 211.9 GJ and 216.7 GJ for the random and source 
policies, respectively, with random being slightly higher. This may be due to the fact that the 
reward design prioritized the suppression of condensation. The results suggest that by reviewing 
the RL parameters and reward design, it is possible to obtain sufficient control performance for 
practical use without conducting new training. 
 

 
Figure 8 Monthly accumulated heat load of FAHU (CASE2-1) 
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Figure 9 Condensation area ratio (CASE2-1) 

 

Figure 10: Condensation area ratio (CASE2-4) 
 

6. CONCLUSIONS 

 
By utilizing learned measures in the construction of new control laws (TRL), we were able to 
achieve better control performances of energy-savings and suppressing dew condensation and 
a faster learning speed than conventional RL. Our results also suggest that EAHEs with 
insufficient measured data can be efficiently controlled from the first year of operation by 
directly using the pre-constructed control law. 
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ABSTRACT 
Building ventilation demand increased during the “new normal” following the Covid-19 pandemic. Rather than 
completely renovating existing HVAC equipment, it is more practical and cost-effective to maximize their existing 
ventilation performance. This study focuses on slot line diffusers, which are widely used for handling perimeter 
heat loads. Its long throw distance and wide coverage effectively block cold drafts and heat flow from the exterior 
window glass. Meanwhile, the mounting position near the glass surface and the high supply velocity can create a 
ventilation scenario similar to wall confluent jet ventilation (WCJV) or ceiling-supplied displacement ventilation. 
In order to determine the ventilation and thermal performance of the slot line diffuser, CFD simulations have been 
conducted using the low-Reynolds number turbulence model with fine meshes, in which a detailed velocity 
characteristics model derived from a full-scale experiment is used to reproduce the diffuser’s supply airflow. This 
study priority examined the performance under heating supply conditions. This is because buoyance reduces the 
throw distance of heating airflow, which obviously influences thermal and ventilation performance compared with 
cooling conditions. The analysis space is modelled based on a typical open space between two columns of an office 
building in Japan. Four human simulators are seated around a table in this space’s interior to reproduce a small-
scale meeting scenario. Gas is generated by a human simulator to represent pollutants (odor or droplet nuclei) from 
a speaker. The diffuser’s air supply mode (full-open and half-open) and the mounting location of the exhaust are 
adjusted as parameters. The CFD simulation results provide a comparison of the ventilation and perimeter heating 
performance of this type of air terminal by listing 1: the distribution of tracer gas concentration, air temperature, 
and airflow distribution in the occupancy zone; 2: heating capacity, air distribution performance index (ADPI), 
draft rate (DR), and ventilation efficiency under different use scenarios. In conclusion, decreasing the slot line 
diffuser’s supply area obviously improves its heating efficiency by blocking the cold draft from the exterior 
window. It also enhances ventilation performance by establishing a WCJV. The vertical temperature difference 
and average normalized concentration in the occupied zone can be kept below 1°C and around 0.7, respectively, 
for office heating usage in this study. 
 

KEYWORDS 
 
Slot line diffuser, Perimeter thermal environment, Wall confluent ventilation, CFD simulation 
  
1 INTRODUCTION 

From the view of maximizing the ventilation and thermal performance of existing HVAC 
equipment, this study concentrates on the slot line diffuser, an air terminal that is widely used for 
perimeter heat treatment in Japan. However, studies on the slot line diffuser are mainly 
concentrated on its interior ventilation performance as used for stratum ventilation [1], protected 
zone ventilation [2], stratified air conditioning [3], etc. Regarding its perimeter usage, Lorch et al. 
[4] examined the perimeter air conditioning performance by mock-up tests, and Rousseau [5] 
tested the Air-Diffusion Performance Index (ADPI) by a full-scale experiment. Except for these 
two studies conducted in the early 1980s, no further studies have been found using the new 
measurement or simulation method in recent years, and investigation on its perimeter ventilation 
performance remains inadequate. Hence, our study will examine both the thermal and ventilation 
performance of the slot line diffuser mounted in the perimeter area with large glazing areas. 
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Designed with a slim geometric shape, the slot line diffuser jets air from a wide range and 
works as an air curtain. At the same time, a wide supply area decreases outlet velocity. This 
means less momentum, and buoyancy will obviously reduce the throw distance of the heating 
air supply, reducing heating efficiency during winter. Furthermore, this type of terminal is 
expected to establish wall confluent jet ventilation (WCJV) [6] or ceiling-supplied displaced 
ventilation to enhance ventilation efficiency. However, insufficient throw distance may have 
adverse effects. Therefore, in our research, two deflection panels are installed inside the 
diffuser’s chamber to halve the diffuser’s outlet area if needed. Their effect on converging 
airflow has been proved in our previous study [7], and their impact on the perimeter thermal 
environment and ventilation performance under the heating supplied condition will be 
examined by detailed computational fluid dynamics (CFD) simulation in this study.  

In order to ensure CFD simulation accuracy, a detailed model for reproducing supply air from 
this type of terminal will be used. Based on the full-scale experiment in our previous study [7], 
this model was proposed and validated to have greater precision than the P.V. method or simple 
condition method. Furthermore, a linear low-Reynolds-number turbulence model [8] [9] with fine 
meshes will be applied. Compared with the commonly used Standard k-ɛ (SKE) turbulence model 
for indoor environment simulation, this turbulence model could predict the attached and separated 
wall shear flows and have higher accuracy in calculating the convection heat transfer. Tracer gas 
will be generated from a human simulator’s mouth. Ventilation performance will be assessed by 
examining the distribution of gas concentrations in the analysis space. Furthermore, the 
distribution of the flow field and the age of air in this space will also be exhibited in graphs. With 
respect to the perimeter thermal performance, the temperature and airflow distribution in the 
analysis space, heat transfer rate and temperature on the glass’s inner surface, heat removal rate 
in the perimeter zone, heat transfer/exchange rate between the perimeter and interior, and the air 
distribution performance index (ADPI) and draft rate (DR) index in the analysis space are 
enumerated. The geometry of the outlet surface in the longitudinal direction (deflection panels 
adjustment), and the exhaust’s mounting location are adjusted as parameters. By comparing the 
simulation and calculation results, the thermal performance of the slot line diffuser in the glazing 
area during the heating period is determined. In addition, the possibility of its use as a ventilation 
system will be examined.  

 
2 DETAILS OF THE CFD SIMULATION  

2.1 Slot line diffuser and the detailed velocity characteristics model 

The archetype of the slot line diffuser with adjustable supply area examined in this study shows 
in Fig.1. As shown in Fig.1(a), closing these panels converged the airflow, thereby halving the 
diffuser’s supply area into 550 mm longitudinal (hereinafter abbreviated as 1/2 outlet mode), as 
well as if the panels are opening, the supply area is 1200 mm longitudinal (hereinafter abbreviated 
as 1/1 outlet mode). Based on the experiment and CFD simulation in the previous study [7], under 
the 200m3/h, the standard supply rate of this diffuser, 1/2 outlet mode can throw the supply air into 
the occupied zone from the 3 meters height ceiling at a speed above 1.0 m/s. And under the same 
supply rate, outlet airflow of the 1/1 mode has a reversed “V” shape distribution, extending the 
diffusion range in the longitudinal direction, but airflow velocity in the occupied zone is less than 
0.3 m/s. 

Fig.2 briefly shows the airflow characteristics model and the detailed boundary division method  
proposed in our previous study. Each airflow boundary is defined as a “fixed velocity opening”, 
having its unique component velocity profile in u, v, and w components calculated from the “airflow 
characteristics model” based on the full-scale measurement data using the X-type hotwire 
anemometer. Furthermore, the velocity data have also been used to calculate the turbulence kinetic 
k and dissipation ε. Mean values of k and ε calculated from every measurement point are used to 
define the turbulence statistics data under each air supply mode, respectively. 
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Figure 1 Slot line diffuser with deflection panel for supply area adjustment; (a) image of the 1/2 outlet mode; (b) 
image of the 1/1 outlet mode; (c) exterior photo of the research subject; (d) detailed view of the panel 

Figure 2 Airflow boundaries and the supply velocity distribution of the slot line diffuser for CFD usage; (a) 
layout of the velocity and turbulence specify boundaries for two supply modes; (b) normalized velocity 
distribution of the uw and vw component for boundaries’ velocity calculation 
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2.2 CFD analysis space and the parameters 

Fig.3 shows an overview of the analysis space in this study’s CFD simulation. Table 1 shows 
the CFD’s parameter, and Table 1 summarizes the details of the CFD simulation. The dimension 
of this analysis space is modeled based on a typical open space between two columns of an office 
building in Japan. This space has 6 mm thick single quartz glass (thermal conductivity 
K=1W(m·K) on one side, considered a glass facade with poor insulation to examine the diffuser’s 
perimeter performance. And the OA temperature is defined as 2°C, considering Japan’s winter 
climate. The inner surface of the quartz glass is a no-slip wall and conduction heat transfer 
boundary due to applying the low-Renoleyd number turbulence model. Four human simulators 
with 75W heat generation sit in the room’s interior and surround a table. Tracer gas has the same 
physical property as air are generate from the mouth (1.1m height from the floor) of one human 
simulator. Details about the heat and gas generation are shown in Table 2. 

Figure 3 Image of the CFD analysis space with a slot line diffuser in perimeter glazing area; (a) perimeter floor 
exhaust (0.2m away from the glass); (b) system ceiling exhaust; (c) interior ceiling fan exhaust; (d) floor exhaust 
0.4m away from the glass) 
 

Table 2: Case number, abbreviation, and parameters of the CFD simulation 

Cases Parameter abbreviation Supply mode Supply air Exhaust 
Case1 05m (1/2) PerE_30 

1/2 

200m3/h, 30℃ 

Floor (0.2m from the window) 
Case2 05m (1/2) CeilE_30 System ceiling (room’s center) 
Case3 05m (1/2) IntE_30 Ceiling fan (interior ceiling) 
Case4 05m (1/2) FlrE_30 Floor (0.4m from the window) 
Case5 05m (1/1) PerE_30 

1/1 

Floor (0.2m from the window) 
Case6 05m (1/1) CeiE_30 System ceiling (room’s center) 
Case7 05m (1/1) IntE_30 Ceiling fan (interior ceiling) 
Case8 05m (1/1) FlrE_30 Floor (0.4m from the window) 

 
The supply boundary of the slot line diffuser is mounted on the ceiling and 0.5m away from 

the glass’s inner surface. In addition, four kinds of exhaust methods are used to examine their 
influence on perimeter environments. The first one is the 3200 mm (W) and 200 mm (L) 
perimeter floor exhaust, mounting on the floor 200 mm away from the window glass (Fig. 3 
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(a)). The second is the exhaust in the system ceiling generally used in Japan, and its enlarged 
view shows in Fig. 3 (b). The third is the interior exhaust shown in Fig. 3 (c), which is a 250mm 
square considered a ceiling exhaust fan. The last is a floor exhaust with the same scale as the 
perimeter floor exhaust but located 400mm from the window glass Fig. 3 (d). Furthermore, all 
these three kinds of exhausts are defined as the natural outflow boundary. 

 

Table 1: CFD settings and conditions used in this study 

Analysis 
Method  

CFD code STREAM V2022 
Turbulence model Linear low-Reynolds-number k-ε model 
Algorithm SIMPLE 
Radiation analyzed VF method 
Discretization scheme QUICK 
Number of calculation cycle 5,000 

Meshing 

Number of mesh 9,200,000 
Standard mesh size 25 mm 
Standard geometric ratio 1.1x 
First mesh from 
glass/wall surface 

Perimeter glass 0.2 mm thickness 
Wall, ceiling, floor 0.5 mm thickness 

6 mm single quartz glass Six divisions in the thickness direction 

Glass and wall 

Perimeter glass 

External surface Specifying heating transfer coefficient, 
 h =23W(m2·K), OA =2℃ 

Material 6 mm single quartz glass; K=1W(m·K) 

Inner surface 
No-slip wall boundary, 
Conduction, 
Emissivity specify =0.9 

Ceiling, floor, and interior wall 
No-slip wall boundary, 
Conduction, 
Temperature specify =22℃, 
Emissivity specify =0.9 

Partition wall 
Free-slip wall boundary, 
Temperature specify =22℃, 
Emissivity specify=0.9 

Airflow 
boundary 

Slot line diffuser 
1/1 outlet mode 

550 mm (L) × 26 mm (W),154 inlet boundaries; 
Fixed velocity (around 4m/s); k and ε specify 
Supply air: 200m3/h, 30℃ 

1/2 outlet mode 
1200 mm (L) × 26 mm (W), 336 inlet boundaries; 
Fixed velocity (around 1.8m/s); k and ε specify 
Supply air: 200m3/h, 30℃ 

Exhaust 

Perimeter exhaust 3200 mm (L) × 200 mm (W), Natural outflow 
Interior exhaust 3200 mm (L) × 200 mm (W), Natural outflow 

Ceiling exhaust 600 mm (L) × 20 mm (W) × 2 slots,  
Natural outflow 

Furniture and 
occupants 

Dimension Human simulators 300 mm diameter cylinder in sitting position × 4 
Table 2000 mm (L) × 1000 mm (W) × 50 mm (H) 

Heat generation Human simulator 75W × 4= 300W in total 
Tracer gas 

  generation 
Mouth size 14 mm (L) × 13 mm (W) 
Tracer gas  9.95L/min; 34℃; Physical properties same as air 

 
2.3 The Low-Reynolds Number k-ε Model and the Meshing 

The linear low-Reynolds-number model suggested by Abe., et al. [8] [9], was used in this 
study’s turbulence calculation. The linear low-Reynolds number k-ε model was confirmed to 
be capable of predicting the attached and separated wall shear flows in several studies and was 
considered suitable for this study’s perimeter heat transfer calculation. A detailed mesh division 
is required to reproduce turbulence statistics near the wall in this model. Therefore, the mesh 
division of the case with 1/2 supply & interior floor exhaust is shown in Fig. 4 for reference. 
All the simulation cases used the same mesh division near the glass and wall to avoid the 
influence of meshing dependency. The dimensionless wall distance y+ from the glazing inner 
surface is ensured to be less than 0.5. 
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Figure 4 Image of the mesh design in the whole analysis space and the mesh division in the space near the glass 
surface 

 
3 RESULTS  

3.1 Thermal performance 

The contour graphs of indoor air temperature and scalar velocity distribution on the vertical 
section of the room’s longitudinal center, and the horizontal section 0.1 m above the floor are shown 
in Fig.7 and Fig.9 (diffuser’s 1/1 and 1/2 supply mode, respectively). The isosurface of velocity = 
0.3 m/s, the exhaust temperature, the air conditioning system’s heating capacity ACq , the average 
temperature in the occupied zone, and the glass’s inner surface temperature are also summarized in 
these two graphs for reference. 

The mean data of the air temperature, air distribution performance index (ADPI), and draft 
rate (DR) index shows in Fig.5; the vertical temperature and scalar wind speed distribution in 
the occupied zone shows in Fig.6 for comparison. 

Figure 5 The ADPI, DR, and air temperature’s relationship with the supply/exhaust methods (a) occupied zone’s 
ADPI; (b) occupied zone’s DR; (c) occupied zone’s average temperature  

Figure 6 The air temperature and airflow vertical distribution’s relationship with the supply/exhaust methods; (a) 
temperature’s vertical distribution in the occupied zone (average of the data with the same height coordinate); (b) 
scalar win speed’s vertical distribution in the occupied zone (average of the data with the same height coordinate) 
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Figure 7  1/1 outlet mode of the slot line diffuser; air temperature and scalar wind speed distribution in the analysis 
space while using the different exhaust methods (perimeter floor, ceiling’s center, interior’s ceiling, and the floor 
exhaust) 

Figure 8 1/1 outlet mode of the slot line diffuser; normalized concentration and age of air’s distribution in the 
analysis space when choosing the different exhaust methods (perimeter floor, ceiling’s center, interior’s ceiling, 
and the floor exhaust) 
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Figure 9  1/2 outlet mode of the slot line diffuser; air temperature and scalar wind speed distribution in the analysis 
space while using the different exhaust methods (perimeter floor, ceiling’s center, interior’s ceiling, and the floor 
exhaust) 

Figure 10 1/2 outlet mode of the slot line diffuser; normalized concentration and age of air’s distribution in the 
analysis space when choosing the different exhaust methods (perimeter floor, ceiling’s center, interior’s ceiling, 
and the floor exhaust) 
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3.2 Ventilation performance 

The normalized concentration *C was used to represent the tracer gas concentration 
distribution in the analysis space. The normalized concentration *C  can be expressed by 
Function (1) below, which PC  means the concentration data of the data pickup point. 

* P

EA

C
C

C
=   (1) 

Additionally, two scales for ventilation efficiency, the age of air (SVE3) and the residual 
lifetime of air (SVE6), are calculated and listed. 

In Fig. 8 and Fig. 10, the distribution of *C is shown by contour graphs, in which the sections 
are located on the room’s longitudinal center and vertical to the generation source (human 
simulator’s face). The isosurface of *C  = 0.8 in 3D view, and the SVE3’s distribution in the 
room’s longitudinal center are also shown in these two graphs, which correspond to the diffuser’s 
1/2 and 1/1 supply modes, respectively. A comparison of the mean volume of *C , SVE3, and 
SVE6 in the occupied zone under different supply and exhaust methods shows in Fig. 11. 

Figure 11 The normalized concentration *C , the age of air (SVE3), and the residual lifetime of air (SVE6)’s 
relationship with the slot line diffuser’s air supply modes and the room’s exhaust methods (a) average normalized 
concentration in the occupied zone; (b) mean age of air (SVE3) in the occupied zone; (c) mean residual life time 
of air (SVE3) in the occupied zone  

 
4 CONCLUSIONS 

The heating and ventilation performance of the slot line diffuser in a typical office space 
with large area exterior glass is numerically investigated. Two panels are installed inside the 
diffuser, which is considered to improve its winter performance by converging the supply 
airflow. Under the diffuser’s standard heating supply condition (30℃, 200m3/h, 4.5 ACPH), 
CFD simulations using the low Reynolds number turbulence model, the detailed air supply 
characteristics model, and fine meshes were conducted. The diffuser’s supply mode (1/1 or 1/2 
outlet) and exhaust methods are adjusted to clarify their impact. From the air temperature, 
airflow, and tracer gas distribution in the occupied zone and the thermal performance and 
ventilation efficiency index calculation, it can be concluded that: 
⚫ Converging the supply airflow by halving the slot line diffuser’s supply area can 

obviously improve this perimeter heating and ventilation performance during the 
winter. 

⚫ Under the diffuser’s 1/1 outlet mode, insufficient heating air flow gets into the space 
near the floor. It can’t block cold drafts going into the room’s interior without mounting 
a floor exhaust near the window. A vertical temperature difference of about 10℃ 
occurred in the occupied zone when using the ceiling or interior exhaust. And it can 
decrease to around 2℃ while using a floor exhaust. 

⚫ Under the 1/2 outlet mode of the diffuser, heated air can overcome buoyance’s effect 
and impinge on the floor. Blocking and heating the cold draft before it enters the room’s 
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interior. It was possible to maintain a vertical temperature difference of less than 2°C in 
the occupied zone when exhausting from the ceiling of the room and less than 1°C from 
the floor near the window. 

⚫ A flow field similar to the wall confluent jet ventilation is achieved in this office space 
using a slot line diffuser in 1/2 outlet mode. The mean normalized concentration in the 
occupied zone is less than 0.7 using the perimeter or ceiling exhaust, and less than 0.82 
using other exhaust methods.  

⚫ The mean normalized concentration in the occupied zone becomes nearly equal to 
mixing ventilation (0.76-1.24) when the diffuser supplies the air in the 1/1 outlet mode. 
However, even though mixing ventilation was considered, the 1/2 outlet mode had a 
higher SVE performance. 

⚫ Though converging the supply air (1/2 supply mode) increased the draft rate (DR) in 
the interior space, it’s still less than 6%, considering less impact on thermal comfort. 
Meanwhile, it doubled the ADPI index (94%~) compared to 1/1 supply mode, indicating 
better and satisfactory air distribution performance. 

⚫ Combining the ceiling exhaust mounted at the room’s center with the slot line diffuser 
has the best ventilation performance. And mounting a floor exhaust near the exterior 
glass (between the glass and diffuser’s direct below) has the best heating and cold draft-
blocking performance.  

⚫  
This study validates the ventilation potential of the perimeter slot line diffuser. The best 

heating performance can be ensured by using a perimeter floor exhaust. And an ideal ventilation 
and heating performance can be achieved by combining the diffuser’s 1/2 outlet with a 
commonly used ceiling exhaust. Future work will evaluate its ventilation performance under 
the cooling-supplied mode. It is intended to investigate the possibility of further improving 
ventilation efficiency by establishing ceiling-supplied displacement ventilation. 
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1. ABSTRACT  
 
While a growing body of scientific literature describes the population health impacts of fossil fuel production and 
burning via climate and air pollution pathways, less is known about the health impacts of indoor combustion. This 
paper summarizes the results of studies from the last two decades that investigated the association between 
exposure to sources of unvented combustion pollutants in homes and a range of health outcomes. We found gas 
combustion to be associated with 6-28% (95% confidence intervals) increased odds of asthma symptoms, 4-51% 
increased odds of systemic symptoms, 7-81% increased odds of asthma medication use, and 3-12% increased risk 
of mortality. These findings can be used to improve public health, for example, by informing requirements for 
improved ventilation and source control, justifying switching to vented appliances, better regulation of device 
emissions and quantifying the benefits of electrification of end-uses. Dose-response relationships between human 
health, NO2 exposure, and other by-products of combustion are not characterized with a high degree of precision. 
However, there is clear evidence of a wide range of health effects, even at low levels of exposure. Despite the 
various designs, geographic sites, length of follow-up, and study dates, we noted a level of consistency between 
the studies within the current meta-analysis, and with previous ones, which strengthens the level of confidence in 
our findings. 
 
2. KEYWORDS 
 
health; gas combustion; gas cooking; gas heating; meta-analysis  
  
1 INTRODUCTION 
 

The primary consumers of fossil fuels in homes are: heating, hot water, cooking and clothes 
drying. Except for cooking and unvented heaters, these end-uses are required to have a vent to 
outside and only contaminate indoor air if their venting system fails. While venting combustion 
products contributes to outside air pollution that can then enter a home, in this paper we will 
focus on direct indoor sources only.  
 
It is well established that the inhalation of fossil fuel combustion products leads to a range of 
adverse population health effects. Cooking and unvented heating are main indoor sources of 
NO2, ultrafine particles, and volatile organic compounds (VOCs) if not vented to outdoors 
(Lewis et al., 2023). A previous literature review (Less et al. 2022) discussing home energy 
performance provided a high-level summary of a few indoor air quality studies related to indoor 
combustion, but did into provide the in-depth health analysis that is the focus of this paper.   
 
NO2 is an irritant to the respiratory tract. Even short-term exposures can irritate the airways, 
drive inflammation, and lead to acute and chronic disease, especially among those with asthma 
(Barck et al., 2005; Vardoulakis et al., 2020; Lim et al., 2022). While particles are the most 
important contaminant of concern for health impacts, at least from Disability Adjusted Life 
Year (DALY) perspective (Logue et al., 2012; Morantes et al., 2022), most particle exposure is 



from non-residential sources such as transport, agriculture and industry. Therefore, in this 
review will focus on the next important contaminant of concern, i.e., NO2. A meta-analysis 
done by (Faustini et al., 2014) confirms that the effect of NO2 was independent from PM, 
suggesting that NO2 can drive health effects on its own. In addition, when the levels of NO2 in 
a home are below the threshold limits, (< 15 ppb), it becomes challenging to observe any 
potential health effects.  
 
Although the strong toxicological evidence for NO2 is compelling enough to spur population 
health protective action, the toxicology is borne out in a number of epidemiological studies. 
Meta-analyses by (Khreis et al., 2017) and (Gruenwald et al., 2022) of epidemiological studies 
showed clear relationships with asthma development and have enabled modelling studies 
estimating the broader population impacts of reducing NO2 exposures (e.g., (Knibbs et al., 
2018; Achakulwisut et al., 2019; Jacobs et al., 2019; Hu et al., 2022). (Lin et al., 2013) 
synthesized the available literature on gas stove use and found correlations with the two health 
outcomes they studied, asthma development and wheeze in children. This paper provides a 10-
year update to Lin et al, to build on existing dose-response findings through the inclusion of 
studies published through April 2023 that reported on a broader set of potential adverse health 
effects like hospitalization, asthma symptoms and medication use.  
 
2 METHODOLOGY 
 
This study reviews research since the year 2000 on the health impacts associated with exposure 
to combustion-related contaminants in homes. We grounded the evaluation using literature 
related to interventions where gas combustion appliances were replaced, or effective 
engineering controls were implemented, including those where measured NO2 was taken as the 
main exposure variable. We grounded the review in the landmark intervention studies 
conducted in Australia and New Zealand (Pilotto et al., 2004; Howden-Chapman et al., 2008; 
Marks et al., 2010; Gillespie-Bennett et al., 2011), and a comprehensive meta-analysis focused 
on gas stove effects on cough and wheeze (Lin et al., 2013). We used Google Scholar to identify 
works citing these studies. We then applied inclusion and exclusion criteria to narrow the search 
to epidemiological studies that provide dose-response relationships between home combustion 
appliances and health outcomes.  
 
We assessed study relevance and quality, leading to a final set of manuscripts. We included 
studies that used epidemiologic methods to investigate associations between health outcomes 
and the presence or use of unvented gas combustion appliances and/or measured NO2 with 
results presented as effect estimates with confidence intervals. Studies were excluded that did 
not involve data collection post-2000, that did not focus on residential exposure, that had effect 
estimates that were already included by Lin and colleagues, and that did not include gas or oil-
based cooking or heating sources. Wood burning was considered beyond the scope of this 
analysis, as were effect estimates of lung function. We considered meta-analyses that used 
pooled estimates from studies with lower risk of bias as evaluated by the WHO or other similar 
methodology. 
 
In this study, the health outcomes primarily were associated with acute exposures. We 
categorized the health outcomes into 12 distinct categories.: 1) asthma symptoms including 
wheeze, cough, shortness of breath, chest tightness, respiratory symptoms, nasal symptoms, 
and difficulty breathing; 2) asthma symptom scores including ordinal scores 0-3 (3 as the most 
severe and 0 as no symptom) for wheeze, cough, overall asthma symptoms, upper respiratory, 
and lower respiratory symptoms; 3) systemic symptoms including poor/fair health, diarrhea, 
vomiting, ear infection stomach ache, eczema, sensitization, allergies, nighttime waking, and 



steroid use; 4) healthcare visits that were not hospitalizations or emergency room visits or 
changes to asthma management; 5) hospitalization or emergency room visits, 6) medication use 
including asthma preventer and reliever use; 7) nonpharmaceutical interventions including 
limiting activity; 8) neurological disease development including schizophrenia; 9) absences 
from school; 10) all-cause mortality; 11) cardiovascular mortality; 12) respiratory mortality. 
 
We converted effect estimates with continuous, independent variables to effects per 20 ppb 
increase in NO2. We converted intervention studies to consider control groups as the numerator 
in effect estimate ratios. We used effect estimates that adjusted for confounders when available. 
We stratified pooled estimates by health outcome, categorical or continuous exposure, and 
effect estimate type (odds ratios (OR), risk ratios (RR), incident rate ratios (IRR)). We 
computed random effect pooled estimates where there were at least four effect estimates, 
accounting for variation in study populations, differences in study design, and a variety of health 
outcomes considered. For example, the outcome of “asthma symptoms” included effect 
estimates for cough, wheeze, respiratory symptoms, and others. Statistics and forest plots were 
generated by R v.4.2.1 with packages meta and metafor. The data and code for reproducibility 
can be found at https://gitlab.com/jacobbueno/zapdos. 
 
3 RESULTS 
 
The search yielded 29 studies including 10 meta-analyses, 12 observational studies and 7 
randomized controlled trials (RCTs) or quasi-experimental studies. In total, these included 184 
effect estimates for a variety of health outcomes. Eleven of the studies focused exclusively on 
children with asthma, as part of randomized controlled trials or observational studies. An 
additional study included over 80% children with asthma. RCTs and observational studies often 
focused on unvented exposures from unvented gas heat and gas cooking. In contrast, the meta-
analyses mostly focused on residential indoor NO2 exposure from multi-year indoor air 
pollution monitoring. Intervention studies examined changes in exposure to combustion 
contaminants and associated health effects. Intervention activities included installing  exhaust 
ventilation for combustion appliances or electric alternatives like heat pumps (Pilotto et al., 
2004; Howden-Chapman et al., 2008; Free et al., 2010; Barnard et al., 2011; Gillespie-Bennett 
et al., 2011), a gas scrubber (Gent et al., 2022) or comparing homes with gas and appliances 
(Belanger et al., 2006; Willers et al., 2006; Boulic, 2012; Rice et al., 2020). 
 
Average NO2 level changes for unvented gas heat at home were reported in residences at 3.8 
ppb (Howden-Chapman et al., 2008; Free et al., 2010), and in schools at 14.1 ppb (Marks et al., 
2010), and 31.5 ppb (Pilotto et al., 2004). Belanger et al, showed an increase in average NO2 of 
17.3 ppb (Belanger et al., 2006), Comparing gas ranges with electric ranges in both multifamily 
and single-family homes. (Hansel et al., 2008) found that the presence of a gas stove, as well 
as the use of stove/oven and space heater for heat, is linked to higher indoor levels of NO2, 
which suggests modifiable sources of exposure. Those with gas stoves had 15.7 ppb (95% CI 
6.9-24.6) times the NO2 concentration and those with gas heaters had 4.4 ppb (95% CI -2.8-
11.6) times the NO2 concentration. In 24 high performance California homes, (B. Less et al., 
2015) measured NO2 in kitchens that used gas and electric cooking equipment and found 
average 6-day integrated NO2 concentrations of 6.6 vs. 17.9 ppb in electric and gas cooking 
kitchens respectively. The California Healthy Homes Indoor Air Quality Study of 2011–2013 
(Mullen et al., 2016), measured combustion contaminants for 6-day periods in 352 existing 
California dwellings (including the homes in Less et al.). They found that kitchen NO2 
concentrations were not significantly impacted by vented combustion appliances (6.5 vs. 7.6 
ppb), while unvented gas cooking with and without other vented gas appliances led to 

https://gitlab.com/jacobbueno/zapdos


significantly higher indoor concentrations (18 and 22 ppb, respectively).  Similarly, Belanger 
et al 2006 found clear increases in NO2 concentration in homes with gas versus electric cooking. 
 
We considered NO2 to be a main toxicant produced by indoor gas combustion (compared with 
electric appliances) or an indicator chemical of the combustion air pollution—including PM 
and VOCs—that could be related to health effects via inhalation exposure. Meta-analyses 
focused on indoor NO2 concentrations found consistent relationships with all mortality with a 
95% CIs of 3-12%, while a 10-year Danish birth cohort quantified risk of schizophrenia 
development at 2.18 (95% CI 1.69-2.85) times higher for each 20 ppb NO2 increase (Horsdal 
et al., 2019). The range of health effects consistently associated with indoor, residential gas 
combustion over the last two decades shows that at population scale, substituting gas appliances 
for electric ones should reduce some adverse health effects, with associated health, economic, 
and social benefits. The studies highlight the elevated risk of symptoms and associated health 
problems for those with asthma, but also show that combustion appliance exposure could lead 
to asthma development and other cardiovascular, respiratory, and neurological diseases.  
 
Samet and colleagues tracked daily symptoms in over 1,200 infants through 18 months of age 
and found that measured NO2 concentrations at home, mostly below 20 ppb, were not associated 
with respiratory symptoms (Samet et al., 1993), suggesting there may be little risk for infants 
with low to modest NO2 exposure, or among populations that are not already susceptible to 
respiratory health risks (e.g., those with asthma, or bronchopulmonary dysplasia). However, 
this study did not examine other health impacts such as respiratory infections, asthma 
exacerbation or initiation. Other studies included in our meta-analysis included infant 
populations along with older children, with mixed results (Belanger et al., 2006; Willers et al., 
2006; Barnard et al., 2011; Rice et al., 2020). The 8-year prospective birth cohort by Willers et 
al reported a positive relationship between gas cooking and nasal symptoms, and a trend toward 
a positive relationship with asthma prevalence, but not eczema, wheeze, or sensitization 
(Willers et al., 2006). A cross-sectional study of children 12 years old or younger revealed 
strong, positive associations between gas stove use and wheeze, chest tightness, and shortness 
of breath, particularly among multi-family as opposed to single-family residences (Belanger et 
al., 2006). Barnard et al showed a slight risk of hospitalization associated with gas heating in a 
population inclusive of all ages, and Rice et al showed a nearly 600% increase in odds of 
hospitalization among children with bronchopulmonary dysplasia on respiratory support 
(Barnard et al., 2011; Rice et al., 2020). The detectable risk increases associated with indoor 
combustion sources appear to be modified by existing health vulnerability including asthma. 
The likelihood of increased risks with cumulative exposures raises concerns about health risks 
for communities already facing disproportionate burdens of toxic exposures, especially where 
there are already higher rates of asthma and other illnesses or vulnerability due to environmental 
exposures. Overall, the effect estimates trended toward a positive relationship between 
residential gas combustion, NO2 exposure, and adverse health outcomes. There were no effect 
estimates with 95% CIs completely below the null, which would have been indicative of a 
statistically significant protective effect of the exposures on health risks.  
 
Asthma Symptoms and Symptom Scores. The presence of gas versus electric appliances, 
mediated by whether the gas appliances were vented (e.g., flue for gas heater), was associated 
with 1.16 times the odds of reporting asthma symptoms (95% CI 1.06-1.28). There was little 
difference in the magnitude of effect between observational studies and RCTs, although there 
was greater precision among the observational studies. Table 1 summarizes odds ratios for a 20 
ppb increase in average NO2 exposure linked with combustion cooking and/or unvented 
heating. Each 20 ppb increase in NO2 exposure linked with gas combustion was associated with 
1.55 (95% CI 1.41-1.71) and 1.21 (95% CI 1.06-1.37) times higher odds of asthma symptoms, 



for RCTs and observational studies, respectively. The pooled OR of 1.33 (95% CI 1.19-1.49) 
may not be reliable given the lack of overlap in confidence intervals for RCTs and observational 
studies, yet the confidence interval ranges demonstrate a consistent, positive association with 
asthma symptom risk. 
 
Fifteen effect estimates from two RCTs (Pilotto et al., 2004; Howden-Chapman et al., 2008) 
showed 1.38 (95% CI 1.19-1.61) times higher risk of asthma symptoms with gas appliance 
exposure. A prospective cohort with six months of follow up showed that measured NO2 at 
home was associated with elevated incidence rates of a range of asthma symptoms including 
wheeze, cough, chest tightness, limited speech, and greater correlation of these symptoms with 
exercise. A pooled effects model of the six effect estimates in (Hansel et al., 2008), gave an 
11% (95% CI 7-15) incident rate increase per 20 ppb increase in NO2. For each 20 ppb increase 
in measured indoor NO2 level, another study reported 2.86 (95% CI 1.03-8.35) times higher 
odds of a unit increase in asthma symptom score (Belanger et al., 2013), and yet another 
(Gillespie-Bennett et al., 2011) reported 1.62 (95% CI 1.52-1.73) and 1.12 (95% CI 1.00-1.20) 
times higher odds of lower and upper respiratory symptoms, respectively. (Schachter et al., 
2020) showed that the presence of a gas stove was associated with 2.82 (95% CI 1.10-7.24) 
times greater odds of an increased wintertime cough and wheeze score.   
 
Two studies considered asthma incidence (Lin et al., 2013; Khreis et al., 2017). Pooled effect 
estimates and confidence intervals from Kreis and colleagues spanned above one and reached 
2.08 (95% CI 1.45-2.94) for children less than 6 years of age. Lin et al., 2013 showed 32% (18-
48%) and 12% (-12%-43%) increased odds of asthma incidence for presence of residential gas 
stove and 15 ppb NO2 increase, respectively. Meta-analyses by Zheng and colleagues showed 
consistent but mild increases in emergency room visits or hospitalizations with increases in 
indoor NO2 (Zheng et al., 2015, 2021). The 2015 study gave pooled risk ratios for asthma-
related emergency room visits or hospitalizations of 1.07 (95% CI 1.05-1.09) for all ages. The 
2021 study pooled risk ratios for the same outcome of 1.00 (95% CI 0.88-1.13) and 1.04 (95% 
CI 1.03-1.05) for increases in 1-hr maximum NO2 and 24-hr average NO2 concentrations. 
 
It should be noted that a few studies showed no or weak associations between gas combustion 
or NO2 exposure and health outcomes under study in their respective investigations. The quasi-
experimental study that was included used a retrospective matched cohort for nearly 1 million 
New Zealanders of all ages, mostly without asthma, for 3 years of follow up and found a very 
slight trend toward an increase in hospitalization rate for asthma, circulatory disease, respiratory 
disease, or RSV among homes without a heat pump, pellet burner, or flued gas heat intervention 
(IRR 1.04 95% CI 1.00-1.09) (Barnard et al., 2011). The same study failed to detect an effect 
for hospitalization for congestive heart failure or for mortality among those hospitalized for 
cardiovascular or respiratory disease. A prospective cohort study with 12 weeks of follow-up 
in Adelaide, Australia tracked NO2 exposure at home and in school and showed mostly weak, 
non-statistically significant effects (Nitschke et al., 2006). They reported some mild effects for 
night-time breathing difficulty and night-time asthma attacks (RR 1.06 [1.02-1.10] and 1.08 
[1.00-1.14]). An intervention trial with 5 weeks of particle filtration and NO2 scrubbing showed 
only marginal reductions in measured NO2 levels and no effect between NO2 level and asthma 
symptom days during the final two weeks of treatment (Gent et al., 2022). 
 
Gas stoves and unvented gas heaters can readily produce increases in NO2 concentration 
associated with adverse health effects. Relationships between gas stove use and NO2 levels 
reported by Hansel et al (2008), and Belanger et al (2006), are consistent with the work of others 
including (Simoni et al., 2004) who examined relationships between gas stove use time and 
pollutant levels. We note that exhaust ventilation can reduce but not eliminate gas stove 



emissions and relies upon consistent and proper operation, which is generally low (Sun & 
Singer, 2023). Many inner-city households are known to have gas stoves, often without exhaust 
ventilation (Breysse et al., 2005; Diette et al., 2007). The Baltimore home cohort conducted by 
Hansel et al, identified 14% of homes using gas stoves for heat, underscoring the intersection 
of environmental and energy injustice (Hansel et al., 2008). The higher magnitude of effects 
per unit increase in NO2, reported by Belanger et al (2006), for multi-family versus single-
family housing suggests that the size of the health risk may be greater at higher exposure levels 
associated with greater gas stove use. Field studies in homes (e.g., (Francisco et al., 2010), and 
IAQ analyses (Sherman et al., 2022)), have shown that NO2 from unvented gas heaters regularly 
exceeds health guidelines, including spaces that meet minimum ventilation standards.  
 
Systemic symptoms. We found evidence of a trend toward increased odds of systemic symptoms 
with gas combustion exposure, with a pooled OR of 1.25 (95% CI 1.04-1.51). The RCT effect 
estimates drove this trend in the pooled regression. Studies that reported effects as a function 
of continuous NO2 exposure found similar results with OR of asthma medication use of 1.61 
(95% CI 1.01-2.56) for each 20 ppb NO2 increase. 
 
Hospitalization, healthcare utilization and medication use. A number of other observational 
studies and RCTs reported on risks associated with residential gas combustion. A cross 
sectional study with a 2-month prospective of survey data in Maryland showed a consistent, 
elevated trend toward higher risk of emergency room visit or hospitalization among children 
with bronchopulmonary dysplasia (Rice et al., 2020). Among those with respiratory support, 
the odds of hospitalization were 5.95 (95% CI 1.08-32.76) times greater for homes with gas 
combustion. Pooled analysis of studies evaluating the use of asthma medication showed 1.39 
(95% CI 1.07-1.81) times higher odds with gas combustion exposure compared with electric 
appliance use or the addition of exhaust ventilation. 
 

 
Table 1. Odds ratios for a 20 ppb increase in average NO2 exposure linked with combustion cooking and/or 

heating. 

A number of studies examined relationships between residential-level indoor NO2 and 
population health risks. These are mostly summarized by meta-analyses, however we also 
included a Danish birth cohort following over 23,000 children for 10 years, which showed a 
2.18 (95% CI 1.69-2.85) times higher risk for schizophrenia development for each 20 ppb 
increase in NO2 (Horsdal et al., 2019). Meta-analyses mostly used a continuous NO2 exposure 
variable to evaluate risk of mortality, asthma incidence, emergency room visits, and 



hospitalizations. The risk of mortality was consistently elevated, with 95% CIs ranging up to 
39% above the null (Table 2). The ozone-adjusted model from (Orellano et al., 2020) gave 
similar results to the PM-adjusted model and both were not substantially different from pooled 
estimates that did not adjust for co-pollutant measurements. Similarly, the effect of NO2 was 
independent from PM in the meta-analysis done by (Faustini et al., 2014) according to their 
subset of studies that adjusted for multiple pollutants (n=7), suggesting that NO2 can drive 
health effects on its own. 

 

 
Table 2. Pooled meta-analysis all-cause mortality risk ratios for 20 ppb increases in indoor NO2. 

 
4 DISCUSSION 
 
We reviewed the literature investigating associations between unvented residential gas 
combustion for cooking and unvented heating and potential health outcomes and found that 
observational studies, RCTs, and meta-analyses showed consistent increased risks for asthma 
symptoms, asthma development, school absence, hospitalization, and emergency room visits. 
Overall the health outcome with the most effect estimates for pooled analysis was the risk of 
asthma symptoms. The pooled estimates shows a 6-28% (95% CI) increase in risk of symptoms 
for unvented gas heating or presence of gas stoves compared with flued heating or electric heat 
or stoves. For each 20 ppb increase NO2 concentration, the odds of asthma symptoms increased 
19-49% We observed elevated odds of asthma medication use across RCTs and observational 
studies with a pooled confidence interval of 7-81% higher odds with the presence of gas 
appliances.  
 
Our results are consistent with a large body of scientific work in this area spanning decades. 
(Hasselblad et al., 1992) conducted a meta-analysis of the studies from the 1970’s-1980’s of 
indoor NO2 exposure associated with gas stoves reported 20% increased odds of respiratory 
illness in children for each 16 ppb increase in NO2 (Hasselblad et al., 1992). Lin et al considered 
studies through 2013 and found 6% (95% CI -1-3%) and 16% (95% CI 5-29%) increased odds 
of wheeze incidence with presence of residential gas stove and 15 ppb NO2 increase, 
respectively. Our findings, using even more recent studies through 2023, were consistent with 
both of these previous meta-analyses. 
 
Dose-response relationships between human health, NO2 exposure, and other by-products of 
combustion are not well characterized. Furthermore, these relationships are mediated by 
numerous factors both inside and outside the built environment, including the presence and use 
of exhaust ventilation, the duration and types of food preparation, psychosocial stressors, and 
pre-existing health conditions. However, there is clear evidence of a wide range of health 
effects, even at low levels of exposure. A four-month prospective cohort by Belanger and 
colleagues showed a dose-response relationship between NO2 exposure and wheeze, asthma 
symptoms, and asthma reliever medication use, with effects seen above a threshold of 6 ppb 
NO2 (Belanger et al., 2013). Similarly, the year-long follow-up study by Boulic found that a 2-
8 ppb increase was associated with a range of respiratory health outcomes. Perhaps it is not 



surprising then, that the underpowered trial by Gent and colleagues found little relationship 
between health outcomes and the average 3-4 ppb NO2 reductions, that were observed in 
dwellings already below health effects threshold limits.  
 
The effect estimates, and confidence intervals presented here provide a window of reasonable 
risk levels for a variety of health outcomes and mortality, which can be used to extrapolate the 
health benefits of widespread measures to reduce the impacts of unvented combustion, 
including improved ventilation and source control, switching to vented appliances, better 
regulation of device emissions,  and quantifying the benefits of electrification of end-uses. 
Despite the various designs, geographic sites, length of follow-up, and study dates, we noted a 
level of consistency between the studies within the current meta-analysis, and with previous 
ones, which strengthens the level of confidence in our findings. Studies were generally 
rigorously conducted, and variables were collected to allow for appropriate covariable 
adjustment. Given the small sample sizes, the pooled effect estimates are sensitive to the 
addition of new studies, given the small sample size. However, the reported confidence intervals 
are likely to be robust and provide perhaps a more helpful quantitative measure of risk given 
the inherent uncertainties and limitations of the epidemiologic studies required to detect 
population health effects in real-world conditions (Atkinson et al., 2018). New studies may be 
able to reduce sources of bias revealing even higher effect estimates and/or greater precision. 
Residential unvented combustion appliances pose a variety of serious health risks to people of 
all ages, but especially to children with asthma or other respiratory conditions.  
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ABSTRACT 
 
In France, in Residential buildings, since 1982 the ventilation regulation imposes air flow rate to be continuously 
extracted from every room with humidity production. A boosted level of air flow rate shall be reachable in the 
kitchen. Since the mid-80s demand-controlled ventilation based on humidity level in each room has been allowed, 
provided that the system is validated by a national commission. In practice, for 40 years every new residential 
building has a mechanical ventilation system and 95% of them are centralised extract only systems. Since the 
beginning of the 2010s almost all of them have a humidity-based control. While efficient to mitigate the risk of 
moisture in buildings, the efficiency of those systems for other pollutants is still under investigation and the very 
prescriptive regulation limits the innovation possibilities to optimize the energy performance. To tackle this issue 
and allow the development of systems that would be more energy efficient (hybrid ventilation, low pressure 
systems, etc.), the French ministry for construction has set-up a working group to create a new performance-based 
regulation for ventilation. 
This working group has defined Key Performance Indicator for ventilation systems, it evaluates the ability of a 
ventilation system to provide good indoor air quality through indicators on 4 criteria: humidity level, CO2 level, 
fictive pollutant P1 exposure (emitted constantly) and fictive pollutant P2 exposure (emitted during cooking 
events. The working group has also discussed validation conditions for systems. 
This new performance-based regulation gives specification for what a ventilation system shall provide. This will 
help to promote ventilation system in refurbishment and decrease CO2 emissions of existing buildings which are 
heated through combustion appliance for more than 50% of them. It shall also foster the development of ventilation 
systems with less embodied energy. 
 

KEYWORDS 
 
Ventilation, Performance based, KPI, France 
  
1 INTRODUCTION 

 
The French ESSOC regulation has the objective to promote innovation in every subject 
including building regulation and therefore ventilation. It aims at creating performance-based 
regulations as an alternative to existing prescriptive regulations. Those new regulations shall 
allow to developpe more efficient systems. 
 
In the specific context of ventilation in residential building the French regulation is defined in 
the « Arrêté de 82 modified in 83 (JOFR, 1982)». This text includes requirement on the 
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extracted flowrate in each utility rooms (main requirements are given in annex) but does not 
impose anything on air inlet flowrate in each main room.  
 
The new construction code states that “Air renewal, shall be such as, in normal condition of 
use, the indoor air pollution does not endanger health and security of occupants and that 
condensation is avoided, except temporarily”. This is respected if the system: 

- Either respects Arrete de 82 requirements 
- Or Fulfills Key Performance Indicators levels (named Résultats minimaux – 

Minimal results) as defined in a Regulatory text to be published by January 2025. 
 

This new regulation is ambitious because defining KPI for ventilation with minimum is still a 
matter of research, this is worked on in IEA-EBC Annex 86.  
 
The existing European standard EN 16798-1 “Ventilation for buildings. Indoor environmental 
input parameters for design and assessment of energy performance of buildings addressing 
indoor air quality, thermal environment, lighting and acoustics.”(CEN, 2016) describes 
prescriptive methods with different approaches. Nevertheless, it only deals with the definition 
of design flowrate. This is actually one of the objectives of the new revision to include Key 
Performance Indicators in the new version (the revision is in process).  
 
When defining a regulation on ventilation and performance indicator, it is important to first 
define the objective of the ventilation system in the context of the regulation. Buildings need 
air-renewal but submarine and the international space station shows that acceptable indoor air 
quality can be reached without ventilation. Nevertheless, relying only on air- cleaning systems 
is not reasonable in buildings where pollutants emissions are not controlled.  
 
Ventilation is air renewal by purpose-provided means which replaces the air with air coming 
directly from outdoors. The objective of a ventilation system can be to:  

- Maintain healthy indoor air, 
o limit indoor-produced pollutant concentration, 
o and/or limit outdoor-produced pollutant concentration, 

- Regulate humidity level to mitigate the risk of condensation and mold 
development (building lasting quality), 

- Ensure olfactive comfort and avoid stuffiness feeling, 
- Improve summer comfort, 
- Etc. 

Additionally, the ventilation system should not compromise acoustic comfort and 
significantly increase energy consumption. 
 
Works at international level shows that views on main objectives for ventilation systems vary 
a lot from one country to another. In France the regulation in 1982 has been made in order to : 

- First, humidity: avoid condensation, 
- Second, health: limit indoor produced pollutant concentration and their transfer 

from utility rooms to main rooms 
- Three, comfort: limit stuffiness feeling and avoid olfactive discomfort due to the 

transfer of odors from utility rooms (ex. Kitchen to main rooms) 
 

Therefore, our newly defined Key Performance Indicators (KPI) and their target levels will 
follow this logic. 
This paper presents the methodology and reasons behind choices made to create the new 
performance-based regulation.  
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2 METHODOLOGY  

 
The current French regulation for ventilation that had little change since 1982 is based on a 
prescriptive approach that impose ventilation airflows to be respected. However, such 
prescribed ventilation airflows do not necessarily give guaranty for good IAQ. In opposition to 
prescriptive approach a performance-based approach for ventilation systems regulation could 
be defined based on the definition from CIB W60 commission (Gibson, 1982) frequently cited 
in literature in building field as :  
 
“ The practice of thinking and working in terms of ends rather than means […] with what a 

building or a building product is required to do, and not with prescribing how it is to be 

constructed.”  

 

Having requirements in terms of performance rather than prescription allow the development 
of smart ventilation that can be defined as : 

 

“ A process to continually adjust the ventilation system in time, and optionally by location, to 

provide the desired IAQ benefits while minimizing energy consumption, utility bills and other 

non-IAQ costs (such as thermal discomfort or noise) (Durier et al., 2018, p. 38) 
 
The construction code states that “Air renewal, shall be such as, in normal condition of use, the 
indoor air pollution does not endanger health and security of occupants and that condensation 
is avoided, except temporarily.”. While it is a very simple statement it induces a lot of 
underlying questions such as: 

- What is “normal condition of use”? 
- What are the criteria for indoor air pollution not to endanger health and security of 

occupants? 
- What indicator to ensure that condensation is avoided, and what “temporarily” 

means? 
 
Additionally, as those performance indicators will be evaluated prior to construction, not only 
key performance indicators need to be detailed but also the validation protocol.  
 
2.1 Preliminary decisions 

Before starting the work on indicators, it has been decided that: 
- The validation of systems shall be done building’s project by building’s project and not 

for a ventilation system.  
o The agreement is valid only for a given ventilation system in a defined architecture 

and climate.  
o As some parameters of local climate is difficult to anticipate (such as wind) and 

may change over the years, parametric study will be done on those parameters 
 

- The ability of a system in a project to fulfill performance indicators level will be validated 
through preliminary simulations but not through on-site measurements. 

o Nevertheless, the ability of indicators to be compared to on-site measurement is a 
criterion to define them.  
 

- Today system that fulfill Arrêté de 82 (modified in 83) regulation shall have performance 
in-line with required levels for indicators but not necessarily systematically comply for all 
kind of dwelling/location etc. 
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o The performance of every existing systems will be evaluated for the 3 French 
climate zones and all size and configuration of dwellings to help the definition of 
the required level for key performance indicators 

o A performance-based regulation shall be more “safe-sided” than a prescriptive 
one. 
 

- Some prescriptive requirements will be kept as a safeguard as everything cannot be 
planed. The following prescriptive requirements shall be kept: 

o A general and permanent minimum flowrate applying (every rooms shall be 
ventilated) 

▪ The foreseen flowrate is twice the second table of Article 4 (see annex 1) 
o A non-closable outlet in each utility rooms 
o A non-closable inlet (or outlet) in each main room 
o Existing requirements on fire-safety   
o Maintenance requirements 
o The system shall not compromise the well-functioning of combustion appliance, if 

any in the dwelling 
 

- The validation of a project will be done by an independent body with a process to be 
defined. 

A system includes a maintenance process and the description of its inspection protocol to 
check and maintain its performances. 
 
2.2 Definition of input parameters for simulations 

The starting point to define input parameters for simulations was the CPT 3615 that defines 
simulations to be performed in the context of “Avis Techniques” (technical approbation) to be 
obtained for humidity-based demand control ventilation (Groupe Spécialisé n° 14.5, 2015)  
 
In such performance-based approaches the choice for the input parameters are crucial as they 
directly impact the calculated performance for ventilation. Indeed, several points were 
questioned and defined (in Table 1) regarding:  
 
The weather and outdoor boundary 

conditions  

- How to consider the locals weather 
conditions and local environment 
around the building? 
(Temperature, humidity, wind 
speed, solar radiation)  

- Which outdoor pollutants and what 
background level or pollution 
scenarios need to be considered?  

The indoor conditions  

- What are the indoor air parameters 
to be considered when assessing 
IAQ performance?  

- What are the activities, materials, 
and furniture to be considered?  

- And what are the associated indoor 
air pollutant emission scenario? 

 

The occupancy  

- How many occupants in the buildings?  
- What are their occupancy schedules and 

behaviour (windows and doors opening) for 
pollutant exposition calculation?  

- What are the bio-effluent (CO2 and moisture) 
emission profiles of the occupants? 

Building properties  

- What is the level of detail needed for the 
envelope description (airtightness, filtration/ 
infiltration of pollutant from outdoor)  

- What is the level of detail needed for room 
definition (number of zones, airtightness 
between zone)? 

Simulation tools  

- What building simulation models is needed 
(aeraulic model/thermal model) ?  

- What are the relevant simulation period and 
time step? 
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Table 1 : Discussed inputs options and retained choice (in bold) for simulation.  

Parameter Discussed options Complexity Choice and reasons behind 

 Wheater and outdoor boundary conditions   

Temperature 
Default temperature for a given climate zone * 

Using the standardized weather files from the RE2020; one weather 
file function of the climate zone ; adapted environment roughness 

coefficient for a given location ; elevation correction ; adapted 
pressure facade coefficient Cp ; 

Temperature corrected for a given location ** 

Humidity 
Default outdoor humidity for a given climate zone * 
Outdoor humidity corrected for a given location ** 

Wind speed 

Default wind speed for a given climate zone * 
Wind speed corrected for a given location  ** 
Wind speed corrected for a given location including buildings and 
vegetablizations around  

*** 

Solar 

radiation 

Default solar radiation for a given climate zone * 
Solar radiation corrected for a given location ** 
Solar radiation corrected for a given location with, mask and shading around 
the building 

** 

Number of 

Pollutant 

No outdoor pollutant interaction - 

With only the CO2 as outdoor pollutant with a 400 ppm constant 
background level; choice limited by available data or difficulties of 

modelling a more dynamic pollutant level in a regulation  

Same pollutants than indoor ** 
Same pollutants than indoor with additional specific pollutants from outdoor ** 

Scenario of 

outdoor 

pollutant 

Default constant background level * 
Dynamic pollutant level from standardized scenario or measurement  ** 
Dynamic pollutant level based on simulation *** 

 Indoor conditions   

Number of 

indoor air 

parameters 

The historical: Co2, Humidity * The selected KPI (described in next section) are based on CO2 and 
humidity; completed with two fictive pollutant P1 and P2 for 

background level exposure and peak emission exposure 

Historical + health risk : Formaldehyde, PM2.5, … *** 
Historical + specific risk : Radon… ** 
Historical + fictive / generic pollutant * 

Activities 
One by pollutant  * 

Moisture and CO2 emission by the occupants; additional moisture 
emissions from several activities breakfast, lunch, dinner, shower, 

laundry, laundry dry; Constant background emission for P1 
pollutant; punctual emissions for P2 during cooking activities 

Pollutant with multiples activities as sources **(*) 

Scenario of 

pollutant 

emission 

Constant emission rate as a background average level with default values  ** 
Dynamic emission rates with default values  ** 
Dynamic with default values and interaction between pollutant  *** 
From measurement ** 

Materials and 

furniture 

no interaction * 
Water vapour equivalent surface for absorption Hygroscopic moisture buffer effect ** 

Furniture pollutant release / absorption  ** 
… 
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Parameter Discussed options Complexity Choice and reasons behind 

 Occupancy   

Number of 

occupants 

Single/couple occupation: 1 occupant by room -1 if n° room >3 * Conventional occupation hypothesis according to INSEE survey 
(INSEE 2006); with however an attention on the impact that could 

have on CO2 controlled ventilation systems 
Family occupation: 1 occupant by room and 2 in master bedroom * 
Standardized occupation   

Time spends by 

room 

Default standardized schedules * Standardized occupation scenario according to GS14.5 o
 (Groupe Spécialisé n° 14.5, 2017); and reinforced 
occupation applying week-end occupation all the week Probabilistic models statistic behaviour  ** 

Doors and 

windows 

interaction 

No opening * No interaction considering the worst situation when all the 
windows and doors are closed, the air should be able to circulate 

in rooms. 
Default standardized schedules * 
Probabilistic models statistic behaviour  ** 

Occupant bio 

effluent profile 

Default standardized: same for all the occupant * However, an Awake and Asleep distinction is made Differencing function of the occupant (adult, child, morphology) ** 
 Building proprieties   

Room 

distribution 

Default: one zone per room * Regrouped zone may not be adapted for specific ventilation 
strategy at the room level; thus, keeping one zone per room as 

default. Regrouped: zone with room regrouped by type / space * 

Representation 

of airtightness 

(distribution) 

Uniform * Uniform distribution proportional by wall surface; using a Q4Pa 
permeability level of: 0.4 m3/(h.m²) in individual housing / 0.65 

m3/(h.m²) for collective buildings (from median value of 
CEREMA data base) 

Non-uniform ** 

From measurement *** 

Air leakage 

between zone 

No air leakage * 
At this stage only the door undercutting; adapted function of the 

building 
Door undercutting * 
Uniform air leakage from the wall ** 
Non-uniform / from measurement *** 

Pollutant 

filtration 

No filtration * Models and knowledge on filtration through leakage still early 
and not ready to be implemented in regulation Constant filtration rate  ** 

Dynamic filtration  *** 
 Simulation tools   

Aeraulic model 
Pressure code multi zone *  
CFD *** 

Thermal model 

No thermal model just aeraulic * During the winter, the indoor temperature is constant and during 
the summer it is the average of the last 18 hours of the outdoor 

temperature. Coupled thermal model ** 

Simulation 

period 

Default during winter heating period * some KPI needs the yearly calculation 
Yearly ** 

Simulation 

time step 

In minutes * 15 minutes timestep; compromising with available data and 
calculation time. Hourly * 
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2.3 Definition of Key Performance Indicators 

The following questions needs to be answered to define performance indicators 
- On which criteria shall the system be evaluated to determine whether he fulfill the 

regulation 
o Indoor air parameters – which ones? 
o CO2, humidity, PM2.5, Radon, fictive polluants, etc. 
o Energy parameters 

- Which indicators for each criterion? 
o Criteria on rooms or occupant’s exposition 
o Cumulated exposure 
o Maximum exposure 
o A multi-criteria aggregation, in this case the impact of the weight distribution 

needs to be clearly explored in order to propose distribution adapted to the IAQ 
o Else? 

- Which level of requirements on indicators 
o Absolut acceptable threshold 
o Relative performance regarding a reference system ? (theoretical or ideal 

system)  
o Else? 

 
In the context of the French regulation on ventilation it has been decided not to evaluate 
performances according the energy performance as it is already included in the energy 
performance calculation. In France, to fulfill the objective of ventilation defined in the 
introduction the chosen criteria regarding indoor quality are the following :  

- Humidity  
- CO2  
- A fictive pollutant P1 emitted continuously in every rooms with an emission rate 

proportional to the area 
- A fictive pollutant P2 emitted in the kitchen during cooking events at mid-day and 

in the evening. 
 
Choosing fictive pollutants allows to cover multiple ones instead of picking one. Regarding 
humidity, the limit will be set only on high humidity level. It has been decided that it was not 
for ventilation to deal with low humidity level under the French climate, humidifying systems 
shall deal with this issue in some specific cases. It is better if for CO2 and humidity the 
indicator can be measured for this regulation to be used as a reference scale.  
 
The foreseen Key Performance Indicators are the following ones: 
 

For CO2: 

- For each room, the CO2 concentration (in ppm) below which it remains 67 (or 70%) of 
occupied time  
o This indicator reflects the mean operating conditions 
o An indicator in ppm is more easily readable than a cumulative exposure in ppm.h 

- For each room, the CO2 concentration (in ppm) below which it remains 95% (or 99%) 
of the occupied time 
o This Indicator reflets pic conditions  

 

For Humidity: 
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- For every room, a maximum percentage of time over 75% of relative humidity in the 
winter. The maximum value will depend on the type of room (as surface finishing 
standards depend on it)  

- Under discussion : For every room a maximum number of hour when at least one leak 
is overpressures and the humidity level is above 75%  

For the fictive pollutants P1 and P2: 

- The mean exposure (for the most exposed person) 
- The maximum exposure over one hour (moving average, for the most exposed 

person). 
- Under discussion: An indicator to evaluate the transfer of pollutant P2 to the other 

rooms. 
 
3 CONCLUSIONS 

After 40 years, France is about to have an alternative to its prescriptive regulation on ventilation. 
Developing a performance-based regulation should promote smart ventilation and open the 
market to systems that will maintain or improve the indoor air quality, limit the energy use of 
building and limit their embodied energy. 
 
In France, more than 71% of electricity is produced by nuclear plants, 21% are renewable and 
only 8% are from thermal plant (RTE, 2020). Therefore, the impact on CO2 emissions of 
reducing electrical needs is limited. In new building heating is mostly done through electric 
heat pumps. Others impact of ventilation on building energy use are also mostly provided by 
electricity (air conditioning and fan energy). Thus, the impact of the performance-based 
regulation on the CO2 emission of new building due to energy use will probably be limited. 
 
Nevertheless, this new regulation should help decarbonize the full building stock for two 
reasons. First, it will at last give a framework and guidelines for refurbishment and for existing 
building, indeed existing regulation is not applicable most of the time in refurbishment for 
multiple reasons: 

- Ventilation systems that respects the French prescriptive regulation usually work at high 
pressure (around 100 Pa), this imposes tight ductwork mostly made in galvanized steel 
in multi-family buildings. In refurbishment, it is usually impossible to keep existing 
concrete shaft and install a system consistent with the Arrete 1982.  

- Installing a centralized system in refurbishment is often challenging. 
 

Therefore, as there is no applicable legal text to refer to, ventilation is often forgotten in 
refurbishment projects. Having this legal framework will allow to developpe ventilation 
systems compatible with refurbishment issues while guarantying the required indoor air quality. 
In 2015, gaz heats dwellings of 39% of families, fuel oil 12% and 5% for wood (INSEE, 2017). 
It means that for more than 50% of existing buildings optimizing the ventilation system directly 
decrease the impact of the building on CO2 emissions. 
 
Second the decarbonization of the building’s sector is not only based on the reduction of the 
energy use but also on the reduction of buildings’ materials impact. This regulation should 
allow the development of low-tech ventilation systems (natural, hybrid, low- pressure systems 
etc.). Those systems may induce as much or more energy use for the building but have less 
impact on embodied energy which is now considered in the French energy performance 
regulation RE2020.  
 
Regarding the timeline, the objective is to define key performance indicators by the end of 2023 
and to publish the regulation (including certification process) by 2025.  
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4 DISCLAIMER  

This document gives an overview of the work performed by the French working group 
“ESSOC”, the information provided in this document reflects the preliminary conclusion of the 
group in June 2023, this conclusion may change in the coming month. Neither the ministry for 
construction, nor members of the GT ESSOC group can be held for responsible for the content 
of this document.   
 

5 ANNEX 1 : MAIN REQUIREMENTS OF ARRETE DU 24 MARS 1982 

- Art. 1: The air renewal in dwelling is general and permanent at least during the heating 
season.  

- Art2: The air renewal system shall include natural or mechanical inlet in main rooms 
and outlet in utility rooms. The air shall circulate between main and utility rooms 

- Art 3: The ventilation system shall be able to reach, simultaneously or nor the following 
values: 

- Art4: The total extract flowrate can be reduced as follow : 

If the ventilation system automatically control flowrate to maintain an indoor air quality that is 
not dangerous for occupant and avoid condensation (except temporarily) the flowrate can be 
reduced. Provided that the system has been validated by the ministry in charge of construction 

and health. In any case the total extracted flowrate shall at least be: 
- Art.5: air inlet shall be designed to reach extracted flowrates defined at article 3. 

Additional requirements are set for fire safety and interaction with combustion appliance. 
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15 
15 
15 
15 
15 

15 
15 
15 
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15 
15 
15 
15 

 

 
Number of main rooms 

1 2 3 4 5 6 7 

Total minimal flowrate in m3/h 35 60 75 90 105 120 135 
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Number of main rooms 

1 2 3 4 5 6 7 

Total minimal flowrate in 

m3/h 

10 10 15 20 25 30 35 

 

535 | P a g e



Durier, F., Carrié, F. R., & Sherman, M. (2018, mars). VIP 38 : What is smart ventilation? 

AIVC. http://aivc.org/sites/default/files/VIP38.pdf 

Gibson, E. (1982). Working with the performance approach in building (Report of Working 

Commission W060 CIB Publication 64). International Council for Research and 

Innovation in Building and Construction.  
Groupe Spécialisé n° 14.5. (2015). Cahier des Prescriptions Techniques communes : Systèmes 

de ventilation mécanique contrôlée simple flux hygroréglable. 

INSEE. (2017). Dossier—La facture énergétique du logement a baissé depuis 2013 malgré la 

hausse de la fiscalité. 

Arrêté du 24 mars 1982 relatif à l’aération des logements, 0073  

RTE - Direction innovation et données. (2020). Bilan Electrique 2019. Le réseau de transport 

d’électricité. https://assets.rte-france.com/prod/public/2020-06/bilan-electrique-
2019_1_0.pdf 

 

536 | P a g e



 Comparative Analysis Between Indoor Temperatures of 

Dwellings at Urban Scale During a Typical and Extreme 

Summers in a Temperate Climate 

Ainhoa Arriazu-Ramos*1, Germán Ramos Ruiz1, Juan José Pons Izquierdo2, Ana 
Sánchez-Ostiz Gutiérrez1 and Aurora Monge-Barrio1  

1 School of Architecture 

Universidad de Navarra 

Campus universitario s.n. 

31190 Pamplona, Spain 

*Corresponding author: aarriazu@unav.es  

2 Department of History, History of Art and 

Geography 

Universidad de Navarra 

Campus universitario s.n. 

31190 Pamplona, Spain  
 

ABSTRACT 

This study examines the impact of heatwaves on indoor operative temperatures of dwellings in Pamplona (north 
of Spain) and presents a comparative analysis of a typical summer and two extreme summers with heatwaves in 
2003 and 2022. The assessment was conducted in two neighbourhoods with different urban morphologies and 
built periods related to different energy regulations in Spain. EnergyPlus was used to simulate each residential 
typology for 5 months in 8 different orientations and with the constructive characteristics that correspond to its 
built period. The Urban Weather Generator tool was used to consider the microclimate of each neighbourhood. 
The results showed that dwellings in the older neighbourhood, located on top floors, with one orientation and with 
large windows had the highest temperatures. These results are strengthened in extreme hot summers with 
heatwaves compared to those derived from the typical climate series. The evaluation of indoor temperatures of 
dwellings in two different climatic situations highlighted the importance of assessing temperatures through 
summers with heatwaves to analyse dwellings' behaviour to high temperatures, even in temperate climates. The 
urban approach and temperature analysis in relation to building parameters allowed the identification of dwellings 
with higher indoor temperatures and the key building parameters (built period, floor level, orientation, window 
area and number of orientations) for the future objective of designing passive measures to adapt dwellings to 
warming conditions.   

KEYWORDS 

Overheating; Microclimate; Heatwaves; Building parameters; Natural cooling.  
 
1 INTRODUCTION 

The last Intergovernmental Panel on Climate Change (IPCC) report concludes that global 
surface temperature has reached 1.1 °C above 1850-1900 in 2011-2020 (Intergovernmental 
Panel on Climate Change, 2023). These increasingly higher temperatures are leading to more 
frequent periods of hot and warm weather, and an increase in the frequency and severity of 
heatwaves (Taylor et al., 2023).  
Through the last 20 years, there were some events, that illustrate this phenomenon and 
tendency:  a heatwave during August 2003 when 50,000 excess deaths were registered across 
Europe (Brücker, 2005); in June 2021, western North America experienced a record-breaking 
heatwave that caused over 1,000 deaths in Canada and around 500 deaths in the USA 
(Thompson et al., 2022); recently, summer 2022 was extremely warm summer characterized 
by a cascade of heatwaves that caused 110,000 excess deaths across Europe (Copernicus 
Climate Change Service (C3S), 2022; Vicedo-cabrera & Fischer, 2023) and around 4,500 in 
Spain (Tobías, Royé, & Iñiguez, 2023).  
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The projections for southern Europe warn of more extreme warm temperatures, similar to those 
currently found in regions of North Africa, and suffer more tropical nights (H.-O. Pörtner, D.C. 
Roberts, M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegría, M. Craig, S. Langsdorf, S. 
Löschke, V. Möller, A. Okem, 2022). Besides, the probability of suffering mega-heatwaves 
will increase by a factor of 5-10 in the next 40 years in Europe (Barriopedro, Fischer, 
Luterbacher, Trigo, & García-Herrera, 2011).  
The population living in urban areas accounts for 75% of the total in the European Union (Zinzi 
& Carnielo, 2017). In this context, it is relevant to focus on cities where Urban Heat Island 
(UHI) can exacerbate the effect of these extreme temperatures, heatwaves (D. Li & Bou-Zeid, 
2013) and indoor thermal discomfort in summer (X. Li et al., 2019; Litardo et al., 2020; 
Meggers et al., 2016; Nakano, Bueno, Norford, & Reinhart, 2015; Zinzi & Carnielo, 2017).  
Therefore, the interest in analysing the negative effects of high temperatures on people’s health, 
well-being (World Health Organization, 1990, 2011) and mortality (Pathan, Mavrogianni, 
Summerfield, Oreszczyn, & Davies, 2017) and studying how to prevent them have increased 
noticeably in recent years, especially within the cities.   
This paper is focused on quantifying and comparing indoor operative temperatures (IOT) of 
dwellings - during a typical summer (climate series 1980-2010) and two extreme ones with 
heatwaves (2003 and 2022) - in relation to their built period and building parameters. The 
assessment was conducted in two neighbourhoods of Pamplona (a city in the north Spain) 
considering the effect of microclimate.  
Specific research aims are the following: 

- To quantify the influence of microclimate on indoor operative temperatures in 
dwellings. 

- To compare how indoor operative temperatures of dwellings are strengthened in 
extreme warm summers in relation to a typical climate series. 

- To analyse the influence of different building parameters (built period, floor level, 
orientation, area of windows and number of orientations) on indoor operative 
temperatures.  

2 METHODS  

2.1 Urban context 

Pamplona is a city placed in the north of Spain. It has an area of 23.55 km² with a population 
of 203,081 inhabitants and a population density of 8,472 inhabitants/km2  (Instituto Nacional 
de Estadística, 2021) . The city is made up of 14 neighbourhoods.  
Two neighbourhoods were selected to develop the study: Iturrama (N1) and Mendillorri (N2). 
They are samples of different urbanism: N1 (with 9,242 dwellings and built between 1960-
1980) has a high density of buildings (0.31 site coverage ratio) and they are higher (average 
building height: 25.45 m); in contrast, N2 (with 5,634 dwellings and built between 1990-2006) 
is less dense (0.17 site coverage ratio) and the buildings are lower (average building height: 
10.32 m). Besides, N2 has higher percentage of green spaces (Urban ground covered in grass: 
25% in N1 and 47% in N2) as it can be seen in Figure 1.  

2.2 Building typologies and energy parameters definition 

The building typologies classification is based on the results of the project PrestaRener 
(SAVIArquitectura, 2016), carried out by the research group SAVIArquitectura and previous 
projects analysis (Aparicio-Gonzalez, Domingo-Irigoyen, & Sánchez-Ostiz, 2020; Monge-
Barrio & Sánchez-Ostiz Gutierrez, 2018). Eleven residential typologies were detected in both 
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neighbourhoods through a visual work using Google Earth and SITNA software (Gobierno de 
Navarra, n.d.-b). Figure 1 shows the residential typologies in neighbourhoods’ plans:  
typologies 11, 12, 13, 14 and 15 refer to dwellings in multi-family buildings grouped in linear 
blocks; typologies 21 and 22 correspond to dwellings in multi-family buildings grouped in H-
blocks; typologies 31, 32 and 34 correspond to dwellings in tower; typologies 51 are single-
family dwellings. 
 
 
 
 
 
  
 

Figure 1. Green space and residential typologies graphed in N1 (left) and N2 (right) plans. 

N1 and N2 were built in different built periods related to energy requirements in Spain, so their 
buildings have different building characteristics as they had to comply with their energy 
regulation requirements for each built period:  

• N1 was built before 1979 (no energy regulation) when there weren’t any energy regulations 
for buildings.  

• N2 was built between 1980-2006 (CT-79 period) with the first standard energy regulation 
in Spain NBE CT-79 (Ministerio de Obras Públicas y Urbanismo, 1979) which appears 
after the 1970s energy crisis as in other countries.   

Infiltration rates were not regulated in Spain until 2019 (with the Spanish Building Code 
regulation) so the used values are based on previous studies (Feijó-Muñoz et al., 2019). There 
weren’t any IAQ regulations in any of the periods and all dwellings are naturally ventilated.  
Based on these envelopes’ energy requirements for each built period, two types of envelopes 
were defined for the simulation. The parameters that defined each one are presented in Table 1. 

Table 1: Used parameters and values for energy simulations 

Built period / 

Energy 

regulation 

Ufaçade / 

Uroof 

(W/m2K) 

Uglass / 

Uframe 

(W/m2K) 

Infiltrations 

 

(50Pa) 

Solar shading system Ventilation 

N1 

No energy 

regulation  

1.39a /  
2.9 

5.7 / 
8.5 

7 
Blinds with low 
reflectivity slatsb 

Calculated natural 
ventilation: 

Windows free aperture 
= 15% 

1AM- 8AM: 4ren/h 
9AM- 12PM: 0ren/h 

Cracks: medium 

N2 

CT-79  

0.73a / 
0.65 

3.5 / 
8.5 

7 
Blinds with medium 

reflectivity slatsb 

a This value considers the influence of thermal bridges, which worsen the façade transmittance (U) it by 30%. 
b They are considered to be in use (completely down) when solar radiation >150 w/m2 

2.3 Climate and Microclimate 

Pamplona has a Cfb climate (according to Koppen-Geiger classification), temperate without 
dry season, "oceanic" type.   Three weather files were used for energy simulations: climate 
series (IWEC2-based in climate series 1980-2010 of ASHRAE (ASHRAE, 2011)) and two 
extreme warm summers (2003 and 2022 - elaborated with available data from Government of 
Navarra weather stations (Gobierno de Navarra, n.d.-a)). The year 2003 registered two 
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heatwaves (20 days in total) the and year 2022 had three heatwaves (41 days in total) (AEMET, 
2022). Figure 2 shows a summary of outdoor temperatures for the three summers.  

 
Figure 2. Box-plots showing outdoor temperatures summary for the climate series and the extreme years (2003 

and 2022), during the simulation period (May to September).   

As the study involves an urban scale, assessing the indoor operative temperature considering 
the different microclimates through each neighbourhood, was considered fundamental. For this 
propose, Urban Weather Generator (UWG) software was used (Bueno, Norford, Hidalgo, & 
Pigeon, 2013).  
There are five key parameters to develop the microclimatic files through the UWG (Bueno, 
Norford, Pigeon, & Britter, 2011; Nakano et al., 2015):   

• Urban parameters: Urban area building plan density (site coverage ratio); Urban area 
vertical to horizontal ratio (facade to site ratio); Anthropogenic heat generation (other 
than from buildings-traffic).  

• Construction parameters: Albedo (roofs and soils); Emissivity (roofs and soils)  
This research did not only consider these key parameters, but also some others more detailed 
ones: average building height, urban ground covered in grass and trees, and vegetation albedo. 
The parameters were calculated for the area of each neighbourhood to which a buffer of 50 m 
perimeter was added (to consider the affection of their surroundings). 

2.4 Energy simulation and data analysis 

The eleven residential typologies were modelled with their corresponding envelopes’ 
parameters linked to their built period (Table 1). Each model was simulated for 8 different 
orientations. The considered simulation period was the one established by CIBSE TM-59 
(CIBSE, 2013): 1 May - 30 September. The simulations were carried out for the two extreme 
summer climate files (2003 and 2022) and for the climate series weather file (IWEC2). 
For each typology and orientation, results for two dwellings were obtained: one located on an 
intermediate floor (IF) and the other located on a top floor (TF) under the roof. Each dwelling 
was considered as a thermal zone because the scale of the research makes it unfeasible to 
analyse dwellings considering different thermal zones within them (Escandón, Suárez, Alonso, 
& Mauro, 2022) (f.e: living rooms and bedrooms). To accept this simplification, this work is 
based on previous studies which indicated that, when rooms do not have an active air 
conditioning system and the doors of all rooms are usually open (with the consequent 
circulation of air throughout the house) it is possible to consider the dwellings as one single 
thermal zone (Escandón, Suárez, & Sendra, 2019). 
For each dwelling, the monthly mean operative temperatures, monthly mean maximum 
operative temperatures and monthly mean minimum operative temperatures were obtained for 
the simulation period.  
Energy simulations were carried out by parameterization of building energy models developed 
in Design Builder and managed by a Python script (57,601 simulation combinations). 
Geographic Information System (GIS) was used to adjust the results to the real sample resulting 
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in a database of 1484 dwellings (N1 and N2) with the results of indoor operative temperature 
by climate weather file. 
3 RESULTS 

First of all, mean indoor operative temperatures (IOT) -considering or not microclimate for 
each neighbourhood-were compared through a TTest: differences between the three climate 
scenarios were found statistically significant (p < 0.05) in both neighbourhoods. It is important 
to note that the warmer the summer was, the greater this difference was (see Table 2).  

Table 2. Differences between mean indoor operative temperatures (ºC) considering microclimate or not 
considering it. 

Group Climate series 2003 2022 

N1. base* 23.08 (SD. 1.61) 26.01 (SD. 2.82) 26.64 (SD. 2.00) 
N1. microclimate* 23.22 (SD. 1.45) 26.95 (SD. 3.23) 27.94 (SD. 2.00) 
N1. Diff. 0.13 (0.15-0.11) p<0,001 0.93 (0.97-0.89) p<0,001 1.30 (1.32-1.27) p<0,001 

N2. base** 23.07 (SD. 1.59) 25.90 (SD. 2.73) 26.47 (SD. 1.96) 
N2. microclimate** 23.40 (SD. 1.26) 26.96 (SD. 3.17) 27.74 (SD. 1.96) 
N2. Diff. 0.32 (0.35-0.30) p<0,001 1.06 (1.11-1.01) p<0,001 1.30 (1.33-1.26) p<0,001 

Based on these results, the following analyses were carried out considering the effect of 
microclimate in the three climate scenarios. 
The mean indoor operative temperature resulted from the simulation with the climate series 
(1980-2010, IWEC2) and those obtained for extreme ones (2003 and 2022) showed an average 
difference of 4.1ºC between means (1980-2010 mean: 23.6ºC; 2003 mean: 27.3ºC; 2022 mean: 
28.1ºC). This difference was even greater when only considering the three warmest months 
(June-August), reaching an average difference of 5.3ºC between means (1980-2010 mean: 
24.5ºC; 2003 mean: 29.8ºC; 2022 mean: 29.9ºC).  
If the limit of 26ºC-established by the CIBSE TM-59 for bedrooms (CIBSE TM59, 2017)- was 
considered, the n indoor operative temperature in summers with heatwaves exceeded this 
threshold (especially when only considering the three warmest months), while the mean indoor 
operative temperature derived from the simulation with the climate series was below it (see 
Figure 3).  

 
Figure 3. Box-plots showing the differences between indoor operative temperatures for the climate series and the 

extreme years (2003 and 2022), during all the simulation period (left) and during the warmest months (right). 
Monthly mean temperatures per group data.   

A multilevel mixed-effects linear regression was developed to relate the dependent variable 
(IOT, ºC) and the five independent variables analysed (built period, floor level, orientation, 
window area and number of orientations). This analysis was carried out for mean, maximum 
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and minimum temperatures. The most relevant results were found in the mean maximum 
temperatures (Table 3). 

Table 3. Adjusted* monthly mean maximum indoor operative temperatures (ºC) according to different building 
parameters. 

 Climate series 2003 2022  

Parameters** 
Beta 

Coef. 

[95% Conf. 

Interval] 

Beta 

Coef. 

[95% Conf. 

Interval] 

Beta 

Coef. 

[95% Conf. 

Interval] 
p value 

Built period  

No regulation (N1) 
 
0 (Ref.) 

  
0 (Ref.) 

  
0 (Ref.) 

  

CT-79 (N2) +0.20 (+0.18 to +0.21) -0.17 (-0.19 to -0.16) -0.37 (-0.38 to -0.35) <0.001 
Floor level        
Top floor 0 (Ref.)  0 (Ref.)  0 (Ref.)   
Intermediate floor +0.31 (+0.29 to +0.32) -0.20 (-0.22 to -0.18) -0.40 (-0.42 to -0.37) <0.001 
Orientation        
N/ NE / NW 0 (Ref.)  0 (Ref.)  0 (Ref.)   
S / SW / W +0.20 (+0.19 to +0.21) +0.38 (+0.37 to +0.40) +0.44 (+0.42 to +0.46) <0.001 
E / SE +0.13 (+0.11 to +0.14) +0.06 (+0.05 to +0.08) +0.03 (+0.00 to +0.05) <0.001 
Window area        
≤ 4m2 0 (Ref.)  0 (Ref.)  0 (Ref.)   
>4m2 +0.16 (+0.15 to +0.17) +0.39 (+0.37 to +0.40) +0.31 (+0.29 to +0.32) <0.001 
Nº orientations        
1 orientation  0 (Ref.)       
> 1 orientation  -0.40 (-0.41 to -0.37) -0.33 (-0.35 to -0.30) -0.83 (-0.04 to -0.12) <0.001 

*Results are adjusted for all the variables in the table using a multilevel mixed effects linear regression.  
 
Among the five independent variables, all of them had a statistically significant relationship 
with indoor operative temperature in the three climate scenarios (p<0.05). The temperature 
differences between the reference categories and the rest of the categories of each building 
parameter are, in general, strengthened in warm summers compared to those derived from the 
climate series. 
Regarding the relationship between mean maximum indoor operative temperature and the built 
period (according to energy standards), the dwellings built in CT-79 period (1980-2006), 
presented higher average maximum indoor operative temperature than those built in no energy 
regulation period (before 1979) for the standard climatic series. However, in extreme warm 
summers, this difference was reversed and the newer dwellings (no energy regulation period) 
had lower mean maximum temperatures (-0.37ºC less in 2022). 
Considering the relation between mean maximum indoor operative temperature and floor level 
(studying differences between apartments located in the intermediate floor and in top floor), 
intermediate floors presented lower indoor operative temperature than those located on top 
floors in warm summers with heatwaves (-0.40ºC less in 2022).  
Regarding the orientation of main facades, the highest mean maximum indoor operative 
temperature was found in dwellings facing south, west and southwest, especially in the warmest 
summer (+0.44ºC more in 2022 than those with main orientations in north, northeast and 
northwest). 
The size of the window area showed that the bigger it was, the higher mean maximum indoor 
operative temperature was found in dwellings.   
Having more than one orientation in the dwelling (so there is higher potential for cross-
ventilation), reduces the mean maximum indoor operative temperature by 0.83ºC compared to 
dwellings with only one orientation in the warmer summer.  
Figure 4 shows the mean maximum indoor operative temperature in the warmest month of the 
simulation period (August) on the plan of studied neighbourhoods. The temperature ranges have 
been established every 2ºC with the lowest limit in 26ºC (fixed limit established by CIBSE for 
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bedrooms (CIBSE TM59, 2017)). Temperature differences between floors and orientations are 
particularly noticeable in the oldest neighbourhood (N1). 
 
 
CLIMATE SERIES 

 
2003 

 
2022 

 
 

Figure 4. GIS plan with maximum average indoor operative temperature in August for 2022 weather files 
considering microclimate (left: N1; right: N2) 

4 DISCUSSION 

Due to the urban scale of the study - neighbourhood level- two simplifications were considered: 
the dwellings were considered as a single thermal zone and the temperature results were 
monthly.  
The analyses of indoor operative temperature in relation to building parameters were aligned 
with previous studies. Other articles found higher overheating in dwellings located on top 
floors: one showed that top floors were warmer than first floors during more than 50% of 
summer hours (Sharifi, Saman, & Alemu, 2019); another based on CIBSE assessment 
demonstrated that top floor apartments failed all the criteria while those located in intermediate 
floors passed (Gamero-Salinas, Monge-Barrio, & Sánchez-Ostiz, 2020); and a third one which 
analyses mean indoor temperatures found that apartments in top floors had a mean temperature 
1.2ºC higher than in other floors (Vellei et al., 2017). Other studies also found that the worst 
orientation in relation to overheating was South and/or West: one found a statistically 
significant difference between indoor overheating hours (IOH) in different orientations with the 
highest percentage in S and W orientations (Nebia & Aoul, 2017); another found 1.5%-2% 
higher IOH in south-facing rooms than in north-facing rooms (Tian, Zhang, Deng, & 
Hrynyszyn, 2020). Regarding number of orientations (related to the potential of ventilation), 
other studies verified the influence of cross-ventilation in meeting CIBSE TM-59 criteria (Botti, 
Leach, Lawson, & Hadjidimitriou, 2022); another research, conducted in the north of Spain, 
concluded that the residential typology with better temperatures was the one that had double-
orientation that allow crossed ventilation(on average, 1ºC less than the rest of the dwellings)  
(Figueroa-Lopez, Arias, Oregi, & Rodríguez, 2021). Window size is also a factor that has 
revealed a significant relation with indoor temperatures: other studies reinforce the idea that the 
larger the window area is, the more it contributes to the indoor overheating problem 

 < 26ºC  26-28ºC   28-30ºC  > 30ºC 
Intermediate floors Top floors Intermediate floors Top floors 
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(Vardoulakis & Heaviside, 2012); a monitoring study in the north of Spain, concluded that 
dwellings with a window area larger than 4m2 were almost 3 times more likely to experience 
IOH than those with smaller window area (Arriazu-Ramos, Bes-Rastrollo, Sanchez-Ostiz 
Gutierrez, & Monge-Barrio, 2022). 
Future research should consider these results to propose strategies from the design (at urban 
and building level) to the occupants’ behaviour in order to improve indoor thermal conditions 
throughout the summer periods.  
5 CONCLUSIONS 

This study presents a comparative analysis of dwellings’ indoor operative temperatures (IOT) 
for a typical summer (climate series 1980-2010, IWEC2) and two extreme warm summers with 
heat waves (2003 and 2022). This research quantifies the influence of microclimate and 
building parameters (floor level, orientation, window area and number of orientations) on 
dwellings’ indoor operative temperatures. The analyses are based on simulation results for 
dwellings in two neighbourhoods with different urban morphologies and built periods related 
to different energy regulations in Spain. 
The difference between considering the effect of microclimate on indoor operative temperature 
and not considering it was statistically significant (p<0.05). The indoor operative temperature 
was higher when microclimate was considered: this difference was greater when the summer 
was warmer, reaching a difference between means of 1.3ºC in 2022. 
The results obtained for the extreme warm summers showed higher indoor operative 
temperature (difference of 4.1ºC on average) than those obtained for the climate series. The 
indoor operative temperatures in summers with heatwaves exceeded the limit of 26ºC, while 
the temperatures derived from the simulation with the climate series were below it.  
Regarding the assessment of the influence that building parameters (built period, floor level, 
orientation, window area and number of orientations) have on indoor operative temperature, 
was statistically significant (p<0.05). Dwellings in the older neighbourhood (built before any 
energy regulation), located on top floors, with one orientation and with windows area bigger 
than 4m2 had the highest indoor operative temperature. The most favourable orientations for 
summer were N-NE and NW. These results were strengthened in extreme hot summers with 
heatwaves compared to those derived from the typical climate series. The differences in indoor 
operative temperature in relation to building parameters were more pronounced in the older 
neighbourhood. 
The indoor overheating evaluation of dwellings in different climatic situations showed that, 
even in temperate climates with mild summers, it is important to assess temperatures through a 
summer with heatwaves and considering microclimate in order to analyse dwellings’ real 
behaviour to high temperatures. Besides, the building parameters assessment allows to identify 
the key building parameters for the future objective of designing passive measures to adapt 
dwellings to warming conditions and to help policymakers to prevent the risk of overheating 
within cities, especially during heatwaves.  
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ABSTRACT 
 
The presentation provides a brief overview of the current situation and a roadmap for decarbonizing the building 
stock under the context of EU directives. It also discusses how it could be implemented into Spanish building 
regulations. It examines the evolution of energy and emissions indicators and how they can help tackle the 
electrification of uses, generalized on-site energy generation, energy storage or building interaction with the grid. 
Several aspects of indoor air quality are involved in these challenges, including the increasing share of energy use 
due to ventilation and infiltration as well as the greater prevalence of energy recovery and free cooling capable 
systems. Further, additional questions arise from the differences in the scenarios used for energy efficiency and 
IAQ evaluation.  
 

KEYWORDS 
 
Decarbonization, roadmap, IAQ  
  
1 INTRODUCTION 

 
This article aims to provide a current overview of the decarbonisation process between now 
and 2050 in the European framework, and its transposition into Spanish energy policy and 
regulations, paying particular attention to those aspects related to building ventilation and 
indoor air quality. 
 

1.1 European strategy for the decarbonisation of the building stock 

The current revision of the Energy Performance of Buildings Directive 2010/31/EU [1] 
(EPBD) establishes a scenario for the decarbonisation of the European building stock by 
2050 with the aim of mitigating climate change by reducing greenhouse gas emissions.  It 
sets a target for all new and existing buildings to be zero-emission buildings by 2050, as 
well as a number of intermediate milestones, such as those committed to in the so-called 
European Green Pact [2], a consequence of the Paris Agreement, with a 55% reduction in 
net greenhouse gas emissions by 2030 compared to 1990 levels, and a further intermediate 
level by 2040. 

 
The baseline scenario for the EU building stock from which to reach this target is as fo-
llows: 
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▪ 40% of the EU's final energy and 36% of its emissions are accounted for by buil-

dings, 
▪ 75% of the building stock is inefficient according to current building standards, 
▪ buildings are responsible for about half of the primary fine particulate matter 

(PM2.5) emissions in the EU, leading to premature deaths and illness. 
 

With this starting point, the European strategy to decarbonise the building stock is based 
on increasing the rate and depth of building renovations, especially of the most inefficient 
building stock, as well as improving information on energy efficiency and sustainability, so 
that this information enables end-users and technicians to make more climate-friendly de-
cisions. 
 
In order to achieve this global objective of climate neutrality, aspects such as the definition 
of a zero-emission building must be specified. According to Article 2 of the Directive 
itself, a zero-emission building is a building with a very high energy efficiency (determi-
ned in accordance with Annex 1, which states that it shall be expressed by an indicator of 
primary energy consumption per unit area per year [kWh/m2]) in which the small amount 
of energy that is still needed is fully covered by energy from renewable sources generated 
on-site, from a renewable energy community or from a district heating and cooling system 
in accordance with the requirements of Annex III.   
 
Therefore the relationship between those defined so far by the EED as nearly zero-energy 
buildings (NZEB) and zero-emission buildings is that in the latter all the energy used must 
be from renewable sources, whereas previously it had to be the majority. 
 
Other aspects of the decarbonisation strategy (as set out in the proposal to amend the 
Energy Efficiency Directive [3] and in Directive 2018/2001 on the promotion of the use of 
energy from renewable sources [4]) involve the generalisation of renewable production, ta-
king into account the potential of buildings and on-site production, the transformation of 
mobility, which is also closely linked to buildings, the energy supply networks, which in-
teract with buildings, especially the electricity grid, the potential for energy storage, etc. 

 
1.2 Decarbonization milestones  

The strategy and framework established by the directive on the energy efficiency of buil-
dings is specified in milestones and requirements such as that new buildings must be zero-
emission buildings by 2027, in the case of public buildings, and by 2030, in all other cases. 
 
In addition, existing buildings must become zero-emission buildings by 2050, with inter-
mediate energy efficiency targets to allow a progressive approach. 
 
The following table shows the entry into force and expected scope of these intermediate 
requirements, called MEPS (Minimum Energy Performance Standards): 
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Table 1: Range of energy efficiency scenarios for existing buildings at the intermediate milestones (MEPS) 

 Commission Approved 

Proposals by   

15 december 2021 (3) 

European Parlament 

Amendments  

 

European Council 

Amendments 

 

Public properties 

buildings 
F in 2027        E in 2030 E in 2027          D in 2030  

Non residential 

private buildings F in 2027        E in 2030 E in 2027          D in 2030  

Residential private 

buildings F in 2030        E in 2034 E in 2030          D in 2033  

Residential 

buildings 
  D in 2033        B in 2040 

Non Residential 

buildings   15% worst in 2030 
25% worst in 2034 

 
2 DECARBONISATION IN SPANISH REGULATIONS 
 

2.1 Technical Building Code (Código Técnico de la Edificación, CTE) and Energy 

Certification of Buildings (Certificación energética de edificios, CEE) 

Spanish regulations incorporate the latest updates of the European Directive until 2021 and 
are currently in the process of revision to adapt them to the latest revisions of the EPBD. It 
is foreseeable that an update of the affected standards may be published during 2024. 
 
Within the state regulatory structure related to building, we have different documents and 
procedures that allow the total transposition of the European directive, setting the 
objectives established in it: 

 
1.  Within the Spanish Technical Building Code, the Basic Document on Energy Saving 

(DB-HE) (RD 314/2006) (4) is the one that develops and transposes a large part of the 
objectives of the EPBD.  

      
It is the technical standard applicable to newly constructed buildings and existing 
buildings when certain interventions are carried out in them, and aims to ensure that 
adequate conditions of habitability and comfort of its occupants are achieved by making 
rational use of energy, reducing its consumption to sustainable limits and ensuring that a 
large part of this consumption comes from renewable sources. 

 
The DB-HE sets, in relation to energy consumption, two global indicators, evaluated 
following the calculation methodology established in the UNE-EN ISO 52000-1:2019 
Overall assessment of the energy performance of buildings. Part 1: general framework 
and procedures: 
 

▪ the total primary energy consumption (Cep,tot), which limits the total energy 
needs of the building, including energy from renewable sources. 

▪ primary energy consumption from non-renewable sources (Cep,nren), which limits 
the use of non-renewable resources. 

 
The calculation of these indicators has to be done with hourly calculation procedures 
and so far only the consumed resources are evaluated (step A in terms of EN ISO 
52000-1) and the positive impact of energy export to the grid is not taken into account 
(grid export factor k_exp=0). 

 

2.  On the other hand, the Energy Certification of Buildings (EEC), developed in Royal 
Decree 390/2021, of June 1, approving the basic procedure for the certification of the 
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energy efficiency of buildings [7], is established as an instrument of information to the 
end user, without prescriptive value. It shares calculation methodology with the DB-HE, 
and uses as main indicators: 
▪ CO2 emissions in the use phase of the building 
▪ the consumption of primary energy from non-renewable sources (C_ep,nren), 

which shares with DB-HE 
      

3. Finally, the Long-term Strategy for the Energy Rehabilitation of the Building Sector in 
Spain (ERESEE) [8], which was last updated in 2020, addresses the rehabilitation of the 
existing building stock by setting a roadmap with intervention scenarios, concrete 
measures and progress evaluation indicators to achieve the energy rehabilitation of the 
building stock and the decarbonization of the sector by 2050. It is currently being 
revised and transformed into a National Building Rehabilitation Plan (PNRE), the draft 
of which will be presented in 2025. 

 
2.2 Evolution of technical regulations 

In the roadmap towards decarbonisation, the evolution of Spanish regulations proposes to 
establish the following lines in line with the objectives of the EPBD: 
 

▪ Progressive adjustment of the primary energy consumption limits already 
established in line with the zero emission buildings targets. 
 

▪ Incorporation of global CO2 emissions through LCA (Life Cycle Assessment). The 
current adjustment of the energy efficiency of the building in its use phase due to 
the development and implementation of energy saving regulations, means that it 
represents a smaller and smaller percentage of the total CO2 emissions related to 
the building from the cradle or construction cycle (choice of materials, systems, 
origin of products and transport, etc.) to its demolition or demolition. Thus, the 
revision of Directive 2010/31/EU on the energy performance of buildings 
establishes the Global Warming Potential (GWP) of buildings, which must be 
calculated in accordance with standard EN 15978:2011. Sustainability in 

construction. Assessment of the environmental performance of buildings.   
Calculation methods (9), and to be incorporated in energy certificates for new 
buildings between 2027 and 2030. 
 

▪ Electric vehicles are expected to play a crucial role in decarbonization as well as the 
use of soft mobility, to which building codes are already contributing and should 
continue to do so by: 
- the implementation in buildings of charging infrastructure in parking lots 

(through the obligation of pre-wiring, for example, and the minimum number 
of charging points in relation to the total number of parking spaces) 

- establishing requirements for a minimum number of parking spaces for 
bicyclesElectric vehicles are expected to play a crucial role in decarbonisation 
as well as the use of soft mobility, so building codes are already contributing 
and should continue to do so through. 

 
▪ The disappearance of fossil fuel systems by 2030, prohibiting their sale and 

installation. 
 
▪ Electrification of building uses and services (EPB uses) and decarbonisation of 

supply networks.  The implementation in the regulations of the possibility of 
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exporting on-site renewable electricity production for evaluation within the energy 
efficiency of the building (kexp=1), will favour and feed back into the use of 
electrical systems that meet the demands of the EPB uses of the building and allow 
the amount of energy they still need to use to be fully covered by energy from 
renewable sources. 
Taking into consideration the export factor to the grid (kexp) will imply a 
modification of the interaction of the building with the grid, which will affect the 
possibility of self-consumption of the building itself and the possibilities and 
facilities for thermal and electrical storage, which in the case of the electric vehicle 
can establish an interaction with the building as a recharge battery in one direction 
or the other. 

 
3 DECARBONISATION AND ITS RELATION TO BUILDING VENTILATION  

 
3.1 Ventilation and energy impact 

3.1.1 The weight of ventilation and infiltration in energy demand 

With the progressive increase in insulation levels required by regulations and the growing 
use of renewable inputs in services such as DHW, the exchange of air with the outside is 
having an increasing impact on the energy performance of the building. It is therefore 
important to adjust ventilation flow rates to the actual conditions of use, control air 
infiltration, use heat recovery and air treatment strategies or take advantage of free cooling 
possibilities by controlling ventilation.  
 
The following graph shows the impact, in terms of consumption, of different ventilation 
flow rates and the use of heat recovery units in a residential building located in Madrid, a 
D3 climate with a heating degree-day (HDD18) of 2225 and a cooling degree-day 
(CDD25) of 175: 

 

 
Figure 1: Graph of analysis of energy consumption broken down by services for a 
residential building in Madrid (D3 climate zone). Qd: Design flow rate; RC: Heat 

recovery unit. 
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3.1.2 Evolution of ventilation-related requirements 

Due to the significant impact on the building's energy performance of air exchange with 
the outside, partly derived from ventilation requirements, it is of vital importance to adjust 
and control the associated consumptions. 
 
In this line, in the evolution of the CTE DB-HE, work is being done on several fronts: 
1. Adjustment of ventilation flow rates and use of demand-controlled ventilation systems; 
2. Improving the airtightness treatment of the thermal envelope and the use of heat 

recovery systems and other ventilation techniques. 
3. Ventilation systems and retrofitting 

 
3.2 Adjustment of ventilation flow rates 

3.2.1 Discrepancies in the calculation of ventilation flow rates 

In the Technical Building Code [5] the energy model and the air quality model do not 
agree exactly in relation to the flow rates considered since: 
 
▪ There are differences between the volume of the habitable premises considered for air 

quality purposes (CTE DB-HS / RITE) with respect to the volume of the thermal 
envelope of the CTE DB-HE: within the thermal envelope there may be distribution 
spaces, lobbies, technical rooms, etc... that are not part of the dwellings, which 
normally have lower ventilation needs and, although their ventilation needs should be 
taken into account in a differentiated manner, the reality is that they are usually 
assimilated to the flow rates required for the living areas, not always ensuring the same, 
and increasing the ventilation flow rate of the building for the purposes of the energy 
calculation. 
 

▪ There are also differences in the use scenarios: the design flow rate for air quality 
control is set in relation to the maximum required flow rate and this is usually 
transferred mechanically as the representative average flow rate, again increasing the 
ventilation flow rate in the energy calculation. 
 

As a result, unnecessarily high levels of existing ventilation flow rates are often used for 
energy modeling, which tend to overestimate both the energy impact of such service and 
the potential savings derived from its control without any benefit in terms of air quality. 
 
It seems necessary to make progress in clarifying the calculation of ventilation flow rates 
to be used in the energy calculation and their relationship with those derived from air 
quality requirements. 

3.2.2 Demand-controlled ventilation systems  

Both CTE DB-HS and RITE establish their ventilation requirements to ensure the indoor 
air quality of buildings in performance terms, using CO2 as the main indicator, so that a 
precise adjustment of ventilation needs can be reflected in better energy performance. 
 
In recent years there has been a popularization and cheapening of ventilation equipment 
capable of adjusting effective ventilation levels to specific needs at any given time 
depending on occupancy levels or some pollutants, ensuring more reliable indoor air 
quality, making such a ventilation strategy feasible in more and more cases. 

 
However, it is still relatively common that design flow rates derived from constant 
ventilation flow systems are still considered in the energy calculation. The use of demand-
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controlled ventilation systems can be expected to play an important role in reducing energy 
requirements in buildings and there is a need to clarify how they should be considered for 
energy calculation purposes, especially in less complex buildings and with simplified 
assessment tools. 

 
3.3 Improved airtightness treatment 

3.3.1 Air tightness of the thermal envelope as an energy efficiency strategy 

As can be seen in the table, the air tightness values of the thermal envelope currently 
applied to new residential buildings are not particularly demanding. However, they have 
served to put on the agenda of the sector's technicians the importance of this parameter in 
controlling energy demand and avoiding the risk of undesirable infiltration levels from the 
comfort point of view. 

 

Table of air permeability requirements (n50) for new residential buildings of more than 120m2 of DB-HE1 

 
 

An important issue to take into account is that, in mild climates, as is the case in much of 
Spain, with a reduced thermal gap between indoors and outdoors, the energy performance 
of more demanding levels of air tightness may be low and its interest will depend on other 
aspects such as the characteristics of the ventilation system, passive strategies used, etc. 
 
While a higher level of infiltration is, in principle, favorable in terms of air quality, an 
excessive level is detrimental in terms of comfort and results in an unreliable supply of 
outside air. Moreover, in many climates, this uncontrolled air supply does not ensure 
minimum indoor air quality levels while maintaining a significant impact on the energy 
balance. 
 
On the other hand, for the sake of energy efficiency, we must assess the potential risks 
associated with the lack of air permeability of buildings taking into account that, especially 
in residential buildings, the level of maintenance of facilities is very poor and entrusting 
the entire indoor air quality to increasingly complex technical systems in operation and 
maintenance may be questionable. 

 
Thus, we believe that the indiscriminate tightening of the regulatory levels of airtightness 
of the building envelope is not advisable, having to evaluate the cases in which it is an 
appropriate strategy, but it seems necessary to improve the control of air permeability in 
some conflictive points of the envelope (passages of facilities, meeting of holes and walls, 
recessed boxes of facilities, etc ...) setting the obligation to adopt specific construction 
practices of detail in the execution of these elements, in order to minimize the problems of 
discomfort. 

3.3.2 Use of exhaust air heat recovery systems 

The reduction in regulatory levels of energy demand has made the advantages of reducing 
infiltration levels, to reduce the total air exchange with the outside, and the use of exhaust 
air heat recovery systems, to avoid energy losses due to air exchange, more interesting in 
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terms of economic and energy efficiency. In many climates this is already an essential 
strategy. 
 
When using exhaust air heat recovery it is very important to reduce infiltration levels to 
guarantee the energy efficiency of the heat recovery, to ensure that there is no significant 
air exchange outside the recovery equipment. 
 
Although all equipment already includes thermal bypass systems and current regulations 
provide for their availability, we must remember that, in many climates and for many 
conditions of use, this is a key aspect of the operation of a ventilation system with heat 
recovery, at the risk of worsening the energy performance. 
 
It would therefore be advisable to tighten the airtightness conditions in cases where heat 
recovery systems are used. 

3.3.3 Other ventilation-based energy efficiency strategies 

The need to ensure indoor air quality requires, in almost all cases, the use of technical 
systems capable of ensuring such performance. 
 
In addition to heat recovery, other ventilation techniques such as free cooling, the use of 
thermal bypass in the presence of recuperators, etc. also play a relevant role and, although 
we believe that their regulatory treatment is, in general, adequate, it is probably necessary 
to improve their knowledge on the part of technicians and facilitate their integration into 
energy calculation tools. 

 
3.4 Ventilation and building renovation  

The energy rehabilitation of residential buildings involves, in a large number of cases, the 
replacement of windows with higher quality carpentry and glazing, and also a lower air 
permeability. This often implies a reduction in the air quality of these residential spaces 
when it depends on infiltration, for example, in the absence of mechanical ventilation 
systems. 
 
In the case of tertiary buildings, as a result of the requirements derived from the COVID-
19 pandemic in relation to ventilation needs or as a result of interventions aimed at 
improving energy efficiency, there is often the introduction of mechanical ventilation 
systems, in many cases previously non-existent, including in many cases a system for heat 
recovery from the exhaust air. 
 
In both cases, the need to address simultaneously and in an integrated manner the energy 
and indoor air quality aspects is evident, making both requirements compatible, which can 
serve respectively as levers to improve both performances. 

 
Given the specific characteristics of building retrofitting, it is probably necessary to 
improve the knowledge of best practices and available alternatives through application 
guides and other tools, in order to facilitate the successful resolution of interventions and to 
take advantage of the opportunities they offer. 
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4 CONCLUSIONS 

 
In high efficiency buildings, the consumption linked to air transport and ventilation systems is 
significant and comparable to that of other services, so it is essential to advance along lines of 
adjustment of the required flow rates, facilitate the incorporation of new technologies when 
appropriate, improve the efficiency of existing systems and promote best practices. Air quality 
and ventilation technologies are closely linked to achieving the goal of climate change 
mitigation and must be addressed in an integrated manner, paying special attention to building 
renovation. 
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ABSTRACT 

This paper presents the results of an Indoor Environment Quality (IEQ) monitoring study (including relative 
humidity, temperature and IAQ in terms of indoor CO₂) in naturally ventilated dwellings (mainly based on vertical 
shafts and infiltrations) and the analysis of the data obtained. The aim of the study is to identify patterns that relate 
occupants’ ventilation behaviour to outdoor temperature and to increase knowledge of occupant’s perceptions of 
IEQ. The results could be used to improve ventilation models and building regulations.  
The monitoring was conducted in 12 apartments located in Madrid, Spain, with a cold semi-arid climate, over 
different periods ranging from 15 to 21 days. Occupants completed surveys providing information on their habits, 
occupancy patterns, ventilation operations and subjective perception of IEQ. 
According to the results, occupant behaviour is strongly influenced by outdoor temperature and could reverse the 
expected performance of the ventilation system. This influence could be significant enough to be used as a driving 
variable for a method of modelling human ventilation behaviour. 

KEYWORDS 

Natural ventilation; Occupant behaviour; Dwellings; Indoor air quality; CO2. 

1 INTRODUCTION 

The traditional way of ventilating dwellings in Spain was by natural ventilation based on the 
operation of windows and high levels of infiltration through the building envelope, 
particularly through windows and window-wall joints. In the middle of the last century, the 
use of vertical ventilation shafts in wet rooms of dwellings became widespread and is 
currently the most common ventilation system in existing dwellings. This dedicated 
ventilation system involves the removal of stale air from wet rooms, the circulation of air 
from dry rooms to wet rooms and the supply of fresh outdoor air to dry rooms by infiltration. 
Passive stack ventilation extracts stale air from wet rooms by thermal buoyancy (temperature 
difference between outdoor and indoor) and Venturi effect. Since 2006, the Spanish IAQ 
regulation DB HS3, Código Técnico de la Edificación (MITMA, 2019) establishes that the 
reinforcement of natural ventilation with a mechanical fan is mandatory in new dwellings.  
However, the performance of such ventilation system can be influenced by human behaviour. 
It is known that occupant behaviour is one of the most important drivers of IAQ, with studies 
monitoring specific actions such as opening windows or room doors (Calí et al, 2016; Fan et 
al, 2022; Liao et al, 2022; Navas-Martín, 2023).  
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It would be very useful to know, on the one hand, the real IEQ of occupied dwellings where 
occupants modify the operation of ventilation systems. On the other hand, it would be useful 
to identify parameters that help predict IEQ when it is influenced by the occupants' behaviour. 
This paper presents the results of the monitoring and analysis of 12 dwellings that are 
representative of the current Spanish residential building stock. It was found that outdoor 
temperature is the main factor influencing the ventilation behaviour of occupants, altering the 
efficiency of the ventilation systems installed in dwellings. 

2 METHODOLOGY 

In order to focus the scope of the study on a representative sample of the current Spanish 
residential building stock, dwellings were selected according to the criteria of Garcia-Ortega 
(Garcia-Ortega, Linares-Alemparte, 2015), based on data from the National Statistics Institute 
(INE, 2013) on the number of occupants, living area and number of bathrooms.  
All of the dwellings were apartments in high-rise residential buildings, located in an integrated 
urban environment, in the southern plateau of the Iberian Peninsula (city of Madrid) (see Figure 
1). Their ventilation systems were mainly based on natural ventilation, including occupant-
driven ventilation. The façades were traditional brick masonry cavity walls with thermal 
insulation.  

Figure 1 - Location of the monitored dwellings (black dots) and meteorological stations (red dots: belonging to 
the Spanish Meteorological Agency; blue dot: belonging to Madrid City Council) 

A total of 42 different rooms belonging to 12 dwellings were monitored (see Table 1). Most of 
the rooms were monitored twice: once in summer and once in winter, with a total of 72 
measurements between December 6th, 2017 and March 9th, 2020. All dwellings were occupied 
during the monitoring and characterisation phase. 

Table 1 – Monitored dwellings 

Dwelling 

code 

Year of 

construction 

(or main 

retrofit)

Year/month 

of measure-

ments 

Vertical 

shafts 

Permeability 

of envelope 

Number

of 

occupants

Occupant’s behaviour 

patterns (general 

surveys) 

01 1986 (2014) 17/12 
18/06 Yes low 2 Open windows 5’ in the 

morning 

02 2000 18/07 Yes high 4 
Open windows in function 
of outdoor temperature and 

thermal comfort 
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03 1956 (2000) 18/07 No medium 2 
Open windows 5’ in the 

morning; all night in 
summer 

04 1960 (2016) 18/07 
19/01 Yes low 4 

Open windows for a few 
minutes in the morning and 

afternoon. Open the 
windows a lot in summer 

05 1987 18/07 
19/12 Yes high 2 

Open windows 10 - 60’ in 
the morning; all night in 

summer 

06 1991 18/08 
18/12 Yes high 4 No specific habits 

07 1970 18/08 
20/03 Yes medium 2 

Open windows in the 
morning. In leaving room: 
open window all the day 

except in winter (in winter 
only open at night) 

08 1963 18/08 
19/02 Yes medium 2 No specific habits 

09 1956 
18/09 
18/11 
19/02 

No medium 1 

Open the bathroom window 
after showering, open other 

windows when feel it is 
necessary, usually once a 

day 

10 1982 18/09 
19/01 Yes high 2 

Open windows 10’ in the 
morning; in summer leave a 
small opening all day, and 
total open window at night 

11 1960 18/09 
19/03 Yes low 4 Open windows 5-10’ in the 

morning 
12 2011 18/10 Yes low 1 No specific habits 

The Köppen or Köppen-Geiger climate classification is BSk: Dry, Semi-Arid or steppe, Cold 
climate. In BSk climate, winters are cold or very cold, and summers can be mild or hot. Rainfall 
is low. It could also be considered as a continental climate. It can be found in temperate latitudes 
and far from the sea, such as in inland North America or the steppes of Central Asia. 
CO2 concentration, relative humidity (%) and temperature (°C) were monitored and recorded 
at 5-minute intervals using Rotronic CP-011 and Wöhler CDL 210 sensors and data loggers. 
These monitors were placed in dry rooms, mainly bedrooms and living rooms. In some 
dwellings, wet rooms (kitchens and bathrooms) were also monitored. The display screens were 
hidden so as not to influence the occupant’s behaviour. 
Integrated radon measurements (Bq/m3) were also carried out in potentially problematic 
premises, but no significant concentrations were detected.  
The correct operation of the shafts was checked using an anemometer and a capture hood model 
PCE-VA. 
All the collected data were subjected to an analysis process to eliminate possible measurement 
or collection errors. 
Meteorological data were obtained from stations 3195 and 3194U of the Spanish 
Meteorological Agency (AEMET) and from station 28079102 of the Integrated Air Quality 
System of Madrid City Council (Ayuntamiento de Madrid) (see locations in Figure 1): 
- Air temperature: hourly and average per day (°C).
- Relative humidity: hourly and average per day (%).
- Wind speed: average per day and gust (m/s).
General surveys were conducted to identify occupant’s behaviour patterns and motives that
could lead occupants to deliberately alter the operation of the ventilation system. In some cases,

558 | P a g e

Student Competition Paper



a short-period survey was conducted, in which recent and detailed information on ventilation 
operations was collected. 
Parameters related to the occupants, ventilation systems, construction factors and dwellings 
layout were also characterised. Occupant behaviour was analysed in relation to indoor CO2, 
outdoor and indoor temperatures, indoor relative humidity and average wind speed and gust. 
Statistical analysis was performed using R Software Version 4.2.0 (R Core Team, 2022). 

3 RESULTS AND DISCUSSION 

83% of the analysed dwellings have natural ventilation systems with exhaust shafts located in 
wet rooms in addition to infiltration through the building envelope. The rest of the dwellings 
have natural ventilation based just on infiltration through the building envelope. 
Meteorological variables such as outdoor temperature, atmospheric pressure and wind would 
be expected to be the most relevant driving variables and to have the strongest influence on 
the efficiency of natural ventilation and consequently on the indoor CO2 concentration. 
However, this is not reflected in the monitored CO2 results. 
According to the temperatures recorded (see Figure 2), which show an important 
indoor/outdoor temperature gradient in winter, stack passive ventilation due to thermal 
buoyancy should properly perform in this season. 

Figure 2 – Average outdoor temperatures recorded during the measurement periods for each dwelling at Station 
3194U: t_max: of the daily maximum, t_av: of the daily average, t_min: of the daily minimum; and daily 

average of indoor temperature in master bedroom. Dwellings are sorted by month of measurement.  

This would lead us to expect a higher ventilation rate (and lower concentration of CO2) in 
winter. However, the opposite occurred: monitored data showed a significant increase in CO2 
concentration in all rooms in winter compared to the concentration in summer. Average CO2 
concentration for each room within dwellings 01 to 12 is shown in Figure 3. Basic statistics of 
average concentration of CO2, number of occupants and living area per occupant are shown in 
Table 2.  
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Figure 3 - Average CO2 concentration. Red cross: for each room within dwellings 01 to 12. Black dot: per 
dwelling. Dwellings are displayed in the chronological ordered by month of the measurements. 

Table 2 – Basis statistics of number of occupants, average concentration of CO2 and living area per occupant. 

Variable Min. 1st Qu. Median Mean 3rd Qu. Max. 

Number of occupants per dwelling 1 2 2 2 4 4 
Living area per occupant (m2/occ) per dwelling 16.75 25.00 28.25 40.24 60.00 75.00 

Average CO2 concentration (ppm) per room 420 508.8 639 711.4 820.8 1729 

Wind and atmospheric pressure are usually recognised as other main drivers of natural 
ventilation. However, the analysis of the measured hourly values of wind and pressure 
difference between indoors and outdoors showed no correlation with concentration of CO2 or 
HR. The average values of wind and atmospheric pressure over the measurement periods can 
be seen in Figure 4.  

Figure 4 - Averages of the daily maximum and minimum outdoor pressure, wind and wind gust recorded during 
the measurement periods for each dwelling. Station 3194U. Dwellings are sorted by month of measurement. 

An example of the case with the strongest wind and wind gust that occurred during the 
measurement of dwelling 10 can be seen in Figure 5. The highest wind speed occurred in the 
afternoon of January 23rd, and remained around average values during the night and the 
following day. However, no significant influence on the indoor CO2 or HR concentration is 
observed. 

560 | P a g e



Figure 5 - CO2 concentration and indoor temperature in the master bedroom of dwelling 10. – Data from January 
23rd to 24th 2018 

After this, it was assumed that other variables may have been interfering onto CO2 
concentration values, such as the behaviour of the occupants. 
Some data of dwelling 01 are displayed in Figure 6 to Figure 9 and discussed below. The results 
are common to the rest of the case studies. 
Figure 6 shows the change in occupant behaviour between June 18th and 23nd in the master 
bedroom with the arrival of summer and the increase in outdoor temperatures. In particular, the 
minimum outdoor temperatures (see Figure 7) increased by almost 7°C during this period. Due 
to the increase in outdoor temperatures, the indoor temperatures also increased. After reaching 
an indoor temperature of 27.4°C on the night of the 21st, in the short-period survey the occupants 
reported keeping the interior doors completely open and some windows open for long periods, 
including at night, thus reducing the CO2 concentration. No clear influence of other variables 
such as wind was observed (see Figure 7). 

Figure 6 - CO2 concentration and indoor temperature in the master bedroom of dwelling 01. – Data from June 
18th to 23rd 2018 

Winter – 2 days of master bedroom 
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Figure 7 - a – Daily outdoor temperature: maximum, average and minimum. b – Daily wind average and wind 
gust. – Data from June 18th to 23rd 2018 

Figure 8 shows the CO2 concentrations measured between December 6th and 9th in the same 
master bedroom as in Figures 6 and 7. The occupants reported leaving the bedroom door open 
during the nights. However, in the short-period survey, they reported that the door was kept 
closed on the night from the 6th to the 7th. This resulted in a large increase in CO2 concentration, 
greater than the effects derived from the other studied parameters. In addition to this, on the 7th, 
8th and 9th, the occupants opened the bedroom window when they got up, which caused a rapid 
decrease in the concentration of CO2 and humidity. On the 6th, however, they did not open the 
bedroom window in the morning, so the room was ventilated more slowly just through 
infiltration and stack ventilation. 

Figure 8 - CO2 concentration, relative humidity and indoor temperature recorded in the master bedroom of 
dwelling 01. – Data from December 6th to 9th 2017 

In Figure 9 it can be seen that on the 6th and the 7th the lowest temperatures are reached, below 
zero, changing the ventilation pattern of the occupants during the night of the 6th and producing 
the highest CO2 concentration. The wind which occurs on the 9th (see Figure 10), does not seem 
to have a clear influence on the ventilation pattern neither the IAQ. 
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Figure 9 - a – Daily outdoor temperature: maximum, average and minimum. b – Daily wind average and wind 
gust. – Data from December 6th to 9th 2017 

This relationship between the concentration of CO2 and outdoor temperatures can be observed 
in all the monitored rooms. In view of the above analysis, it is assumed that this is due to the 
behaviour of the occupants. 
The behaviour of the occupants in relation to the outdoor temperature seems to be behind the 
reversal of the expected effect of the meteorological variables on the efficiency of the 
ventilation systems. The occupants hinder the operation of the ventilation system in winter by 
closing doors, making it difficult for air to flow from the dry rooms to the wet rooms, whereas 
in summer they favour ventilation by opening windows and doors. 
General surveys reveal a ventilation pattern based on opening the windows for 5 to 10 minutes 
in the morning and keeping them closed the rest of the time. Occupants tend to keep the 
windows open for longer periods when it is hot, not for ventilating but for providing thermal 
comfort.  
However, when the ventilation patterns of the general surveys are contrasted against the 
monitored CO2 concentration data, contradictions are found. 
Only when occupants report their recent behaviour in the short-period surveys, on the same day 
or the day before, ventilation operations and recorded CO2 match. 
According to the surveys and monitored data, the most relevant driving variable influencing 
ventilation habits of the occupants is the outdoor temperature: Higher outdoor temperatures in 
summer cause an increase in indoor temperature, and would lead occupants to adopt behaviours 
such as leaving windows open for long periods, particularly at night, to cool down their homes, 
indirectly improving IAQ. In contrast, lower winter temperatures would lead them to keep 
windows and doors closed for longer periods. These results are in line with the global 
expectations, but they far exceed them: the influence of outdoor temperature in IEQ through 
occupant behaviour enhances the expected performance of the ventilation system. 
In order to improve ventilation models, outdoor temperature could be used as a form of 
prediction of occupant behaviour. 
Figure 10 shows CO2 concentrations for different types of rooms in winter and summer.  
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Figure 10 – Boxplot of average concentration of CO2 per type of room in winter and in summer. Rooms: 1: 
Living/dining room; 2: Master bedroom, 3: 2nd Bedroom; 4: 3rd Bedroom; 6: Kitchen; 8: Bathroom; 9: 2nd 

bathroom;10: Other room, e.g. a Home office or Studio 

The motives of the occupants for ventilation, based on (Emmerich, 2001), are: 
- IAQ control, by diluting pollutants through the introduction of fresh outdoor air;
- Cooling of overheated rooms, by introducing cooler outdoor air;
- Modifying thermal sensation, by creating a draught;
- Cooling overheated rooms at night by introducing cooler night air during hot periods.
According to the results of this study, the motivations of the occupants include thermal comfort,
but not the control of IAQ reported by other authors, at least when IAQ is expressed as a
function of CO2 concentration at usual levels.

4 CONCLUSIONS 

The main driver of occupant behaviour in terms of actions that can modify ventilation rates and 
IAQ (such as window and door operation) seems to be thermal comfort rather than IAQ control 
itself, at least when expressed as a function of CO2 concentration. For practical purposes and 
statistical analysis, occupant behaviour in relation to IAQ could be considered as a function of 
average outdoor temperature. 
Unfortunately, occupant behaviour is not easily captured by general surveys. This leads to 
doubts about the representativeness of general surveys. Only short-period surveys in which 
recent and detailed operation is gathered can be taken into account, deriving into further 
representability. 
These observations may be useful to model the expected occupant ventilation behaviour in 
dwellings based on easily obtained variables such as outdoor temperature. This model is 
necessary to stablish the basis and guidelines for specific retrofit policies, initiatives, 
regulations, etc. for naturally ventilated dwellings. 
However, the results of the analysis could be extrapolated only to cases in the studied climate, 
with the same cultural background in relation to ventilation behaviour and with similar 
ventilation systems. Further research should be conducted to test the results in other climate 
areas and/or with other types of natural ventilation systems. 
The data reported by the occupants suggest that they modify the infiltration of the dwelling 
during the winter in order to avoid heat losses due to the infiltration of cold air. An approach to 
characterisation is left for a later study. 
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ABSTRACT 

 
With many existing Austrian school buildings to be renovated in the coming years, there are debates between 
stakeholders, about which ventilation strategy to pursue in existing schools. Therefore, different intervention 
strategies such as retrofitting ventilation systems, installing CO₂-monitoring signals, or raising awareness among 
teachers and students should be evaluated. This paper presents the preliminary results of the project “DIGIdat” on 
air quality measurements in the first quarter of 2023. The “as-is” indoor air quality situation in 36 classrooms in 
western Austria is assessed by comparing results between different classrooms and ventilation types. To gather 
information on indoor air quality, data is collected using multiple low-cost air sensors per classroom that are 
programmed and maintained by the students under scientific supervision. The citizen science approach helps to 
overcome the spatial barrier between the scientists and the measurement sites, with students being “responsible” 
for the continuous operation of their sensor kit. Altogether 15 sensor kits, distributed over three to four classrooms, 
are installed in each of the ten participating schools. The sensors measure CO₂-, fine particulate matter (PM), and 
volatile organic compounds (VOC) concentration as well as temperature and humidity. The sensor kits were 
positioned and started recording after finishing programming workshops, i.e., in January and February 2023 for 
most schools. Statistical analysis of the measured data (with varying sample size of approx. 10 to 20 thousand 
five-minute averages per category) was carried out utilizing the Welch t-Test and Mann-Whitney-U-Test for 
differences between window airing and ventilation systems. Significantly higher CO₂ and PM2.5 values were found 
with window airing compared to ventilation systems. Somewhat less significantly, humidity was also higher in 
classes with natural ventilation than with mechanical ventilation. In addition to that, a correlation analysis showed 
a dependency between average CO₂-levels in window-ventilated classrooms and average outside temperature, 
whereas this was not the case with classrooms equipped with ventilation systems. The same analysis comparing 
inside and outside PM2.5 concentrations showed also the mechanically ventilated classrooms have, probably due 
to fine particulate filters, lower ratios of fine particulate matter between inside and outside. Boxplots and 
correlation regression lines confirm graphically the data analysis results and highlight the conclusions. 
 

KEYWORDS 
 
Indoor Air Quality, Schools, Carbon Dioxide, Ventilation, Data Analysis  
 
1 INTRODUCTION 

 
In densely occupied rooms ensuring adequate indoor air quality, particularly in classrooms, can 
prove challenging. To address this issue and quantify its effects, the project "DIGIdat" was 
initiated. Currently, the authors are not aware of monitoring studies that investigated long-term 
air quality surveys in Tyrolean (Austria) schools. Therefore, it is crucial to determine the status 
quo and the effects of various interventions on indoor climate and air quality, especially 
considering that many schools are due for renovation and adaptation to meet new legal 
standards. This paper presents preliminary results from the first three months of data collection 
in participating schools. 
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"DIGIdat" is a citizen science project, with different stakeholders supporting the procedures 
and pupils from the investigated schools participating in the data collection and maintenance of 
sensors. The pupils are actively taking part in the scientific process as they help work out 
solutions and collect data. As it is difficult to maintain good information exchange with all of 
the children, the discussions and project contents are carried out in two workshops per year, 
containing an introduction to the topic, programming the sensor-kits, exploring their school 
building in a rally, and analysing the measured data (see Figure 1). In between the workshops, 
they take ownership of the sensor kits, meaning each team is responsible for the maintenance 
and takes regular records of the condition and function of their sensor kit. The second pillar of 
the citizen science approach is discussing results and possible intervention strategies in a 
stakeholder workshop including building owners, architects, HVAC designers, health experts, 
and public authorities. 
 
 

 
Figure 1: Citizen Science phases during the first year  

 
The measuring instruments, supplied by "senseBox" (senseBox, 2023a), comprise a 
microcontroller, various air-quality sensors, and a Wi-Fi module. A total of 150 measuring 
devices gather air-quality data in scheduled one-minute intervals, which are then transmitted 
live to OpenSenseMap, a platform for publishing and visualizing open environmental sensor 
data (OpenSenseLab, 2023). Following the as-is situation assessment, the project aims to 
implement different intervention strategies such as raising awareness, providing CO₂-based 
warning signals, automatic window openers, and retrofitting mechanical ventilation systems. 
Comparisons will be drawn between air quality before and after interventions as well as across 
different classrooms with varying ventilation modes. 
 
2 METHODS 

 
2.1 Collection of data 

 
About 137 of 150 sensor kits were programmed and positioned to measure temperature, 
humidity, volatile organic compounds (VOC), fine particulate matter (PM), and CO₂-levels. 
After sensor programming workshops with the pupils, mainly between November 2022 and 
February 2023, the sensor kits were positioned by the scientific project team in the different 
classrooms, mainly between December 2022 and March 2023. Therefore, different 
measurement durations (sample periods) are available for the different schools. The time 
intervals between measurements were set to one minute to achieve sufficient accuracy without 
generating unnecessarily large amounts of data. Due to data-transfer problems, the sample 
interval had to be increased temporarily to four minutes in several schools. With the one-minute 
time grid, the opening of doors or windows can be recorded well and a steep increase of e.g., 
the CO₂-levels, can be mapped reasonably accurately. The programming language used for the 
“senseBox” is a device-associated language based on “Blockly” (Wikipedia, 2019), which then 
is converted to “Arduino-Code” for compiling (senseBox, 2023b). As long as power supply is 
given, the devices save the measured data on a built-in memory card as well as load it onto the 
OpenSenseMap database using the matching API.  
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2.2 Positioning 

 
About three to four measuring devices were placed in each of the 36 surveyed classrooms. Some 
schools were partially equipped with ventilation systems. In these cases, an attempt was made 
to select the classrooms in such a way that an equal number of classrooms with and without 
mechanical ventilation are represented. An outdoor measuring device was also installed in each 
participating school. Additional sensors were placed in other rooms, such as teacher conference 
rooms, computer science rooms, pupil’s workshops, and also hallways which are connected to 
the surveyed classrooms. At least one of the devices in the classrooms and every outdoor device 
is equipped with a sensor for fine particulate matter. 
Measurements are taken at a height of approximately 110 cm, where the main activity is seated 
work, and at a height of 150 cm, where the main activity is walking or standing. This also meets 
the recommendations of ISO16000-1 (2004), although the sensors could not be placed off the 
wall (as also recommended by standards) as they should not interfere with school activity and 
need to be securely mounted in order to be “child-proof”. A highly air-permeable housing for 
the sensors was developed and 3D-printed as the standard mounting solution. The housings 
were attached to the wall with double-sided adhesive tape (see Figure 2). No effects on the 
VOC measurements by possibly outgasing tape glue were observed during respective tests. 
110 cm for seated work was chosen to match the head height of seated students. The outdoor 
sensors were mounted to the exterior wall in a weatherproof place with good exposure to natural 
air flow while avoiding the direct vicinity of windows and doors, where indoor air could 
influence the measurement when opened. 
 

 
Figure 2: Example of mounted measurement device (in 3D-printed housing) 

 
Inside the classrooms, the first measurement device is usually placed on the side of the 
blackboard, the second on the opposite side of the blackboard, and the third on the inner wall 
opposite the wall with the most windows. As most of the surveyed classrooms are built in a 
similar way, the positioning described could be achieved in almost all classrooms. In general, 
measuring devices were kept as far away as possible from windows, doors, sinks, and other 
point sources of pollutants. The particulate matter sensor was placed inside the housing 
according to manufacturer specifications (Sensirion, 2019). 
 
2.3 Sensors 

 
In this study, a set of low-cost sensors is utilized to monitor environmental conditions. The 
selected sensors include the Bosch BME680, which is capable of measuring temperature, 
humidity, and air pressure, as well as gas resistance, which is converted into breath-VOC 
equivalent (b-VOCeq) and a so-called Air Quality Index (not within the scope of this analysis). 
Additionally, the Sensirion SCD30 sensor was employed, which primarily measures CO₂-levels 
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but can also record temperature and humidity within the sensor. Lastly, the Sensirion SPS30 
sensor was used to measure fine particulate matter in the size categories of PM1.0, PM2.5, and 
PM4.0. This sensor automatically extrapolates the PM10 values from the other size categories. 
The sensor properties for b-VOCeq, CO₂, and PM2.5 are listed in Table 1. 
 

Table 1: Properties of sensors for b-VOCeq, CO₂, and PM 

Sensor Measurement Method Range Accuracy Source 

BME680 b-VOCeq
* Metal Oxide 

Semiconductor 0.5 – 1000 ppm** - (Bosch Sensortec, 2022) 

SCD30 CO₂ Nondispersive 
Infrared 400 – 10000 ppm ± 30 ppm (Sensirion, 2020a) 

SPS30 PM2.5 
Optical (light 

scattering) 0 – 1000 µg/m³ ± 10 % (Sensirion, 2020b) 
*calculated from correlation of typical VOCs to gas sensor resistance 
**min- and max-output (tested range not available) 
 
2.4 Underlying conditions 

 
The microcontroller and sensors take the measurements inside a 3D-printed housing with an 
acrylic glass lid (see Figure 2), which both were designed in the scope of this project. Since 
especially the microcontroller and the Wi-Fi module emit a non-negligible amount of heat, they 
are placed in a separate compartment of the housing. In addition, the sensors themselves 
generate a small amount of heat, which offsets the BME680's temperature readings by about 
0.5 - 1.5 °C above the “actual” temperature. This offset could not yet be quantified exactly, 
which is why the data was not adjusted in the following analysis.  
The selected classrooms are all of a similar height of approximately 2.7 - 3.5 meters and provide 
space for 15 - 25 students. Like in most Austrian schools, the students of the participating 
classes spend most of the school day in “their” assigned classroom, with the exception of e.g., 
sports, arts, crafts, or physics lessons. 
 
3 RESULTS AND DISCUSSION 

 
In order to combine the multiple sensor datapoints in a classroom into a common room average, 
the readings are resampled into 5-minute intervals based on their time stamp. As sufficient 
information on classroom occupancy was not available, only the time period between 9:00 and 
12:00 in the morning was analysed for the results presented herein. Within this timeframe, a 
full classroom occupation is very likely. In this sense, the results do not necessarily represent 
the average exposure concentration of the pupils. 
For evaluation, measured values are then averaged within their 5-minute interval. This means 
that regardless of how many sensors take measurements in this 5-minute period, the mean value 
is always taken from the available measured values of this particular room. This makes it easy 
to handle rough failures and bring the data into a meaningful grid to be statistically analysed. 
The following data analyses and graphics were calculated and created using Python 3.0 scripts, 
mainly with the libraries Pandas, NumPy, and Matplotlib. 
 
3.1 Significance 

 
In order to analyse the existing 5-minute averages of the individual rooms, they are presented 
statistically in the form of a boxplot. The following boxplots show the median, the 25th 
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respectively 75th percentile, and the whiskers, which end at the largest and smallest 
measurement within 1.5 times of the interquartile range. 

Figure 3: Boxplots of CO2 concentration measured between 9:00 and 12:00 during schooldays 

Figure 3 displays the boxplots of the CO₂ measurements for each classroom, sorted by 
'mechanical ventilation' (green) and 'window airing' (blue). The first bars of the categories show 
the analyses of all classrooms combined for each category. It is visible that classrooms with 
window airing show mostly a wider range concerning the CO₂ content than those with 
mechanical ventilation. 

The means of the underlying data are then checked for a statistically significant difference 
between window airing and mechanical ventilation. At first, it has to be examined, if the 
classroom averages are normally distributed. This is done using the Shapiro-Wilk-Test 
(Hedderich & Sachs, 2020). If the means are then confirmed to be normally distributed, the 
Welch t-Test (Hedderich & Sachs, 2020) can be a good choice for testing a significant 
difference, if not, the Mann-Whitney-U-Test (Spiegel & Stephens, 2018) can be more suitable. 
As it is not certain which is the better approach (Fay & Proschan, 2010) for the given 
measurement averages, the results of both tests are calculated and presented in Table 2. 
According to this statistical analysis, the CO₂-value is significantly higher with window airing 
than with mechanical ventilation (for details see Table 2). The chosen significance level for all 
tests is 5%. 

Figure 4 displays the fine particulate matter measurements (PM2.5) for each classroom. All 
classrooms, with one exception (see Figure 4, EG-04_F), are within an acceptable range, 
respectively below 10 µg/m³. The exception however consists of a classroom where only 20 
five-minute interval data points could be evaluated due to data transmission problems, and 
should therefore be interpreted with care. With the same approach as with the CO₂-values, a 
statistically significant difference was tested with PM2.5. Welch’s t-Test and Mann-Whitney-U-
Test show, PM2.5 levels are significantly higher in window-ventilated classrooms than in 
mechanically ventilated classrooms. 
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Figure 4: Boxplots of PM2.5 concentration measured between 9:00 and 12:00 during schooldays 

 
In terms of relative humidity in classrooms, measurements in window-ventilated classrooms 
are slightly higher than in mechanically ventilated classrooms and show a slightly wider spread 
towards higher values (see Figure 5). The analysis of the classroom averages results that this 
difference is statistically significant. All classrooms examined are inside the recommended 
range or have at least acceptable relative humidity, with some of the lower whiskers 
considerably in the range of unrecommended humidity.  
 
 

 
Figure 5: Boxplots of humidity levels measured between 9:00 and 12:00 during schooldays 
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In addition to that, also the calculated b-VOCeq levels were analysed and support that there is a 
statistically significant higher concentration of volatile organic compounds in classrooms with 
mechanical ventilation compared to those with window airing. This has not yet been 
investigated in sufficient detail, which is why the results cannot be presented or verified here. 
However, to complete the picture, the values are included in Table 2. 
 

Table 2: Significance of differences: window airing vs. mechanical ventilation (significance level 5%) 

Classroom Avg. Test-Variant p-Value Wt* p-Value MWU** Result 

CO₂ window airing > 

mechanical vent 0.0004 % 0.001 % very 
significant 

PM2.5 
window airing > 
mechanical vent 0.21 % 0.02 % very 

significant 

b-VOCeq 
window airing < 

mechanical vent 3.74 % 2.51 % significant 

Humidity window airing > 
mechanical vent 4.53 % 1.14 % significant 

*Wt … Welch’s t-Test 
**MWU … Mann-Whitney-U-Test 
 
3.2 Correlations 

 
A further investigation concerns the correlation between indoor and outdoor measurements. For 
this purpose, data pairs are generated that represent the average of the measurements over the 
time period from 9:00 to 12:00. Figure 6 displays these data pairs for fine particulate matter 
(PM2.5) and a regression line was created to show the trend of the highly variable data points 
for separate classrooms with and without mechanical ventilation. The band around the 
regression line represents the range within the root-mean-square deviation (short RMS, Spiegel 
and Stephens, 2018). This relatively small sample of data indicates a correlation between inside 
and outside PM2.5 values with a correlation coefficient for mechanical ventilation of 51.2% and 
for window airing of 65.3%. Both regression lines have a relatively high RMS. It can be said 
that this data seems to indicate the effectiveness of the particulate filters in ventilation systems. 
  

 
Figure 6: Correlation between avg. PM2.5 in 

classroom and avg. PM2.5 outside 

 
Figure 7: Correlation between avg. temperature 

outside and avg. CO₂-level in classroom 
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Figure 7 shows data pairs of the average outside temperature compared to the corresponding 
average CO₂-level. This correlation analysis shows a high dependency of the inside CO₂-level 
from the outside temperature in window-ventilated classrooms and almost no correlation in 
mechanically ventilated classrooms. This suggests that the colder it is outside, the less likely it 
is that occupants will adequately ventilate the classrooms if done by window airing. On the 
other hand, since most mechanical ventilation systems have heat recovery implemented the 
outside temperature plays a minor role given such a system. The parameters of the correlation, 
the regression line, and the root-mean-square deviation are listed in Table 3. 
 

Table 3: Parameters of correlation and the regression line 

Case Ventilation Interception* Slope* 
Correlation 

Coeff. 
RMS 

PM2.5 inside / 
PM2.5 outside 

Window Airing 0.61 µg/m³ 0.55 65.3 % 5.57 µg/m³ 

Mechanical Ventilation 1.07 µg/m³ 0.25 51.2 % 2.28 µg/m³ 

CO₂ inside / 
Temperature 

outside 

Window Airing 2123 ppm -56.9 ppm/°C -49.5 % 608 ppm 

Mechanical Ventilation 896 ppm -4.2 ppm/°C -7.1% 196 ppm 
*regression line in style of valueinside = slope × valueoutside + interception 
 
4 CONCLUSIONS 

 
This work, which is based on the preliminary measurement data of the project DIGIdat, 
examines various air quality parameters by means of statistical data analysis. The low-cost 
sensor kits used have been placed in 36 classes so far and measure temperature and humidity, 
as well as CO₂-levels, fine particulate matter (PM), and volatile organic compounds (here as 
b-VOCeq). Measurements were carried out at one-minute intervals, although due to problems 
with the database infrastructure, some classrooms had to temporarily be measured in four-
minute intervals. The aim of this study was to find statistical differences between classes with 
and without mechanical ventilation and to investigate correlations between outdoor air and 
classroom air. Higher concentrations of CO₂ and PM2.5 were found in classes with window 
airing confirmed by statistical significance. There also was a statistically significant lower level 
of humidity in mechanically ventilated classrooms. Statistical differences were tested with the 
Welch t-test and Mann-Whitney-U-test at 5% significance level. The correlation for 
mechanically ventilated classrooms showed that fine particulate filtering is statistically visible. 
However, PM2.5 concentration is low for all classes with median values well below 10 µg/m³. 
For window airing, a dependence of the CO₂-levels on the outside temperature can be found. In 
general, the colder the outside temperature the higher the CO₂ measurements, with CO₂ 
concentrations above 2000 ppm in several of the window-ventilated classrooms. The 
preliminary analysis indicates that mechanical ventilation as installed and operated in Austrian 
schools reduces CO₂ concentration significantly. The goal for further analysis is to expand the 
data set and generate clean data for further analysis, including temperature and b-VOCeq. 
Furthermore, the data failures are to be quantified and correlations to underlying conditions in 
the individual classes, such as class size, window orientation, etc., are to be established. 
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ABSTRACT 
 
Mass gathering events were closed in 2020 to reduce the spread of SARS-CoV-2. These events included music 
concerts, theatre shows, and sports matches. It is known, however, that the long-range aerosol transmission of 
pathogens, such as SARS-CoV-2, can be reduced with sufficient ventilation indoors. This paper examines the risk 
of reopening these mass gathering events by measuring the CO2 concentration, as a proxy for ventilation 
effectiveness, at 58 events, with a specific focus on small enclosed spaces with short occupancy. Toilets (sanitary 
accommodation) are spaces that are densely and continuously occupied for short durations throughout the events, 
such as during theatre intervals or half-time at sports events. The results showed that the average air quality in 
toilets was good at most events. There were, however, considerable peaks in CO2 concentration of up to 3431 ppm 
in toilets at times when occupancy was presumed high, indicating that the risk of exposure to exhaled breath, which 
may contain virus-laden aerosols, is higher in toilets than elsewhere in the venue (although occupancy duration 
will be much lower). Recommendations are provided to encourage building designers and operators to be mindful 
of the ventilation strategies used in toilets given their occupancy and size. 
 

KEYWORDS 
 
Indoor air quality; ventilation effectiveness; mass gathering events; CO2 monitoring; post-occupancy evaluation.  
  
1 INTRODUCTION 

 
Confined spaces with transient occupancies, such as toilets (sanitary accommodation1), have 
been identified as potentially high-risk areas for the transmission of airborne pathogens 
(Dancer et al., 2021; Malki-Epshtein et al., 2023). At mass gathering events, these enclosed 
spaces can be crowded with many people mixing in proximity for brief periods, such as 
during half-time at sports matches or during intervals at theatres (Adzic et al., 2022). This 
increases the risk of both short-range and long-range airborne transmission. Person-to-person 
transmission of pathogens is compounded in toilets by faecal particles entering the air by 
flushing toilets (Best et al., 2012; Cai et al., 2022; Knowlton et al., 2018). A possible faecal-

1 Sanitary accommodation is a space containing one or more flush toilets or urinals (HMG, 2021a) and are 
hereafter referred to as “toilets”. 
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oral SARS-CoV-2 transmission route has been identified (Guo et al., 2021) leading to toilets 
being considered a contact hub for community transmission of SARS-CoV-2 (Dancer et al., 
2021). 
 
Ventilation which introduces uncontaminated air into a space is an important mechanism to 
reduce long-range transmission of airborne pathogens, but in transiently occupied spaces the 
ventilation rates may not be adequate to introduce enough uncontaminated air during the brief 
period of dense occupancy to dilute or remove airborne pathogens (Dancer et al., 2021). In 
England, building regulations require sanitary accommodation to be ventilated at 6 l/s per 
toilet pan or urinal via extract ventilation to minimise the spread of water vapour and 
pollutants to other parts of the building (HMG, 2021a). The aim of the work reported in this 
paper was to measure the ventilation effectiveness of outdoor air in toilets at mass gathering 
events. The aim was achieved by measuring the carbon dioxide (CO2) concentration in the air 
of 11 toilets at three venues hosting 58 mass gathering events which were run as part of the 
UK Government Events Research Programme in 2021 (DCMS, 2021; HMG, 2021b). CO2 
concentration is used as a proxy for exhaled breath and allows for the rapid assessment of 
indoor air quality (Malki-Epshtein et al., 2023). 
 
2 METHOD  

 
The concentration of CO2 in the indoor air was measured in 11 toilets in three different 
venues at 58 live mass gathering events (Table 1). Toilets are of interest because they are 
usually spatially constricted areas that are densely occupied for brief periods during mass 
gathering events with potentially insufficient ventilation relative to the occupancy levels. The 
three venues (Table 1) hosted between 79 and 90,000 people at a variety of events. The 
snooker and football matches at the Crucible Theatre and Wembley Stadium were sporting 
events in which the games were played in two halves. This meant that there were three 
periods where toilets were densely occupied: (1) pre-event, (2) mid-event interval, and (3) 
post-event, although attendees were able to occupy the toilet at any time during the event. The 
music awards ceremony (BRIT Awards) at the O2 Arena was televised with frequent 
advertisement/commercial breaks of up to 15 minutes when presenters and performers would 
not be on stage. It was at these times that people were most likely to leave the auditorium to 
occupy the toilets, although they were able to visit the toilets at any time. The toilets were 
mechanically ventilated in all venues. This non-interventionist, observational monitoring 
study took place during a series of Events Research Programme pilot events which examined 
the risk of reopening due to long-range airborne infections after COVID-19 pandemic 
closures (DCMS, 2021; HMG, 2021b). 
 
Table 1: Names and details of venues monitored. 

Event Venue 
No. 

events 

Date 

(DD/MM/2021) 

No. 

toilets 

No. 

attendees 

(range) 

% 

capacity 

World Snooker 
Championships 

Crucible Theatre 46 17/04 to 03/05 6 79-862 8-88 

Music awards O2 Arena 1 11/05 3 3532 18 
Football matches Wembley Stadium 11 18/04 to 11/07 2 2700-

90000 3-100 
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CO2 concentration was measured at 2-minute intervals using non-dispersive infrared sensors 
(400-5000 ppm; ±30 ppm) that were calibrated prior to use and routinely auto-calibrated 
during operation (Malki-Epshtein et al., 2023). The sensors were placed on walls at a height 
of 1.6 to 2.3 m above the floor, and away from vents, doors, or windows. The number of 
sensors installed in each space varied according to the room geometry and volume, but 
typically there were 1-2 sensors in each toilet. 
 
CO2 concentrations are of interest because elevations above typical ambient levels (420-
500ppm) indicate exposure to exhaled breath, in the absence of other sources. The higher the 
concentration of CO2 above typical ambient levels, the higher proportion of indoor air that has 
been exhaled by the occupants of the space. Ventilation is the primary removal mechanism of 
CO2 in most spaces via dilution with outdoor air. Measurement of CO2 concentration, 
therefore, indicates the amount of ventilation of outdoor air being received in a space relative 
to the occupancy levels. 
 
Air quality classifications were used to classify each toilet by the measured mean average and 
maximum CO2 concentration during each event (Table 2). Average CO2 concentration was 
both the temporal and spatial average, whereas maximum CO2 was the single point in time 
with the highest CO2 concentration measured at one particular sensor location in the space. 
Each space was assigned a band, from Band A (high ventilation relative to the occupancy) to 
Band G (low ventilation relative to the occupancy). The bands were devised during the UK 
Government Events Research Programme to rapidly assess indoor air quality at mass 
gathering events (Malki-Epshtein et al., 2023). CO2 concentration alone does not indicate a 
risk of transmission of airborne pathogens (Iddon et al., 2022; Jones et al., 2021) but it does 
allow for the rapid assessment of ventilation effectiveness relative to the occupancy levels. 
 
Table 2: Air quality classifications and bands. 

Air quality classification Band 
Range of absolute CO2 

concentrations (ppm) 

At or marginally above outdoor concentration. A 400-600 
Target for enhanced aerosol generation (e.g., singing or aerobic activity). B 600-800 
Typical air quality design standards for offices. C 800-1000 
Medium air quality. D 1000-1200 
Design standard upper limits for most schools pre-COVID-19. E 1200-1500 
Priority for improvement. F 1500-2000 
Low ventilation and/or dense occupancy. Must be prioritised for 
improvement. G >2000 

 
3 RESULTS 

 
3.1 Air quality classifications for all mass gathering events monitored 

 
Analysing the spatiotemporal average CO2 concentration showed that the majority of toilets 
(96%) were in air quality Band A and Band B with the remainder (4%) in Band C and Band D 
(Figure 1). For maximum CO2 concentrations, however, air quality bands in toilets were in 
Band A and Band B for fewer events (76%) and whilst some toilets in some events were 
classified as Band E, Band F, and Band G, they were relatively small in number (5% of events) 
(Figure 1). This indicates that ventilation was generally sufficient given the occupancy levels 
in most toilets. 
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3.2 CO2 concentration time series profiles at different events 

 
A higher proportion of toilets are in air quality Band E, Band F, and Band G when classifying 
using maximum CO2 concentration than when using average CO2 concentration. This indicates 
that there are peaks in CO2 concentration at specific times that are not sustained throughout the 
event. This is evidenced by investigating plots of CO2 concentration against time (Figures 2-4). 
 
Crucible Theatre (snooker matches) 

 
At the Crucible Theatre, three distinct peaks in CO2 concentration were observed which 
corresponded to the event starting, during the interval, and at the end of the event (Figure 22). 
At other times, the CO2 concentrations reduced to reach a quasi-steady state as most of the 
spectators were inside the theatre auditorium during the event.  
 
Higher maximum and baseline CO2 concentrations were observed in three toilets in the Crucible 
Theatre (unisex toilet AS7, male AS8, and unisex AS9) compared to the other toilets in the 
same venue (Figure 2). These three toilets were located close to the main theatre auditorium 
entrance, whereas the others were on floors either below or above the main entrance. Event 
observers confirmed that the toilets by the main entrance (AS7, AS8, and AS9) were the most 
visited even though event managers communicated that there were alternative toilets available 
on other floors. Event average CO2 concentrations in all toilets close to the main auditorium 
entrance (first floor) were at least 32% higher than average CO2 concentrations in toilets on the 
ground and second floor. Male toilet AS8 showed particularly high CO2 concentrations relative 
to the other toilets, reaching a maximum concentration of 1600 ppm and being 400 ppm higher 
than the next highest concentration (Figure 2). 
 
It was also observed that the CO2 concentrations in toilets AS7, AS8, and AS9 did not fall 
below 600 ppm, even during periods assumed to be unoccupied. This is because extractor fans 
drew makeup air through toilet door grilles from densely occupied adjacent spaces in which 
maximum CO2 concentrations of 1303 ppm were recorded. 

2 The example of 3 May 2021 is provided as this is the event with the highest occupancy (88% of usual 
capacity), but the trimodal pattern was generally observed at all events at the Crucible Theatre. 

Figure 1: Air quality classification bands for toilets. 
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Figure 2: Measured CO2 concentration time series profile in six toilets in the Crucible Theatre at the World 
Snooker Championships on 3 May 2021. 

 
Wembley Stadium (football matches) 

 
At Wembley, CO2 concentration time series profiles were observed that were similar to those 
recorded at the Crucible Theatre with trimodal peaks before an event, at half time, and at the 
end of the event (Figure 3). These peaks were most pronounced at the high occupancy events 
but were observed even when the occupancy levels were significantly lower than usual (at 3% 
of usual capacity in a male toilet, Figure 3b; and 3% in a female toilet, Figure 3a). There were 
higher maximum CO2 concentrations recorded during the events with higher occupancy levels. 
In the female toilet, the maximum CO2 concentration was 68% higher at the 100% occupancy 
event compared to the 65% occupancy event (Figure 3c) and 154% higher in the male toilet 
comparing the 20% and 100% occupancy events (cf. Figure 3b and Figure 3d). Generally higher 
CO2 concentrations were observed in the male toilet compared to the female toilet on the same 
floor level at the same football match due to a greater proportion of males at these events. 
During the 100% occupancy events, the maximum recorded CO2 concentration was 3431 ppm 
in the male toilet versus 1320 ppm in the female toilet (i.e., 160% higher in the male toilet). 
The CO2 concentration remained continuously elevated above 1500 ppm (classed as a priority 
for improvement, Table 2) for periods in male toilets at all the football matches where the 
occupancy was greater than 65% (Table 3). 
 
Table 3: Comparing the occupancy to the longest continuous number of minutes where CO2 concentration was 
above 1500 ppm. 

Occupancy as a percentage 

of usual capacity (%) 

Minutes CO2 concentration >1500 ppm 

Before 

event 

First 

half 

Half-time 

interval 

Second 

half 

After 

event 

65 0 0 6 2 4 
72 32 0 15 6 16 
100 44 0 15 4 8 
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(a)        (b) 

  
(c)        (d) 

  

 
O2 Arena (music awards ceremony) 

 

Unlike the sports events held at the Crucible Theatre and Wembley Stadium, the music awards 
ceremony at the O2 Arena did not have a specific half-time interval, but instead a series of 15-
minute advert/commercial breaks because the show was televised. Toilet visits were more 
evenly spaced and this is reflected in the flatter CO2 concentration profile, which does not 
feature pronounced peaks during the event (Figure 4). Despite the significantly reduced 
occupancy (18% of usual capacity), the female toilet on Level 1 reached a maximum CO2 
concentration of 1169 ppm and was sustained above 1000 ppm for over two hours (Figure 4). 
The male toilets, located just next to the female toilets on Level 1, presented with a peak CO2 
concentration of 1100 ppm just prior to the event starting but then fell to an average below 750 
ppm during the event. Nonetheless, the CO2 concentrations recorded inside the toilets were 
considerably higher than those immediately outside the toilet (see queuing area, Figure 4). 

Figure 3: Measured CO2 concentration time series profile in six toilets during football matches at Wembley 
Stadium with varying occupancy levels: (a) being a low occupancy event (3 to 20%) in a female toilet; (b) low 
occupancy event (3 to 20%) male toilet; (c) high occupancy event (65 to 100%) female toilet; (d) high 
occupancy event (65 to 100%) male toilet. The dashed vertical line indicates the football match kick-off time, 
and the shaded region is the half-time period. 
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3.3 Effect of occupancy levels 

 
It has been demonstrated that higher occupancy levels drive an increase in CO2 concentration 
(Figure 3 and Figure 4), as this is the only significant factor believed to change between 
events (the ventilation systems were otherwise operated identically). At the Crucible Theatre, 
where CO2 concentration was monitored in toilets during 46 events from 8 to 88% of the 
venue’s usual occupancy capacity, the effect of occupancy on maximum CO2 concentration is 
apparent in all toilets, but especially the frequently visited toilets (those which are easily 
accessible due to proximity to the auditorium entrance: AS7, AS8, AS9) (Figure 5). At low 
occupancy events, e.g., around 10%, all maximum CO2 concentrations were below 800 ppm, 
but the trend line indicates maximum CO2 concentrations of over 2000 ppm might be 
expected in some toilets (AS8) at fully occupied events (Figure 5).  
 

 
Figure 5: Event occupancy versus maximum CO2 concentration in toilets at the Crucible Theatre. 

 
 

Figure 4: Measured CO2 concentration time series on Level 1 at the O2 Arena during the music awards 
event at 18% of usual occupancy capacity. 
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4 DISCUSSION 

 
The measurement of CO2 concentration in indoor air does not indicate the risk of long-range 
transmission of airborne pathogens, but it is a useful way of rapidly assessing the level of 
ventilation relative to the occupancy of a particular space. Most of the toilets were deemed to 
be sufficiently ventilated, but a small number were targeted for improvement using the 
maximum CO2 concentration as a performance metric. The proximity of the toilet to 
important areas in each venue, such as the main auditorium door in the Crucible Theatre, was 
also an important indicator of performance, with toilets proximate to these places more 
frequently occupied and so recording higher CO2 concentrations. This perhaps suggests the 
ventilation systems are undersized to cope with the short periods of very high occupancy. 
 
For structured events with a seated audience, it has previously been recommended that 
intervals are a useful means to reduce the CO2 concentration in the main event space (e.g., a 
theatre auditorium) because it provides a period of reduced occupancy during which the space 
can be ventilated whilst the occupant emission rates are lower before the space becomes 
occupied again (Adzic et al., 2022). For toilets, however, these intervals cause brief periods of 
high occupancy with maximum CO2 concentrations reaching 2250 ppm during half-time at a 
Wembley Stadium football match. This is compared to much lower, consistent CO2 
concentrations at the O2 Arena where toilets were visited throughout the event rather than just 
during the intervals. Whilst it would not be possible to introduce additional breaks in play in 
structured sports games, there may be other types of events where this is possible or, equally, 
the interval could be for a longer time to reduce the crowding that occurs in toilets with short 
interval durations.  
 
Most Events Research Programme pilot events were run at reduced capacity compared to 
normal operations, but Wembley Stadium hosted one full-capacity event (Table 1). The 
measured CO2 concentrations are influenced by both the ventilation provision and the number 
of occupants in the space. Reduced occupancy has a clear benefit in terms of maintaining 
lower CO2 concentrations in spaces (Figure 5) but running events at such reduced capacities is 
not economically viable. Venue operators should instead consider ways to better disperse the 
event attendees around the various toilets in the venue to avoid overcrowding in any particular 
toilet. At the Crucible Theatre, for example, venue operators changed some toilets to unisex to 
reduce overcrowding in the male toilets. Alternatively, additional temporary toilets could 
have been installed, providing they are located close enough to the main event space to be 
used. Designers of new buildings to host mass gathering events could consider adding 
additional toilets to reduce occupant density and providing more in locations where crowds 
are likely to congregate, although this will result in higher construction, maintenance, and 
cleaning costs. Building designers should carefully consider toilet location to ensure all are 
used evenly or those in the densely occupied areas are larger or provided with a higher 
ventilation rate. Ventilation designers should also consider where makeup air is being drawn 
from, to avoid air being drawn from densely occupied neighbouring spaces, potentially 
containing virus-laden aerosols. 
 
A limitation of this work is that not all events were run at full capacity. CO2 concentrations 
are likely, therefore, to be higher when returning to full capacity than was measured in most 
of these examples. It did, however, provide a useful and rare opportunity to compare events 
with different occupancy levels in the same venue. An additional limitation is that only CO2 
concentration was considered and so the risk of long-range airborne transmission cannot be 
made without further analysis (Iddon et al., 2022; Jones et al., 2021). This analysis will be a 
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feature of future work, as will the assessment of microbiological data (air and surface 
samples) which were collected alongside the CO2 measurements, but not presented here. The 
exposure time in toilets is likely to be low, as people do not tend to dwell there, so the risk of 
long-range transmission in toilets is likely to be low, irrespective of ventilation levels. 
However, there are other impacts of overcrowding that these data highlight, such as the scope 
for short-range airborne and fomite transmission in the relatively small toilet spaces. Neither 
of these factors were considered in this paper but will be addressed in future work. A key 
limitation of this work is that the exposure period of the occupants was unknown, but this has 
a great influence on the susceptibility of a person to infection from an airborne pathogen. 
Collecting data regarding this would be useful in future studies. 
 
5 CONCLUSIONS 

 
The mean average CO2 concentration in 11 toilets was indicative of ventilation that was 
sufficient relative to the occupancy levels at 96% of the 58 events. Investigation of the 
maximum CO2 concentrations, however, revealed that at some events there were intermittent 
periods of high CO2, which indicated poor ventilation relative to the number of occupants. This 
mainly occurred during half-time intervals at the snooker and football matches, particularly 
during the higher occupancy events, and in toilets closest to auditorium entrances. 
 
The key recommendations are summarised: 
 

1. Increase the ventilation rates or the room volume in toilets which are expected to be 
most frequently visited (e.g., those close to auditorium entrances). 

2. Increase the number of intervals, or their length in time, where possible, to spread out 
the occupancy of toilets over a longer period. 

3. Increase the number of toilets available to reduce crowding and group them in places of 
high occupant density. 

4. Change the admittance gender for some toilets if there is a predominantly male or female 
audience at a particular event. 

5. Consider where supply air to toilets is being drawn from and avoid doing this from 
densely occupied adjacent spaces. 

 
Future development of this work will consider translating the measured CO2 concentration to 
an estimation of the risk of long-range airborne transmission of pathogens such as SARS-CoV-
2 and will analyse the microbiological data measured at these events. 
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ABSTRACT 
 
Chile has 1,626 social housing complexes with a total of 350,880 dwellings. Several studies have demonstrated a 
low thermal performance and high air permeability of the envelope of social houses throughout the country, 
causing surface condensation on walls, high heat losses in winter and low levels of thermal comfort for their 
occupants. The presence of high levels of indoor pollutants and/or indoor humidity has also been observed, causing 
respiratory and cardiovascular diseases in the occupants. This highlights the urgent need to renovate social housing 
in Chile to achieve better standards of habitability, well-being and quality of life for its inhabitants. Current 
retrofitting programs for social housing focus mainly on reducing heat losses and condensation problems inside 
the dwellings, although they also include the installation of a mechanical exhaust ventilation system with natural 
air inlets. However, there is currently no evaluation of the performance of such ventilation systems in the country. 
In fact, we do not know if the natural air inlets provide the required airflow rates to the different living areas of the 
dwelling and how the airflow rates are affected by the airtightness of the building envelope and the natural external 
driving forces (wind and thermal buoyancy).  
 
This study has evaluated the performance of a commonly used mechanical exhaust ventilation system in a 
representative social house in Chile, for two sets of climatic data, using the airflow and contaminant transport 
calculation software CONTAM. It has highlighted the significant effect of the building airtightness and the natural 
driving forces, mainly the wind effect, on the performance of the ventilation system. For the house investigated in 
this research and considering a n50-value of 10h-1, the supplied airflow in one of the bedrooms is drastically reduced 
to almost the half of the value obtained for a perfectly airtight house when all the interior doors are open. When 
the doors are closed, the effect is even more pronounced. The decrease in the supplied airflows in the bedrooms 
leads to a significant increase in the CO2-exposure of the occupants. In the most unfavourable case analysed – n50 
of 10h-1 with closed interior doors – the child of the family spent only 35% of his time in an indoor environment 
with a CO2 concentration below 950 ppm.  
 
These results emphasize the need to work also on improving the airtightness of social housing for a better operation 
of the exhaust ventilation system. They contribute to a better knowledge of the performance of the ventilation 
systems currently installed in the renovation of social housing in Chile, as well as to the identification of ways to 
improve these systems so that they can guarantee sufficient indoor air quality to the occupants. 
 
 
 

KEYWORDS 
 
Mechanical exhaust ventilation, indoor air quality, social housing, airtightness, wind pressure.  
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1 INTRODUCTION 

 
According to the 2017 census, the total number of dwellings in Chile reaches 6.5 million. It is 
estimated that only 2% of the buildings meet minimum thermal performance standards (OECD, 
2014) and 66% have thermal comfort problems (RedPE, 2019). Social housing is not an 
exception. Chile has 1,626 social housing complexes built between 1936 and 2016, with a total 
of 350,880 dwellings. Several studies have demonstrated a low thermal performance and high 
air permeability of the envelope of social housing throughout the country, causing surface 
condensation on walls, high heat losses in winter and low levels of thermal comfort for their 
occupants (de la Barrera et al., 2021). The presence of high levels of indoor pollutants and/or 
indoor humidity has also been observed, causing respiratory and cardiovascular diseases in the 
occupants. Based on a post-occupancy evaluation carried out in social housing complexes built 
in 2013 in the city of Concepción, Gonzalez-Caceres et al. identified 76 apartments affected by 
damage produced by high moisture levels out of the 400 apartments evaluated. Inadequate 
ventilation was identified as one of the multiple causes of this situation (Gonzalez-Caceres et 
al., 2019).  
This highlights the enormous challenge and need to retrofit social housing in Chile to achieve 
better standards of habitability, well-being and quality of life for its inhabitants. Current 
retrofitting programs for social housing focus mainly on reducing heat losses and condensation 
problems inside the dwellings, although they also include the installation of a mechanical 
exhaust ventilation system with natural air inlets in accordance with the Chilean Ventilation 
Standard NCh3309 (INN, 2022). However, there is currently no evaluation of the performance 
of such ventilation systems in the country. In fact, we do not know if the natural air inlets 
provide the required airflow rates to the different living areas of the dwelling and how the 
airflow rates are affected by the airtightness level of the building envelope and the natural 
external driving forces (wind and thermal buoyancy). 
This study aims to evaluate by simulation the performances of a commonly used mechanical 
exhaust ventilation system in a representative social housing in Chile. Specifically, the effects 
of the airtightness level of the building envelope and the natural driving forces on the indoor 
air quality are assessed using the airflow and contaminant transport calculation software 
CONTAM for two different outdoor climate data sets.  
 
 
2 METHODS 

 
2.1 House description 

 
The investigated social house is a real one-story detached dwelling with a total floor area of 
43m², which is typical for a Chilean social house. The house has a living-dining room with an 
open kitchen, two bedrooms and a bathroom, as shown in Figure 1. Bedroom 1 is assumed to 
face north.  
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Figure 1: Plan and picture of the house investigated in this study. 

 
 
2.2 Climatic data 

 
The performance of the exhaust ventilation system was evaluated for two sets of climatic data 
(IWEC) corresponding to the two main cities in Chile: Santiago and Concepción. The wind 
speed in the IWEC data file for Santiago was modified to better match the data provided by the 
General Directorate of Civil Aeronautics for the period 2018-2022. Santiago, the capital city, 
is located in the central zone of Chile (~33°S), in the Central Valley, while Concepción is a 
coastal city located 500 km further south (~37°S). Both cities have similar average daily 
temperatures in winter, but different wind speeds and directions. The wind roses are shown in 
Figure 2 for the heating period considered in this study: from May 1 till September 30.  
 
 

  
  

Figure 2: Wind roses for the Santiago (left) and Concepción (right) climates (wind speed in m/s). 
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2.3 Exhaust ventilation system 

 
A mechanical exhaust ventilation system with constant airflow is assumed. Each bedroom and 
the living room are equipped with supply vents (also called ‘inlet vents’ or ‘trickle vents’) sized 
to provide 25 m³/h per person (category II in EN16798-1) (CEN, 2019) at 10Pa, considering 
two adults in the master bedroom, two children in the second bedroom and three people in the 
living room. The air is exhausted in the bathroom and in the kitchen with a total airflow equal 
to the total airflow supplied by the vents, in order to have a balanced ventilation system. As a 
result, the supplied airflow rates are: 50 m³/h for bedroom 1, 50 m³/h for bedroom 2, 76 m³/h 
for the living room; the exhaust airflow are: 50 m³/h in the bathroom and 126 m³/h in the 
kitchen. The location of the supply vents and exhaust fans is shown in Figure 1.   
 
 
2.4 Model and assumptions 

 
The simulations in this study used the multizone indoor air quality and ventilation analysis 
program CONTAM to evaluate the airflows, contaminant concentrations, and occupant 
exposure in the investigated building. It requires numerous input data to represent the elements 
of the building model, including air leakage paths (cracks, windows, doors), ventilation system 
elements (fans, vents), contaminant sources, etc. The main input variables are given below. A 
5-minute timestep was used for the calculation and 15 minutes for the outputs. 
In the absence of a detailed study of the distribution of air leakage in Chilean houses, it was 
assumed that air leakage is uniformly distributed over all vertical walls exposed to the ambient 
environment. Airflow paths were located at 3 different heights of each wall - top, middel and 
bottom - and modelled using the power law model with a flow exponent of 0.65. Three levels 
of envelope airtightness, expressed as air exchange rate at 50Pa (n50-values), were considered: 
10h-1 corresponding to the mean value for recently built houses in Chile, 5h-1, which is the 
current requirement applied in some cities where Air Quality Management Plans are in force, 
and 0h-1 as an ideal case. Interior doors were modelled based on a two-way flow model when 
open, and a 1cm high air gap under the door when closed. Supply vents were modelled as a 
one-way flow using a powerlaw with exponent n equal to 0.5. Figure 3 illustrates the developed 
CONTAM model.  
 

 
Figure 3: CONTAM model. 

 
The wind pressure on each building surface was calculated using wind pressure coefficients 
from the Swami and Chandra model (Florida Solar Energy Center, 1987) and a wind speed 

588 | P a g e

Peer Reviewed Paper



modifier coefficient to account for ‘suburban’ terrain. A constant indoor air temperature of 
20°C was assumed.  
The carbon dioxide emission rate from human respiration was calculated according to Persily 
(Persily & de Jonge, 2017), considering two 40-year-old adults, and 5- and 10-year-old 
children. The average values were: 18 L/h and 14L/h for the adults and children when they are 
awake, and 12 L/h and 8 L/h when they are asleep.  
Due to the lack of data at the national level, a daily occupancy profile was developed, specifying 
the location and activity of each household member in the dwelling at each timestep, as shown 
in Figure 4. A permanent occupation of the dwelling by family members was assumed. 
  

 
Figure 4: Occupancy profile. 

 
2.5 Indoor Air Quality criteria 

The evaluation of the performance of the ventilation system is based on the outdoor (fresh) 
airflow rates (AR) obtained in each room of the dwelling and the occupant’s exposure to carbon 
dioxide. Specifically, two CO2-related indicators commonly used in performance-based 
approaches were used in this study:  

- The cumulative exceeding exposure above 1000 ppm, assuming an outdoor 
concentration of 400 ppm 

- The percentage of time spent in four CO2 concentration classes (EN16798-1): < 950 
ppm, 950-1200 ppm, 1200-1750 ppm, > 1750ppm.    

 

Note: All average AR values mentioned in this paper are calculated per room based on all 

hours (occupied and unoccupied) of the heating period.  

 
3 RESULTS AND DISCUSSION 

 
3.1 Airflow rates 

 
Santiago 

Figure 5 illustrates the average AR over the heating period for the living room (‘Liv’), the 
master bedroom (‘bedr.1’) and the children’s bedroom (‘bedr.2’). When all interior doors are 
open, the average ARs are very close to the design values for a perfectly airtight house (n50=0 
h-1): 49 m³/h for both bedrooms and 77 m³/h for the living room. The instantaneous AR (15-
minute timestep) over the entire heating period fluctuates around the average values due to the 
effects of natural driving forces, mainly the wind forces, as shown in Figure 6. The effect of air 
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infiltration (n50=5 and 10 h-1) through the building envelope is different depending on the type 
of room. The living room is more affected by air infiltration than the bedrooms due to its higher 
heat losses area. In addition, the wind coming mainly from the south and southeast generates 
an overpressure on the facades of the living room, which explains the increase of the total fresh 
airflow with respect to the n50 for this room. On the contrary, the air infiltration for bedroom 2 
represents a lower fraction of the total fresh air (infiltration + ventilation), and this room is 
mostly exposed to under pressure due to the wind effects. Consequently, the total outdoor air 
supply is drastically reduced compared to the design value: from 50 m³/h to 28 m³/h on average, 
when n50=10 h-1. A higher variation of the instantaneous AR is observed for a leaky building 
than for an airtight one (Figure 7 versus Figure 6). 
 
 

 
Figure 5: Average airflow rates in the living room and bedrooms over the heating period. Solid lines indicate the 

case with open interior doors and dotted lines the case with closed doors.  

 

    
Figure 6: Frequency distribution of the outdoor airflow rates in the living room (left) and bedroom 2 (right). 

Perfectly airtight house, open interior doors. Vertical red line indicates the design airflow rate.  

 
 

    
Figure 7: Frequency distribution of the outdoor airflow rates in the living room (left) and bedroom 2 (right). 

Leaky house (n50=10h-1), open interior doors. Vertical red line indicates the design airflow rate.   
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When all the interior doors are closed, the above effects are further accentuated. For the house 
under analysis, the interior doors of the two bedrooms create an additional air resistance in 
comparison with the living room, which facilitates the supply of air through the openings of the 
living room (supply vent and cracks). The average AR for bedroom 2 is only 22 m³/h at n50=10 
h-1, less than half of the nominal airflow. 
 
Concepción 

Figure 8 shows the average AR over the heating period for the living room, master bedroom 
and children’s bedroom. The trends observed for the living room and bedroom 2 for the climate 
of the city of Concepción are similar to those of the city of Santiago. However, the average ARs 
are higher for bedroom 1, because it is more exposed to winds – sometimes of high speed – 
coming from the north. 
 

 
Figure 8: Average airflow rates in the living room and bedrooms over the heating period. Climatic data of 

Concepción. Solid lines indicate the case with open interior doors and dotted lines the case with closed doors. 

 
In the cases simulated so far, a fixed orientation was assumed with the bedroom 1 facing north. 
Additional simulations were performed for other building orientations. Figure 9 illustrates the 
effect of the building orientation on the average AR in each room. Variations of 22%, 38%, and 
7% are observed for Bedroom 1, Bedroom 2, and Living room, respectively.  
 

 
Figure 9: Effect of the building orientation on the average airflow rates. Orientation indicated in the legend of the 

chart refers to the bedroom 1 orientation.  
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3.2 CO2-based indicators 

 
Only the results for Santiago are presented, but the results are similar for the climate of 
Concepción. The cumulative exceeding exposure above 1000 ppm during the entire heating 
period is given in Figure 10 for the father and child_1. We also plotted the percentage of time 
spent in the four CO2 concentration classes specified in EN16798-1 for the three levels of 
airtightness, with the interior doors open and closed (Figure 11).  
 

 
Figure 10: Cumulative exceeding exposure to CO2 for the father and child_1.   

 

  
Figure 11: Percentage of time spent in four CO2 concentration (ppm) classes for the father (left) and child_1 

(right).   

 
The decrease of the supplied airflows in both bedrooms for a leaky house leads to a significant 
increase of the CO2-exposure for both father and child_1. The highest exposure values are 
observed for the least airtight house (n50=10h-1) with closed doors, which is consistent with the 
trends found for the airflows. In this case, the father and the child spent only 45% and 35% of 
their time, respectively, in an indoor space with a CO2 concentration lower than 950 ppm, while 
the ventilation system was in continuous operation. On the other hand, a very good airtightness 
(n50=0h-1 in our study) makes it possible to provide the design values of the airflows most of 
the time and, consequently, to maintain the CO2 concentration below 950 ppm during 92% of 
the time for child_1 when the doors are open and 88% when they are closed. As a basis for 
comparison, the case of a poorly airtight house (n50=10h-1) with open doors was also considered, 
but this time without any exhaust ventilation system (bottom bar in the figure). In this case, the 
indoor air quality is not guaranteed at all, as the occupant is exposed to CO2 concentrations 
above 1750 ppm most of the time.   
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4 CONCLUSION 

 
This study has shown the significant effect of the building airtightness and the natural driving 
forces, mainly the wind effect, on the performance of a mechanical exhaust ventilation system 
with constant airflow rate in a representative social house in Chile. For the house investigated 
in this research and considering a n50-value of 10h-1, the supplied airflow in the living room is 
increased by 17% on average compared to a perfectly airtight house, while in one of the 
bedrooms it is drastically reduced to almost the half of the value. If all the interior doors in the 
house are closed, the effect is even more pronounced. The decrease in the supplied airflows in 
the bedrooms leads to a significant increase in the CO2-exposure of the occupants. In the most 
unfavourable case analysed – n50 of 10h-1 with closed interior doors – the child of the family 
spent only 35% of his time in an indoor environment with a CO2 concentration below 950 ppm. 
These results underline the need to work also on improving the airtightness of social houses for 
a better operation of the exhaust ventilation system.         
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ABSTRACT 
 
Metal Oxide Semiconductor (MOS) sensors measuring Volatile Organic Compounds (VOC) 
seem to be an obvious step towards broadly available Demand Controlled Ventilation (DCV). 
The previous research shows that MOS VOC sensors can detect high pollution events such as 
cleaning, painting, or high occupation density. These abilities seem to make MOS VOC sensors 
suitable to complement ventilation control systems, especially concerning residential 
ventilation. However, several questions come from the practice: “Are the MOS VOC sensors 
reliable and stable enough to be applied in practice?” “Are there any benefits concerning energy 
efficiency and indoor environmental quality?” They remain unanswered. Studies on the long-
term performance of MOS VOC sensors exposed to real-life environments are lacking. Some 
producers test their sensors in a laboratory environment, but such data are often not publicly 
available. Data about the influence of ventilation control based on MOS VOC sensors on energy 
efficiency are also missing. The present paper reports first results from a project aiming to 
answer aforementioned questions having following objectives: investigate performance of 
MOS VOC sensors exposed to a typical residential environment. Determine sensor properties 
– sensitivity, linearity, hysteresis by comparing their signal with a reference measurement 
conducted by PID (Photo Ionization Detector). Discuss the suitability of the sensors for control 
of residential ventilation. We measured in a typical Danish row house occupied by a family of 
four. We used two sets of three commercially available sensors installed two locations-bedroom 
and kitchen. PID gas analyzer served as a reference measurement. The results show that all 
tested sensors were able to indicate the pollution events like human presence or cleaning. There 
was a fair agreement among the signals of the two tested sensors. These sensors produced also 
signals, which were in a clear relationship to the reference measurements. In the opposite, the 
signal from the third sensor could be clearly related neither to the reference signal nor to the 
other two tested sensors. This is potentially problematic for sensor’s application for ventilation 
control.   
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1 INTRODUCTION 

 
Today’s energy efficient buildings are airtight and need therefore an efficient ventilation to 
maintain high quality of indoor air. Smart ventilation (Durier et al. 2018) allows for continuous 
adjustment of ventilation airflow in time, and optionally by location, to provide the desired 
indoor air quality while minimizing energy consumption. The smart ventilation is slowly but 
steadily finding its way into new or renovated houses across Europe, the USA and beyond. It is 
mostly the specific sub-type of smart ventilation, so called Demand Controlled Ventilation 
(DCV), which is becoming increasingly popular even in residential sector where we would not 
expect it to be applied some decades ago. It is mostly due to technological advances in the field 
building control (digital and internet enabled controllers, EC fans) as well as due to the advances 
Indoor Air Quality (IAQ) sensing. Sensors measuring “demand” variables like temperature, 
concentration of CO2 and Volatile Organic Compounds (VOC) or relative humidity are 
produced cheaper and in compact dimensions. Metal Oxide Semiconductor (MOS) sensors for 
measuring Volatile Organic Compounds (VOC) represent such sensors (Herberger and Ulmer 
2012). They offer possibility to account for air pollution related to human presence and 
activities as well as other pollution sources that worsen IAQ. Considering indoor air quality, it 
is a clear advantage. Outdoor air supply rate is increased also when pollutants originating from 
cleaning, cooking etc. are detected. Other advantages include low energy consumption, small 
dimensions and durability. Moreover, Herberger et al. (2010) developed sensor that uses data 
collected by Burdack-Freitag et al. (2009) correlating the measured VOC signal with human 
emission of CO2. Consequently, the sensor output is converted to so-called CO2 equivalent 
concentration. As “CO2 concentration” had become known to the public as an indicator of IAQ, 
the intention was that the sensor signals could be more easily interpreted by building occupants.  
These arguments speak in favour of MOS VOC sensor technology. However, there are also, 
several studies, such as Won and Schleibinger (2011), which state that currently available MOS 
VOC sensors suffer from several drawbacks, mainly related to cross sensitivity to relative 
humidity, low resolution and inability to measure concentration of individual chemicals. 
Despite that, ventilation producers offer VOC controlled DCV also for residential applications. 
Studies evaluating performance of MOS VOC sensors in the field are sparse. Kolarik (2014) 
showed observed agreement in need for increased ventilation expressed by VOC or CO2 sensor 
during 49% of occupied time. During 11% of occupied time it was only VOC sensor that 
indicated need for increased ventilation. Despite the fact that the study considered office spaces, 
it indicated that simple replacement of CO2 sensor by VOC sensor would lead to significantly 
longer time with high airflows. Challenges related to direct replacement of CO2 sensors with 
VOC sensors were illustrated in a field study by De Sutter et al. (2017). The results showed 
notable increase of ventilation rates related to the sharp peaks in the VOC signals when the 
same set point was used for both CO2 and VOC based control of ventilation. The authors 
suggested a correction algorithm that would filter the VOC signal; however, its application was 
not practically demonstrated. Finally, yet importantly, besides the publication by Fahlen et al. 
(1992) and recent publication by Alonso et al. (2021), there are no publications dealing with 
evaluation of MOS VOC sensors performance characteristics both in laboratory and in the field.  
An objective of the present paper was to examine MOS VOC sensors during operation in 
realistic residential environment. Determine their properties – sensitivity, linearity, hysteresis 
by comparing their signal with a reference measurement conducted by PID (Photo Ionization 
Detector) and discuss their suitability for control of residential ventilation. 
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2 METHODS  

 
2.1 Investigated sensors 

Table 1 summarizes the technical parameters of tested sensors. We investigated three different 
sensors from established manufactures. We have chosen the sensors based on previous 
experiments (Kolarik et al. 2018). We purchased two specimen of each sensors and created two 
measuring sets. We integrated the sensors into one casing with common power supply. Arduino 
board with Wi-Fi module ensured wireless transfer of the measured data into a laptop equipped 
with the Lab View software connected to the same wireless network. The data logging interval 
was set to 1 minute. We used a portable photo-ionization (PID) gas detector Photo Check 
TIGER to conduct reference measurements of Total Volatile Organic Compounds (TVOC) 
concentration. We performed a custom calibration of the PID gas detector 100 ppm of 
isobutylene (zeroing on zero gas mixture) before the measurements. The TVOC concentrations 
measured by the PID device were thus representing isobutylene equivalents. Besides the MOS 
VOC signals, we also monitored standard indoor environmental quality (IEQ) parameters: room 
temperature (±0.3 °C 5-60 °C), relative humidity (±2 % RH 20-80 % RH) and CO2 
concentration (non-dispersive infrared, 400-2000 ppm, ±30ppm ±3 % of reading). We used 
internet connected commercial indoor climate monitors providing measurements in 5-minute 
intervals. In the case of comparison between MOS VOC signals and the IEQ variables, we 
averaged the 1-min MOS VOC data into 5-min intervals.  

Table 1: Technical parameters of investigated sensors based on manufacturer data sheets 

Abbreviation A B C 

Output (units) VOC index [-] (a) Voltage [V] TVOC eq. [ppb](b) 
CO2 eq. [ppm] 

Sensing range 
0 – 500 VOC index points; 
0 – 1000 ppm ethanol 
equivalents 

0 – 3.0 V DC; 
1 – 30 ppm H2 

 
0 – 29206 ppb TVOC eq.  
400 – 32768 ppm CO2 eq. 
 

Measuring accuracy ± 15 VOC index points NA NA 
Measurement interval/ 
response time NA/ < 10 s NA 

 NA 

Power Supply 1.7-3.6 V DC 4.9-5.1 V DC 1.8-3.6 V DC 
Communication I2C bus 0 – 3.0 V DC I2C bus 
Warm up time NA NA 20 min 
Operation temperature 
range -20 – 55 °C -10 – 50 °C -40 – 85 °C 

Operation humidity 
range 0 – 80 %, non-condensing NA 10 – 95 %, non-condensing 

(a) A built in proprietary algorithm processes a raw signal of the sensor, corresponding to the logarithm of the sensor 
resistance a “VOC index”. The index value 100 refers to the typical concentration over 24 h period.  

(b) The sensor processes the raw signal into so-called TVOC and CO2 equivalents. The algorithm is proprietary, the 
manufacturer states that CO2 equivalents are determined based on the relationship between human production of 
VOC (bioeffluents) and CO2. 

 
2.2 Data processing 

As each studied sensor provided different output signal, we normalized these signals to avoid 
the influence of the absolute value of each observation. Each observation was normalized 
against the difference of its maximum value and minimum value (so called min-max 
normalization), as shown in Equation (1): 
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  𝑦 = (𝑥 − min(𝑥))/(max(𝑥) − min(𝑥)) (1) 
 
Where x is the i-th observation in the measured data and y is i-th normalized observation for the 
particular sensor signal. We used only the normalized data in our analyses. 
 
According to Fahlen et al. (1992), the sensor properties can be described by so called 
characteristic curve. Fahlen et al. (1992) determined the curve exposing the sensor to the set of 
steady state concentrations of a known VOC in ascending and descending order. It is thus a 
linear relationship between known-reference signal and the signal from evaluated sensor. In the 
present paper, we established the characteristic curve by fitting the linear regression model to 
the data where with PID measurements as independent and respective MOS VOC data as 
dependent variable. Thus, the slope of the relationship represented sensor’s sensitivity. The R2 
value for the linear model indicates the linearity of the sensor. To evaluate hysteresis, we 
selected one-day measurements from the data. We fitted linear regression model to the build-
up and decay separately. Consequently, we express hysteresis as a mean distance from the two 
regression lines. To determine such distance, we used the obtained linear models to predict 
MOS VOC signal for three distinct levels of the reference signal (150 ppb, 250 ppb and 350 
ppb isobutylene equivalent). The mean difference between such predictions for build-up and 
decay determined the hysteresis.   
 
2.3 The test house and the measurement period 

We have installed the senor sets in a typical Danish row house occupied by a family of two 
adults and two children (elementary school age). We placed the sensor sets at two locations-a 
kitchen/dining room open to a living room and in the main bedroom (Figure 1). In the present 
paper we report on a part of the total measuring period. Reported measurements include 
September-November 2021 and February-March 2022. The whole dataset covers almost one 
year of measurements. 

 
Figure 1: Placement of the sensors 

 
3 RESULTS AND DISCUSSION 

  

3.1 Long term data 

Figure 2 gives an example of not normalized sensor signals from the kitchen. The figure 
illustrates a typical variability of the signal during periods when the house was empty and 
consequently occupied. There is a clear difference in the amplitude of the signal regardless the 
type of the sensor.  

597 | P a g e

Peer Reviewed Paper



 
Figure 2: Absolute signal of the tested MOS VOC sensors placed in the kitchen for two weeks in October 2021 

(the house was unoccupied during the first week)  

Figure 3 shows the same period as Figure 2, but displaying normalized data. Using such 
interpretations it is possible to see that despite the fact that the trend in amplitude of the signals 
is the same for empty and occupied house, there is a clear difference in character of the signal. 
Signal from sensor C is almost zero when the house is empty, on the contrary, signals from 
sensors A and B still represent some development and despite the difference in amplitude of 
the build-ups and delays, there seems to be an agreement between these two signals. During the 
occupancy period, the sensor A seems to have largest fluctuations.   

 
Figure 3: Normalized signals of the tested MOS VOC sensors placed in the kitchen for two weeks in October 

2021 (the house was unoccupied during the first week) 

Figure 4 represents a cross plot of normalized signals of the MOS VOC sensors placed in the 
kitchen for the same period as presented in Figures 2 and 3. It is clear from the plots, that 
there was a somewhat consistent relationship between responses of sensor A and B. Such 
relationship did not seem to exist comparing sensors A and B with sensor C. The Figure 4 
shows only two weeks, but the patterns were similar through the analysed period. Analysis of 
the exact character of the relationship between sensor A and B is out of the scope of this 
paper, as it would require removal of the autocorrelation contained in the data caused by high 
frequency of sampling (Alonso et al. 2021).      
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Figure 4: Cross-plot of normalized signals of the tested MOS VOC sensors placed in the kitchen for two weeks 

in October 2021 (the house was unoccupied during the first week) 

 
3.2 Sensor characteristics 

The Figure 5 represents characteristic curves determined using measurements from period of 
7.3.2022 – 12.3.2022. The figure depicts the linear regression fit to the data in the case of sensor 
A (blue) and sensor B (green). In the case of sensor C, the variance explained by the linear 
model was too low to consider linear relationship between sensor C signal and the reference 
PID signal. Table 2 summarizes the sensitivity values and R2 values of the linear regression 
models for particular sensors. It is clear from the table as well as from the Figure 5, that the 
response of the sensor C did not show any meaningful relation to the reference signal. 
Therefore, the sensor C seemed not to represent the indoor air quality changes in the house.   

Table 2: Summary of slope and variance explained by characteristic curves 
 

Sensitivity (95% conf. int.) R2 
Sensor A 2.497e-03 ( 2.432e-03, 2.562e-03) 0.40 
Sensor B 1.383e-03 (1.350e-03, 1.416e-03) 0.44 
Sensor C 7.413e-05 (2.042e-05, 12.78e-05) 0.0007 

 

 
Figure 5: Characteristic curves for tested sensors determined for period of continuous parallel measurements 

with MOS VOC sensors and the PID monitor (7.3.2022 – 12.3.2022); regression line is not depicted for sensor C 
as the R2 value does not indicate linear relationship   

Analysis of the hysteresis required separation of build-up and decay periods. This is a relatively 
easy task in laboratory conditions, when sensors are exposed to controlled pollution events. 
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However, with the field data, the analysis is more demanding. For this paper, we conducted the 
analysis of the sensors’ hysteresis on data from one particular day, Friday 11.3.2022. After 
15:00 the whole family gathered at home and started weekly cleaning of the house. This 
initiated excitement of the sensor signals suitable for separation of decay and build-up periods. 
Figure 6 shows the normalized data. 

 
Figure 6: Data used for evaluation of hysteresis. Vertical dashed lines indicate selected build-up and decay 

periods during afternoon cleaning activities in the house 

Figure 7 illustrates the hysteresis of the three investigated sensors for the tested period. The 
determined hysteresis were 0.123, 0.014 and 0.121 for sensors A, B and C respectively. The 
hysteresis was in general rather low, 12.3%, 1.4% and 12.1% of the measuring range, which is 
preferable. The sensors A and C had comparable hysteresis while sensor B showed practically 
no hysteresis. In the present paper, the hysteresis was evaluated only using one day 
measurements. In future analysis, we will analyse several days distributed through the whole 
dataset to determine, whether the hysteresis remained consistent. Figure 7 also shows that the 
relationship between the reference signal and the signal of sensor C seemed to be more 
consistent than when longer measurement period was considered (Figure 5).   

 
Figure 7: Separated build-up and decay periods and corresponding linear fits for the three tested sensors. Build-

up is depicted in colour, decay in black 

While the sensitivity determined using longer period and during one day measurements was 
comparable for sensors A and B, with sensor C the sensitivity differed significantly. This 
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indicates that the sensor C had unstable behaviour when exposed to the pollution emitted in 
the kitchen. The identification of reasons for this requires further analysis. 
 
3.3 Relation between MOS VOC and CO2 measurements, usability for control 

Besides TVOC signal, offered the Sensor C also a so-called CO2 equivalent. The Figure 8 offers 
a comparison between CO2 and CO2 equivalent signals measured in the kitchen and bedroom. 
It is clear, that while in the bedroom the CO2 equivalent signal followed the pure CO2 
measurements rather closely, this was not the case in the kitchen. Human bioeffluents were the 
main pollution source in the bedroom, while the kitchen was the place most of the other 
pollutants were emitted. This was even more pronounced due to the fact that the kitchen is 
directly connected to the living room and represents therefore the area where the occupants of 
the house spent majority of time besides sleeping. It seems from the obtained data, that in the 
cases, where the sensor C got excited by stronger pollution event, its CO2 equivalent signal 
drifted from the real CO2 values. This would, of course represent a challenge with respect to 
the ventilation control. De Sutter et al. (2017) observed “overventilation” in connection with 
the use of CO2 equivalent signals in their study. Further analysis of the data from the present 
study will focus on relationship between CO2 and CO2 equivalent signals for all measured data. 
       

 
Figure 8: Comparison of CO2 and CO2 equivalent signal for measurements in the kitchen and bedroom 

All tested sensors demonstrated ability to react on pollution events in the house. The signal 
from sensor C (“TVOC” signal or CO2 equivalent) seemed to be least correlated to the reference 
PID measurements in the kitchen. However, in the bedroom, sensor C demonstrated rather good 
agreement with CO2 measurements. As the absolute signals produced by particular sensors were 
different, the problem of selection of the right set point value would be apparent if they should 
be used in a control loop.  
 
Utilization of PID instrument as a reference measurement in this study had its limitations. The 
instrument is primarily suitable for measurement of higher TVOC concentrations. As it can be 
seen in Figure 6, under normal pollution patterns in the house the normalized PID signal stays 
about 20% of the measurement range established from the whole dataset. As PID technology is 
also based on a relative measurement, its utilization for determination of the MOS VOC sensor 
characteristics has limitations. More suitable would be application of more precise analytical 
method like Reaction-Time of Flight-Mass Spectrometer (PTR-ToF-MS) Kolarik et al. (2018).      
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4 CONCLUSIONS 

• All three tested sensors were able to indicate the pollution events.  
• Two of the sensors had comparable behaviour in terms their sensitivity determined 

using reference PID measurements. There was also an obvious cross-relation between 
their output signals. This indicates that both sensors would behave in similar manner 
when used for IAQ control. There was however a difference in absolute values of the 
sensitivity and thus in the amplitude of their response, this needs to be taken into account 
in the case of their use of control.   

• The third tested sensor presented somewhat unclear relationship to the reference 
measurements and further analysis is needed to analyse causes of such behaviour. In the 
analysed data, the sensor signal did not correspond to the TVOC concentrations 
represented in isobutyl equivalents. 

• The investigated sensors had small hysteresis, which is preferable. The analysis was 
however conducted on relatively small sample of measurements. Analysis of broader 
range of build-up and decay periods is needed to confirm the results. 

• The CO2 equivalent signal corresponded to pure CO2 measurements in the case of 
measurements in the bedroom. In the kitchen where the human bioeffluents were not 
the main pollution source, there were large discrepancies. This is not necessarily a 
problem for the ventilation control, but careful choice of the set point would be needed 
to avoid unnecessary ventilation. 

• In general the results of the study indicate, that the MOS VOC sensors represent a 
considerable alternative to currently used sensors. This however requires that their 
characteristics are properly considered in control algorithms. 

• Recent development in low cost sensors measuring particulate matter (PM) brings the 
usage of MOS VOC sensors in the new perspective. As PM is representing far the 
highest health risk for humans, one can expect, that low cost PM sensors will soon make 
their way into the residential ventilation control. However, this does not necessarily 
mean the disqualify VOC sensors. The future research should focus on controls that 
effectively combine the two types of sensors.       
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ABSTRACT 

Smart ventilation which provides air renewal thanks to its variable airflows adjusted on the 
needs can improve both indoor air quality (IAQ) and energy performance of buildings. 
However, such performance gains should be quantified with performance-based approaches. In 
this paper, we propose to extend the performance-based approach with a robust methodology 
to rank the ventilation systems performance. Such a methodology could be used in a decision-
making tool at the design stage of buildings. Indeed, when simulations are carried out, we 
generally obtain a relative range of the theoretical performances, which should be achieved for 
each tested ventilation strategy. Nevertheless, it does not allow to rank the ventilation systems 
performances and to choose the most relevant one from an overall performance point-of-view. 
In this work the overall performance aspect was focused on IAQ and energy performance 
through five IAQ - and one energy - performance indicator.  
 
We propose in this paper a simplified approach in 3 keys steps (Figure 1) adapted from existing 
robust assessment methods, to achieve a robust ranking of the systems based on the aggregation 
of performance indicators results using Simple Additive Method (SAW). In the present work, 
five ventilation systems have been tested with several sets of input parameters (500 
simulations). In addition, three reference scenarios for input values (low, reference, high) were 
used for robustness assessment. We compared the ranking calculated with 500 simulations with 
the ranking calculated with three reference scenarios. The objective was to assess whether the 
three reference scenarios are sufficient to obtain a relevant ranking of ventilation systems or if 
more simulations are needed to achieve this goal. 
 
Our results showed that the aggregation of the performance indicators with the SAW method is 
relatively accurate compared to the performance observed individually by each indicator. Then, 
the calculation of the design score with the minimax regret robustness method offers a clear 
advantage to highlight the difference between the ventilation systems, to rank them by including 
the uncertainty of several simulations. In addition, we show that the use of the three reference 
scenarios could be sufficient to obtain a relevant ranking of the ventilation systems, in 
comparison with 500 simulations. However, if the number of simulations is limited, we propose 
to perform in priority the reference scenario, for an “optimistic performance ranking”, or the 
reference high scenario for a “conservative performance ranking”. Nevertheless, if there are no 
constraint, we encourage the decision maker to simulate at least the three reference scenarios 
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and ideally 500 scenarios or more. The latter reinforces the validity of the calculated design 
score and ranking by including the uncertainty on input parameters. 
 

KEYWORDS 
 
Smart ventilation, residences, indoor air quality, performance, performance-based, energy 
  

GRAPHICAL ABSTRACT 

  
Figure 1 : Methodology for robustness calculation and ranking for decision making 
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1 INTRODUCTION  

The assessment of ventilation performance often focuses on indoor air quality (IAQ). 
Nevertheless, with low energy buildings, the energy-saving potential from ventilation is 
becoming increasingly important. In addition, smart ventilation has been identified as a very 
promising way to improve both the indoor air quality and the energy performance of buildings, 
through the variation in time and/or place of ventilation airflows according to needs. Research 
efforts, such as those under in the framework of the IEA-EBC Annex 86, should make it 
possible to develop such smart ventilation strategies. It requires performance-based approaches 
in order to robustly assess the potential of gains, especially compared to more traditional 
constant-airflows ventilation strategies. These promising improvements need to be quantified 
in an overall performance way including IAQ, energy or even other relevant aspects. This paper 
only focusses on the IAQ and energy aspects of the overall performance of ventilation.   
 
At the design stage, in a performance-based approach, the ventilation performance could be 
calculated by simulation. This assessment process consists in testing the performance of one 
(or several) ventilation systems according to one or (several) input scenarios; including 
pollutants emissions rates variations, occupant behaviours, building boundaries conditions.  
Due to the large possible variations in the input scenarios, we obtain a relative range of the 
theoretical performances. According to previous application case studies; testing IAQ or energy 
performance of constant and humidity controlled airflows ventilation (Poirier et al., 2022a, 
2022b) ; the difference of the performances among the ventilation systems varies depending on 
the selected indicators. For example, differences between the ventilation systems were clearly 
identifiable for some indicators based on CO2, on high relative humidity and on energy 
consumption. On the contrary, the performances were almost the same or very close for other 
indicators like the PM2.5 and formaldehyde exposures. Nevertheless, it does not allow to rank 
the ventilation systems performances and to choose the most relevant one from a global 
performance point-of-view. 
 
It clearly raises the question of:  

How to aggregate performance indicators and balance IAQ and energy performance 

assessment to provide a robust ranking of the ventilation systems? 

 
In this paper, we propose to explore a methodology to rank the systems performance including 
the uncertainty from simulations; in order to complement our method for overall performance 
assessment (MOPA) for ventilation (Poirier et al., 2021b). 
 
2 METHODOLOGY 

 
As a methodology, we propose a simplified approach based on 3 keys steps to achieve a robust 
ranking of the systems based on performance assessment results, to help in decision making 
(Figure 1-Graphical abstract). These steps are based on some relevant studies on existing robust 
assessment methods adapted to the building sector (Kotireddy et al., 2018; Velasquez and 
Hester, 2013; Hoes et al., 2009; Sharma and Bhattacharya, n.d.) that seem relevant for 
application in the context of MOPA development.  
 
2.1 Design option performance calculation 

The first step consists in performance assessment by simulations of the different design options 
(Dopt) to be tested. In building design, several parameters could be tested, such as thermal 
envelope materials, compactness ratio, external shadings, building orientation, heating systems, 
photovoltaic panels surface, etc. (Hoes et al., 2009; Kotireddy et al., 2017; Mechri et al., 2010).  
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In the present work, the design options are the ventilation systems and the performance 
calculation were performed with multi-zone CONTAM software which have been scientifically 
validated (Walton and Emmerich, 1994; Emmerich, 2001). With its models, CONTAM allows 
to describe for example ventilation airflows with complex strategies, indoor air pollutants, 
occupants exposure, building airtightness and more. For this step, we based our application on 
the performance calculated with 2500 simulations performed in (Poirier, 2023), with a 
sensitivity analysis (SA) experiment using the EASI RBD-FAST method (Goffart et al., 2015; 
Goffart and Woloszyn, 2021). From these simulations the performance results were calculated 
with the following performance indicators defined in (Poirier et al., 2021b; Poirier, 2023): 

In
CO2, Maximum cumulative CO2 exposure over 1000 ppm. 

In
HCHO, Maximum cumulative HCHO exposure among all the occupants 

In
PM25, Maximum cumulative PM2.5 exposure among all the occupants 

In
RH70, Maximum percentage of time with RH > 70% among all the rooms  

In
RH30_70 Maximum percentage of occupant time spent with RH outside the range 

[30-70%]  
In

Ewh Heat losses from total exhaust airflows calculated with equation 1  
 𝐼𝐸𝑤ℎ = Hth =

𝐶𝑝𝑚

3600
. (1 − 𝜀ℎ𝑒𝑎𝑡𝑒𝑥

) ∫ 𝑞𝑚(𝑡). [𝑇𝑖𝑛(t) − 𝑇𝑒𝑥(𝑡)] . 𝑑𝑡 (1) 
 
with IEwh the energy indicator resulting directly from HTh , the heat losses from exhausted air 
[kWh], qm the total exhaust mass airflows in [kg.s-1], Cpm the heat capacity of air (we used 1 
𝑘𝐽.kg-1. °𝐶-1), 𝜀ℎ𝑒𝑎𝑡𝑒𝑥

 the heat exchanger efficiency assumed to be ideal and constant. A 
constant theoretical efficiency of 0.8 can, for example, be used for MVHR and 0 with no heat 
recovery. Tin is the zone temperature where the air is exhausted, and Tex the external 
temperature [°C].  
 
In this paper, five ventilation strategies (or referred as design option Dopt) were implemented in 
CONTAM model and implemented on French low energy house case study (Poirier et al., 
2021b, 2022a) :  

MEV-CAV, for mechanical exhaust-only ventilation with constant air volume  
MVHR-CAV, for mechanical balanced ventilation with heat recovery and constant air 
volume  
MEV-RH, for mechanical exhaust-only ventilation and humidity control,  
MVHR-RB, for mechanical balanced ventilation with heat recovery and CO2 & 
humidity control at the room level  
MEV-RB, for mechanical exhaust-only ventilation and CO2 & humidity control at the 
room as an adaption of the MVHR-rb,, 

For sensibility analysis, each design option 500 simulations were performed with variation on 
the input scenarios such occupant CO2 and H2O emissions, moisture emissions from 
activities, emissions from cooking activities, exhaust airflows and CONTAM PM2.5 and 
moisture models parameters. The sampling of the 500 input scenarios was realised with the 
Latin Hypercube Sampling (LHS) methods (Helton and Davis, 2003) in accordance with the 
EASI RBD-FAST method (Goffart et al., 2015; Goffart and Woloszyn, 2021). This sampling 
was carried out with a Python function implemented in the SALib library.  
 
In addition, three reference scenarios (Reflow, Ref, Refhigh) were also used for robustness 
assessment (Poirier, 2023; Poirier et al., 2021a). The objective was to compare the ranking 
based on the overall performance calculated with the set of 500 input scenarios and the ranking 
calculated with the reference and the two extreme input scenarios. This is to assess whether the 
three reference scenarios are sufficient to obtain a relevant ranking of ventilation systems or if 
more simulations are needed to achieve this goal. 
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2.2 Multi-criteria-aggregation 

Then, we used the SAW method for the multicriteria aggregation step, that is a simple 
aggregation weighting method which regroups the 5 IAQ indicators and the energy indicators 
under one value that we named IMC for “multicriteria” indicator. 
 
The second step focuses on the method to be used to regroup the performance results from the 
six indicators to one aggregated value for each simulation. In the literature, the aggregation of 
several indicators for decision making could be found under the notion of methods for “multi-

criteria decision-making” (MCDM)(Kotireddy et al., 2018; Namin et al., 2022; Velasquez and 
Hester, 2013). These methods generally propose a formulation to aggregate the multiple criteria 
for the tested design option under one value (here the performance indicator). We propose to 
name this aggregated value IMC for Multi-Criteria Indicator.   
 
According to the literature, there are numerous methods of MCDM, with for example at least 
10 different methods identified in a recent review on MCDM (Namin et al., 2022). As the 
purpose of this work is not to test or compare all the possible methods; we decided to use the 
Simple Additive Weighting (SAW) method. This method is a common MCDM method widely 
used and seems relevant to our problem. Indeed, this method is a classical method consisting 
of adding up the indicators with a weighting coefficient to give more or less importance to 
certain indicators over others. The proposed calculation of IMC with the SAW method (Equation 
1) has been realised and adapted from the method described in (Podvezko, 2011).  
 
 𝐼𝑀𝐶 =  ∑ 𝜔𝑖. 𝐼𝑖𝑖  (2) 
 
Where 𝜔𝑖 is the weighted normalized value (∑ 𝜔𝑖. = 1) of the indicator 𝐼𝑖 in [In

CO2, In
HCHO, 

In
PM25, In

RH70, In
RH30_70, In

Ewh].  
 
The weighted values can be set in several ways depending on the priority given to the indicator 
by the decision maker. To show the impact of weight arrangement priority on the IMC 
calculation we build three weight distributions to calculate an associated IMC (Table 1): 
 

IMC_IAQ, corresponding to decision-making based only on the IAQ indicator, with the 
weight equally distributed over the five IAQ indicators (In

CO2, In
HCHO, In

PM25, In
RH70, 

In
RH30_70 ) and 0 for In

Ewh .  
 

IMC_IAQ-E, corresponding to decision-making for overall performance assessment based on 
IAQ and Energy aspects, with the weight equally distributed on the six indicators. 
However, this distribution gives globally an advantage to the IAQ aspect as energy aspect 
is represented only by one indicator against five indicators for IAQ.  
 

IMC_IAQ-E* corresponding to a decision making for overall performance assessment based 
on IAQ and Energy aspects, but with variable and unequally distributed weight on the six 
indicators in comparison with IMC_IAQ-E. This distribution was built to have an equal 
proportion between IAQ and energy. Consequently, the weight of In

Ewh is set equal to 0.5. 
In addition,  the IAQ aspects were differentiated to give more weight to the indicators  
In

PM25 and In
HCHO. Their weight is doubled in comparison to  the remaining IAQ 

indicators. This distribution for IAQ indicator could correspond to the assumption that 
moisture and CO2 have less impact on the health in comparison with PM2.5 and 
formaldehyde.  
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2.3 Robustness calculation and ranking  

 
Lastly, the robustness calculation step consists in integrating into one design score (Ds) all the 
individual performance indicators IMC across the tested scenarios. Then this robust design score 
can be used for performance comparison of each design option (Dopt). 
 
According to the comparative study for robustness method assessment of Kotireddy (Kotireddy 
et al., 2019); several methods exist for robustness calculations. In this study three robustness 
assessment methods were implemented -max–min method, best-case and worst-case method, 
and minimax regret method - and compared with the widely used Taguchi method.  
 
The Max-Min method evaluates the performance spread (PS) between the maximum 
performance (ADopt) and the minimum performance (BDopt) of each design strategy across all 
the scenarios. The most robust design is the design with the smallest PS. 
 
 𝑃𝑆 = 𝐴𝐷𝑜𝑝𝑡

− 𝐵𝐷𝑜𝑝𝑡
 (3) 

 
The best-case and worst-case method evaluates the performance deviation (PD) between the 
maximum performance (ADopt) and the minimum performance of all design strategies (Dmin). 
The most robust design is the design with the smallest PD.  
 
 𝑃𝐷 = 𝐴𝐷𝑜𝑝𝑡 − 𝐷𝑚𝑖𝑛 (4) 
 
The minimax regret method evaluates the performance regret (PR), with the difference between 
the performance indicators value and the minimum performance of each scenario across all 
designs (Cs). The performance regret is calculated for each design strategy Dopt across all the 
scenarios s. Then the MPR is the maximum performance regret of each design, and the most 
robust design is the design with the smallest MPR 

 
 𝑃𝑅 = 𝐼𝑀𝐶,𝐷𝑜𝑝𝑡,𝑠 − 𝐶𝑠 ; 𝑤𝑖𝑡ℎ 𝐶𝑠 = Min

𝑠
(𝐼𝑀𝐶(𝑎𝑙𝑙_𝐷𝑜𝑝𝑡),𝑠) (5) 

 𝑀𝑃𝑅 = Max
𝐷𝑜𝑝𝑡

(𝑃𝑅) (6) 

The Taguchi method evaluates the robustness of the design strategies based on the mean and 
standard deviation of the performance indicators over all the scenarios. The most robust design 
is the design with the smallest mean and standard deviation (mean ⋂ std) (Hoes et al., 2009) 
 
The max–min, best-case and worst-case, and minimax regret robustness methods for design 
score provide a better integration of the uncertainty across all the scenarios in comparison with 
the Taguchi method. That could facilitate the decision-making process by reducing the gap 
between simulated performance at the design stage and the real performance (Kotireddy et al., 
2019).  
 

Distribution 
For IMC calculation 

Weight 𝝎𝒊 

In
CO2 In

RH70 In
RH30_70 In

PM25 In
HCHO In

Ewh 

IMC_IAQ 0.2 0.2 0.2 0.2 0.2 0 

IMC_IAQ-E 0.16 0.16 0.16 0.16 0.16 0.16 

IMC_IAQ-E* 0.071 0.071 0.071 0.143 0.143 0.5 

Table 1 : Weight distribution for IMC calculation 
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All four methods presented above were tested for the calculation of the robust design score. 
Finally, we selected the minimax regret method for design score calculation and the final 
ranking. Indeed, the use of these three other methods had little impact on the final ranking and 
the minimax regret method has been identified as a less conservative approach to design 
decision making when risk can be accepted as a trade-off (Kotireddy et al., 2019). This is 
relevant for MOPA as compared to the other three methods which are more conservative.  
 
Finally for the results analysis we calculated the design score by applying Equation 5 with the 
IMC from the 500 SA scenarios on one hand and with the IMC from the 3 Reference scenarios on 
the other hand. The last case is the reference scenario when the design score is directly the IMC. 
Then this design scores were normalized In [%] by ∑ (𝐷𝑠) 𝐷𝑜𝑝𝑡

the sum of all the design scores. 
That facilitating the ranking and comparison between the weight distribution and the number 
of scenarios.  
 
3 METHOD ANALYSIS AND RANKING RESULTS  

 
The first step of the proposed robustness method consists in design option performance 
calculation and here we exploited the results from the 500 simulations per design option used 
for SA application case study (Poirier, 2023). The following sections next result analyses are 
focused on the second step (multi-criteria aggregation) and the third step (robustness design 
score calculation) for robust ranking.  
3.1 Multi-criteria aggregation 

 
In the Figure 2, we represent by boxplot the aggregate IMC calculated with the three weight 
distributions (IAQ, IAQ-E, IAQ-E*) on the 500 simulated scenarios for each design option. 
The three reference scenarios are represented by small grey diamonds. The boxplots represent 
first quartile (q1) at the bottom of the box, the median in the middle and the third quartile (q3) 
at the top of the box; with the whiskers extend from the box by 1.5x the inter-quartile range 
(IQR) and the remaining outliers are represented by grey crosses.  

This representation gives a general overview of the IMC  results depending on the proposed 
weight distribution. For the first weight distribution, including only the IAQ indicators, the 
aggregated performance (IMC_IAQ) results in values mainly between 1 and 2 for MEV-cav and 
MEV-rh. For the MEV-rb and the MVHR-cav the results are centred around the acceptable 
threshold of 1. ; only the MVHR-rb gives the values mostly lower than 1, meaning an acceptable 
performance. The outliers for MEV-cav and MEV-rh illustrate that specific inputs scenarios for 
these systems could generate high performance assessment difference more than 4 times the 

Figure 2 : Multi-criteria performance results of the five design option tested by weight distribution  
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acceptable thresholds in some cases. Fortunately, the results of the reference scenarios are not 
outliers, which would mean that these three reference scenarios are not at all representative. 
 
For this first case, with constant weight distribution over IAQ only, there is no clear gap 
between the systems in comparison with the two others weight distribution results (IMC_IAQ-E , 
IMC_IAQ-E*). Such results may question the exclusive use of these IAQ indicators to rank the 
ventilation systems. 
 
The introduction of the energy indicator in IMC_IAQ-E underlines the difference between MEV 
and MVHR systems. Indeed, the values of IMC_IAQ-E are distributed around the acceptable 
threshold of 1 for MVHR. On the opposite, the values  for IMC_IAQ-E are much higher than the 
acceptable threshold, being distributed around the value of 2 for all three MEV systems. In 
detail, a higher energy performance of MEV-rh (meaning lower IEwh) raised its global 
performance (lower IMC-IAQ-E median value) in comparison with the two other systems without 
heat recovery (MEV). This compensates a slightly lower IAQ performance for MEV-rh.  
Whereas the higher IEwh of the MEV-rb increased its IMC-IAQ-E value in comparison with the two 
other MEV. As a result, the three MEV systems have now comparable median values of IMC_IAQ-

E. Regarding the two MVHR systems, there is no significant change and the MVHR-rb still 
performs slightly better than  MVHR-cav, thanks to its better IAQ performance. Thus, the 
distribution of IAQ-E weights highlights the energy benefit of heat recovery from MVHR 
systems. 
 
In the last case IAQ-E*, with variable weight distribution, the differences between all systems 
are even more pronounced. Now, the MEV performance results are worse (IMC_IAQ-E* range 
between 2.5 and 4). On the opposite, both MVHR systems exhibit performance indicator close 
to 1, with a narrow distribution range. In addition, the differences between the three MEV 
systems highlights that MEV-rh had lower energy losses than MEV-cav and MEV-rb. In this 
case, if energy saving is encouraged, the use of MEV-rh could be relevant in comparison with 
MEV-cav. In contrast if IAQ is prioritized on energy, the use of MEV-rb could be more relevant 
( as shows by IAQ-E distribution).  
 
The comparison of these three weight distributions shows that the weight distribution is a clear 
leverage to increase the differences between systems on the final aggregated performance 
results. However, the uncertainty distribution from the 500 simulations performed and 
presented with boxplots doesn’t makes systematically the ranking of the systems obvious. 
Moreover, in practice the use of weight distributions that voluntary increase the difference 
between systems to facilitate the ranking could lead to a wrong extrapolation of the simulated 
performance results. For example, this may question the ranking based on the IAQ-E* where 
the differences are mainly related to the initial pronounced differences on the IEwh. 
 
That confirms the need of the robust design score calculation of the next step, considering 
uncertainty, to finalize the ranking process for decision-making. 
 
3.2 Robust design score calculation and ranking 

 
Figure 3 regroups, for the three tested weight distributions, the normalised design score [%] 
calculated with different scenarios. According to the methodology described above, the design 
score with 500 simulations and the three reference scenarios were calculated with the minimax 
regret method. The design scores for Reflow , Ref, Refhigh, plotted in the figure, are directly the 
IMC of each individual scenario. Then, for ranking, the best design option (n°1) is the one with 
the lowest design score and the last (n°5) is the highest design score.  
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At first, the ranking order calculated from the design score is the same with 500 simulations 
and the 3 ref simulations. This confirms previous observations made on outliers of Figure 2 
with the reference scenarios (grey diamonds) located inside the q1-q3 box. It means that the 
use of these 3 references scenarios for design score calculation and ranking provides the same 
information as the one obtained with 500 simulations design score calculation and ranking.  
 
In detail, the ranking with design score calculated from each individual scenario (right plots), 
changes sometimes depending upon the weight distribution and the scenario used. For example, 
the ranking is inversed between MEV-cav and MEV-rh with the Ref scenario depending upon 
weight distribution. Another example is the Reflow scenario, where ranking inversion is 
observed between the MVHR-cav and MVHR-rb as compared to all the other cases. In general, 
with Refhigh scenario the differences between design scores are more identifiable than for the 
Reflow scenario.  
 
Based on these results and the analysis made on Figure 2 we propose to : 

 
Exclude the Reflow scenarios from design scores for ranking. The risk is the loss of the 
uncertainty aspects, as this Reflow ranking does not match with the ranking results 
obtained with the 500 simulations.  

 

Figure 3 : Robust design score and ranking, MinMax regret method.  
Different weight distributions are presented: equal IAQ (top), equal IAQ and Energy, IAQ-E (middle), and enhanced 

energy and health IAQ-E* (bottom).  
Different scenarios are presented: 500 per system using uncertainty distribution on input parameters (left), three per 

system: high/ref/low (middle), and one per system, separating high/ref/low (right). 
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Keep the Ref scenario design score for an “optimistic performance ranking”, indeed 
the IMC  performance results of this reference scenario are mainly close to the q1 value 
and the ranking.  

 
Keep the Refhigh scenario design score for a “conservative performance ranking”, 
indeed the IMC performance results of this high reference scenario are mainly close to 
the q3 or the median value.  

 
Associated together, the IMC from Ref and Refhigh mainly cover the q1-q3 interquartile space 
(or at least the q1-mean). This allows to keep part of the uncertainty information and to calculate 
the design score with a ranking in accordance with the ranking of the 500 simulations.  
 
Secondly, the impact of weight distribution on ranking is clearly identifiable with the design 
score. Indeed, the normalized design score is highly impacted for the MEV-rh from almost 50% 
(Ds_IAQ) to 25% (Ds_IAQ-E*). An opposite evolution can be observed for the MEV-rb from almost 
8% (Ds_IAQ) to 40% (Ds_IAQ-E*). On the other hand,  the results are only slightly impacted by the 
weight distribution for the MEV-cav (scores remaining around 32%), MVHR-cav (from 8% to 
2%) and MVHR-rb (3% and lower). In all cases, MVHR-rb is ranked first and MEV-cav is 
ranked fourth, whereas MVHR-cav moves from third to second place due to the change in the 
ranking of MEV-rb.  
 
This shows the importance of the weight given to the energy indicator and the priority balance 
between IAQ and energy. For instance, with the IAQ indicators only, the MEV-rb provides the 
second-best ventilation performance when it provides the worst one with the IAQ-
E*distribution. Indeed, with the Ds_IAQ-E, the better IAQ performance of the MEV-rb is 
penalized because of its higher energy consumption; this explains the swapping between change 
MEV-rb and MVHR-cav, the latter performing much better in energy consumption (thanks to 
heat recovery) for a slightly worse IAQ performance. On the opposite, the MEV-rh is by far the 
worst with IAQ performance only but it can reach a good third position with the IAQ-E* 
distribution. In this case, the 50% weight given for the energy indicator in the IMC_IAQ-E* 
calculation valorizes the energy benefits of MEV-rh in comparison with the two other MEV 
systems which certainly provide a better IAQ. 
 
4 CONCLUSION 

 
To conclude, we propose a three-step method to rank different ventilation design systems and 
we tested it on five ventilation systems. We confirm that the performance indicators aggregation 
with the SAW method is relatively accurate compared to the performance observed by each 
indicator individually in previous study (Poirier et al., 2022a, 2022b; Poirier, 2023). Then, the 
calculation of the design score with the minimax regret robustness method offers a clear 
advantage to highlight the difference between the ventilation systems, in order to rank them by 
including the uncertainty of several simulations.  
 
In addition, we show that the use of the three reference scenarios could be sufficient to obtain 
a relevant ranking of the ventilation systems, in comparison with the ranking obtained with 500 
simulations. However, if the number of simulations is limited, we propose to perform in priority 
the reference scenario (Ref), if the decision making needs an “optimistic performance ranking”, 
or the reference scenario with the highest emission rates (Refhigh) for a “conservative 
performance ranking”. Nevertheless, if there are no constraint, we encourage the decision 
maker to simulate at least the three reference scenarios and ideally 500 scenarios or more. The 
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latter reinforces the validity of the calculated design score and ranking by including the 
uncertainty on input parameters. 
 
For the MOPA, we do not retain the IAQ weight distribution as it doesn’t include energy aspects 
for OPA. We propose to use at this stage the IAQ-E distribution in a conservative approach 
with balanced distribution across the six selected performance indicators. However, the IAQ-
E* present a strong interest for a decision maker that would need a strictly equal proportion 
between IAQ and energy aspects. In future work it could be relevant to perform a more detailed 
sensitivity analysis on the weight distribution and then elaborate an adapted weighting selection 
method specifically for the six indicators (or more if added). Other MCMD could also be tested 
for indicators performance aggregation. 
 
In our case, the MVHR systems presented the best overall performance with an IAQ benefit of 
the smart ventilation strategy (MHVR-rb). Then, depending on the decision maker priorities, 
the third most performant system could be the MEV-rb if IAQ is favored, or the MEV-rh or if 
the energy savings are more essential. In both cases the variable smart ventilation strategies 
present a benefit over the constant MEV-cav.  
 
Lastly, at this stage, this ranking of the ventilation strategies shouldn’t be considered as general 
performance ranking valid in all buildings. Indeed, the method has been applied only on one 
case study to demonstrate the relevance of the proposed methodology as a robust performance 
assessment decision-making tool for ventilation systems in buildings at the design stage.  
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1 INTRODUCTION 

 
The growing challenges of climate change, urbanization, and increased energy demand have 
underscored the critical need for sustainable and resilient cooling solutions in buildings. In 
response to this pressing global issue, the International Energy Agency's Energy in Buildings 
and Communities (IEA EBC) Annex 80 was initiated to address the multifaceted aspects of 
resilient cooling in the built environment. Annex 80 seeks to provide valuable insights into 
resilient cooling systems and their indicators, offering a pathway towards a more sustainable 
and adaptable future. 
 
2 COOLING STRATEGIES 

 
IEA EBC Annex 80 – Resilient Cooling of Buildings – has identified 16 cooling strategies 
that may contribute significantly to the resilience of buildings against heatwaves. Ventilative 
Cooling is one of them.  
 
In the Annex deliverables these 16 strategies are described in well-structured Technology 
Profiles.  
 
In the work of Annex 80, resilience has been defined as the qualities of;  
 

▪ Resistance – The ability of a building to keep normal performance even under 
disruptive events.  

▪ Robustness – The degree of a building’s ability to keep emergency performance 
under disruptive events. 

▪ Recovery – The character of a building in getting back to normal performance after a 
disruptive event. 

 
The contribution in the Topical session will pre-present the Technological Profiles, namely 
the one of Ventilative Cooling, including the contributions of ventilative cooling to the 
resilience of a building.  
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SUMMARY 

 
Embedding robust yet accessible frameworks to evaluate ventilative cooling potential during the early/concept 
design stages for building practitioners can help in reducing the performance gap as well as avoiding vulnerability 
“lock-in” from design decisions that are based on poor or inadequate information. The challenge is to develop 
performance based evaluation methods that recognise the tacit approach to design in practice. Often design is 
iterative, non-linear and multi-agent. For this reason there is a need to harvest knowledge on design practices from 
industry experts as well as develop support approaches that recognise the potential lack of expert knowledge at the 
concept stages of design (i.e. limited ventilative cooling design expertise of planning consultants, architects and 
quantity surveyors). Simple and complex strategies also require different evaluation approaches as well as the need 
to address the wide varying performance of natural ventilation in reducing the design vs in-use performance gap.     
 

KEYWORDS 
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1 CHALLENGES FOR EARLY STAGE VC DESIGN  
 
The quality of future living circumstances for many will be contingent on how low energy indoor spaces respond 
to challenges from accelerated ambient warming. The most vulnerable spaces are likely to be those that adopt 
ventilative cooling, given the dependence on the cooling potential available in the outdoor ambient air as well as 
the relying on the natural driving forces present in the urban wind and indoor-outdoor buoyant exchange [Tavakoli 
et al, 2022]. There can be a significant design risk for building practitioners when evaluating natural/passive 
ventilative cooling strategies at the early and detailed design stages, particularly given the non-deterministic 
characteristics of the strategy. By way of example, the intermittency and short circuiting in solutions such as single 
sided ventilation can be problematic in guaranteeing adequate cooling supply when it is most needed.  
 

 

 
 

Figure 1: Wind driven SS ventilation rate performance for plain openings, louvres & guide vanes [Najafi Ziarani et al, 2023] 
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An example of the challenge for designers when attempting to account for VC performance at the design stages is 
evident from recent laboratory measurements of different window designs that highlighted a difference of over 
400% [Albuquerque et al, 2021] in wind driven ventilation rates depending on window type, while a separate study 
reported that guide vanes were shown to outperform louvres and plain openings by a factor of over 5 [Najafi-
Ziarani et al, 2023]. So there is a wide range of potential performance outcomes that design choices can influence.   
The issues are only examples of many that have propagating effects through design and into operation, i.e. the 
combined performance of thermal inertia, opening designs, hybrid and supplementary strategies, complex flows 
etc. Therefore, the “cooling performance gap” between design and operation is dependent on robust design 
approaches that better account for the cooling potential of combinations of climate-building-system as early as 
possible in the design process. The greater the investment in information gathering, analysis and decision making 
during pre-design and conceptual design phases, the fewer financial, environmental and wellbeing costs later in 
the project. As part of the new ventilative cooling technical specification under CEN TC156 work is progressing 
to define an early stage design process for practitioners that offers a performance based approach to evaluating VC 
potential during the concept stage. Figure 2 provides a conceptual overview of this. This will be further developed 
as part of the ongoing efforts of the technical specification writing group. There are many challenges around how 
to approach simple vs complex indoor spaces/strategies, whether a prescriptive method exists for evaluating 
cooling potential, how to accommodate early stage conceptual ventilation rate assessments and so forth.  
 

 
Figure 2: Evaluating Ventilative Cooling at the Concept Design Stage 

 
2 DESIGN IN PRACTICE 
 
Given that “design in practice” may differ from theoretical frameworks work has been completed in an attempt to 
map how ventilative cooling is dealt with in real design environments and whether this differs significantly from 
the current best practice guidance available in standards and professional body guidelines. A survey of over 30 
building design practitioners has been completed which included 57 questions exploring how ventilative cooling 
is perceived, how the design effort is distributed throughout the design process, whether existing tools and methods 
are fit for purpose and what improvement are necessary to evolve VC design towards more reliable frameworks 
that lead to better operational outcomes for buildings [Sohail et al, 2023]. Approximately 18% of the respondents 
considered cooling as a design criteria but regarded it as not important. About 8% of the respondents said that it is 
not a design criteria in their building design practices. Around 32% of the respondents do not use any design tools 
to make any ventilative cooling decision and around 34% sometimes use a design tool while 34% of the 
respondents use the tool while making a ventilative cooling decision. It is evident that clear, reliable early stage 
design methods to assist designers at the concept stage to evaluate ventilative cooling potential of different 
strategies is important and useful to addressing the performance gap in low energy buildings.  As well as the survey 
10 detailed interviews with design experts have been completed and this, along with the survey work and the 
ongoing efforts of the writing group, should facilitate the development of a design map/ontology of how VC design 
is actually undertaken in practice, and how this compares to existing theoretical guidance and tools. The aim is to 
tailor existing frameworks and guidance to better align with the tacit knowledge of design experts and provide a 
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more seamless approach to evaluating ventilative cooling at the early stages through to detailed design, reducing 
vulnerability “lock-in” that becomes difficult to address post construction.  
 
 
3 OUTLOOK 
 
In order to reduce the performance gap for ventilative cooling it is important to first map how solutions are being 
selected, designed and developed in real practice based environments. Once this has been scoped and defined, it 
is easier to identify where there might be deficiencies in design supports, whether they be guidance documentation, 
evaluation tools or training and so forth. Developing support at the early stages in design, where most impact can 
be achieved, is key to attempting to reduce the future underperformance of ventilative cooling solutions. The new 
technical specification being developed under CEN TC156 aims to address this challenge by offering designers an 
easy to use robust, performance based approach that can evaluate VC potential early in the design to allow key 
decisions be made around building morphology, site microclimate exploitation, additional passive interventions, 
supplementary cooling requirements and so on. Good design practice will be as important as technological 
innovations in addressing the resilience of future indoor thermal environments.      
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ABSTRACT 

 
A Danish office building designed with a hybrid ventilation system has been compared to a 
full mechanical ventilation system in the same building. The comparisons include a life cycle 
analysis (LCA) focussing on CO2 equivalents (CO2equiv.) and life cycle cost (LCC) of the 
two ventilation solutions. The LCA includes embodied carbon form the ventilation 
components and operational energy due to heating and electricity. A potential reduction of 
32% in the total global warming potential (GWP) was found when using a hybrid ventilation 
solution instead of a mechanical ventilation solution. This includes a 46% reduction in the 
embodied carbon and a 26 % reduction in the operational energy. The hybrid ventilation 
solution was 7 % cheaper to acquire, and the life cycle cost was found to be 16 % cheaper 
than a mechanical ventilation solution.  
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1 INTRODUCTION  

 
Traditionally there has been a focus on lowering energy consumption in the  
building sector by reducing heat loss in the buildings through increased insulation, or  
development of more energy efficient ventilation systems design. These parameters are still 
important as this has an impact on the operational energy consumption of the building, hence 
the environmental impact.  
 
Life cycle assessment (LCA) focusing on CO2equiv.)  in the design of buildings has been a 
well-known and used methodology for measuring adverse environmental impacts for several 
years. However, it is only recently that there has there been a significant emphasis on the 
environmental impact of construction activities and its impact on our planet's climate. The 
focus is also led by a push from legal requirements and certification scheme tightening the 
requirements mainly regarding the global warming potential (GWP) using kg. of carbon 
dioxide equivalents (CO2-equiv.) as an indicator.  
 
LCA for buildings is a comprehensive approach used to evaluate the environmental impact of 
a building throughout its entire life cycle. This assessment considers various stages, from raw 
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material extraction and construction to operation, maintenance, and eventual demolition or 
recycling. LCA involves a systematic analysis of the building's environmental performance, 
considering factors such as energy consumption, resource usage, emissions, waste generation, 
and overall ecological footprint. The goal is to provide a holistic understanding of the 
building's sustainability, enabling informed decisions to minimize its environmental impact. 
 
Only a limited number of published studies have employed LCA as a primary design 
consideration to determine the optimal ventilation system for a specific building.  
 
 
2 METHODOLOGY  

An 1230m2 office building has been used as reference to compare different ventilation 
solutions. The office building is located in Denmark and incorporates a hybrid ventilation 
system which has been compared to a full mechanical ventilation system. The hybrid 
ventilation system consists of an automated natural ventilation solution through façade and 
roof windows to handle the cooling period and a downscaled mechanical ventilation system 
with heat recovery to fulfil the ventilation requirements during the heating period. This is 
compared against if the building was to be using a mechanical ventilation system, only. Both 
systems are sized to fulfil the same requirements regarding thermal comfort and indoor air 
quality.  
 
An LCA comparison between the two systems has been establish based on embodied carbon 
and operational energy (heating and electricity) from the usage and products of the systems. 
The LCA includes eight of the total seventeen phases of the LCA. The once included in the 
current study are marked in blue in Figure 1.  
 

 
Figure 1: Included phases of the LCA.  

 
Phase D is included in calculations, but is declared separately from the total environmental 
impact, as it is deemed outside the scope according to the Danish building regulation. Module 
D accounts potential benefits when reusing, recycling, or recovering the material after its end 
of life. The calculation is done in a Danish LCA tool named LCAByg using a reference 
period of 50 years.  
 
The embodied environmental impact of the ventilation systems is calculated on component 
level for each system. The air handling units in the mechanical and hybrid ventilation 
systems, are simplified using generic data from the Ökobau-database that reflects the typical 
build-up of an air handling unit. This generic air handling unit is multiplied to the accurate 
weight for each scenario. The individual ventilation components used in the mechanical and 
hybrid ventilation systems (ducts, air handling unit, silencers, air diffusers, façade grills, air 
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flow dampener and regulators, end cap and control valves) are modelled into their respective 
raw materials. This is by using the building product declarations for the individual component 
build-ups. For the natural ventilation components (actuators and controllers, latter enables 
intelligent control of the actuators) EPD-data has been used.  
 
A Life Cycle Cost (LCC) has been used to give an insight into the overall economic costs of 
the given ventilation system over its life cycle. In LCC, all costs from design, construction, 
maintenance, and replacements during the assessment period are included.  
 
The ventilation systems are evaluated for the economic life cycle cost associated with design, 
construction, maintenance, replacements, and operational costs for electricity/heating.  
 
 
2.1 Key results   

 
Figure 2 shows the LCA results focusing on GWP with CO2-equiv. as an indicator for the two 
assessed ventilation systems. 
 

 
Figure 2: GWP results for the ventilation systems 

 
Compared to the mechanical ventilation the hybrid ventilation system solution enables a:  

- 46% reduction in the embodied carbon  
- 26 % reduction in the operational energy  
- 32% reduction in total (GWP, CO2-equiv.) 

 
The embodied carbon for the intelligent natural ventilation system is 0.033 kg CO2-
eq./m2/year out of the 0.38 kg CO2-eq./m2/year in the hybrid ventilation solution. 
 
Figure 3 shows the cumulative embodied and operation total GWP over the 50-year reference 
study period. The difference between hybrid ventilation and mechanical ventilation is due to 
the higher energy use from the mechanical system, along with a noticeably higher jump at 
year 2045, where most of the ventilation components are replaced. 
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Figure 3: Total cumulative GWP, CO2-equiv. 

 
Figure 4 show the LCC for the hybrid and mechanical ventilation system.  
 

 
Figure 4: Cumulative cost over the 50-year assessment period, in DKK 

 
Comparing hybrid and mechanical ventilation, hybrid ventilation is 7 % cheaper to acquire, 
and the overall life cycle cost is 16 % cheaper than mechanical ventilation.  
 
 
3 CONCLUSION  

An 1230m2 office building located in Denmark has been used as reference to compare 
different ventilation solutions. The office building is designed with a hybrid ventilation 
system which has been compared to a full mechanical ventilation system. An LCA 
comparison between the two systems has been establish based on embodied carbon and 
operational energy (heating and electricity) from the usage and products of the systems 
focusing on CO2-equiv. 
 
The LCA calculations indicates that there is a significant potential for reducing the total GWP 
(CO2-equiv.) by 32% choosing the hybrid ventilation system. This is due to a 46% reduction 
in the embodied carbon and a 26 % reduction in the operational energy. 
 
Based on a Life Cycle Cost (LCC) including the overall economic costs of the given 
ventilation systems over its life cycle the hybrid ventilation was found to be 7 % cheaper to 
acquire, and the overall life cycle cost was 16 % cheaper than mechanical ventilation.  
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SUMMARY 
 
Overheating in school buildings is likely to lead to a negative learning performance experience for occupants in 
these settings. In Ireland, school buildings are primarily naturally ventilated, given the relative increases in external 
mean temperatures that are projected to have negative effects on the potential of natural ventilative cooling going 
forward, it is important to assess what the current overheating status is in these buildings. Existing work has already 
highlighted the lack of measurement data on overheating in low energy school buildings. Additionally, the 
literature also supports a difference in comfort between adults and children as well differences between 
temperature suitable for learning performance assessments and comfort assessments in school settings. In this 
presentation, early-stage insights on overheating in school buildings in Ireland will be presented with a subset of 
data from the RESILIENCE project. A series of comfort-based and performance-based metrics will be used to 
contextualise this data which was gathered in 2022/2023. Additionally, lessons learned from site visits as well as 
inputs from a calibrated whole building simulation model will be used to determine to what extent is overheating 
an issue in Irish schools and are they likely to overheat in the future. 
 
 

KEYWORDS 
 
Overheating, primary and post-primary, natural ventilation, ventilative cooling, overheating  
  
1 INTRODUCTION AND BACKGROUND 

 
1.1 Overheating in naturally ventilated schools 

Despite there being evidence in the literature to support that excess heat or overheating can 
have a negative effect on occupant performance in schools [1], [2], there is scarce data on the 
overheating performance in schools but particularly new ones [3].  
 

 
Figure 1:  Comparison of adaptive thresholds for adults, children as well as thresholds reflective of relative 

learning performance 

625 | P a g e



This mirrors the case for non-residential buildings more generally as more data is needed in this 
area [4]. School buildings have been examined using different metrics in the past be they for 
comfort [5], [6] or learning performance [2] what is evident is that adaptive standards or 
thresholds used for adults are not likely to be reflective of what students experience in primary 
schools and potentially post-primary schools also (See Figure 1).Additionally, it is also evident 
from the literature that passive cooling systems such as natural ventilation may not be equipped 
to supress projected excesses in heat in the future [7] and this is when standardised thresholds 
are used. Therefore, it is important that further research be conducted in school buildings. 
 
 
1.2 Project RESILIENCE and case studies 

 
The following study is one part of project RESILIENCE, which is research project funded by 
the Sustainable Energy Authority of Ireland (SEAI). The focus of RESILIENCE is on 
overheating in naturally ventilated (NV) low energy or nZEB built environments in non-
residential or commercial buildings. This research aims to:  
 

“Systematically map and quantify how low or Nearly Zero Energy (i.e. nZEB’s) commercial 

building design, construction and operation in Ireland has affected or will affect indoor thermal 

environments in buildings that rely exclusively on passive strategies for the supply of fresh air 

and, more specifically, the removal of heat build-up that would otherwise lead to an 

unacceptable thermal experience for building occupants.” 
 
The project has three overall building types: schools, office/educational, and healthcare. The 
project has targeted a total of 30 non-residential buildings (with a minimum of 2 to 3 zones per 
building), where data is being gathered on overheating at half-hour intervals at a minimum. The 
utilises data from different sources with existing BMS or Wifi-based data logging systems but 
in some cases standalone data loggers were used. Table 1 indicates the school buildings that 
were confirmed as of August of 2023. A mixture of retrofit, new built as well as extensions to 
existing buildings were monitored.  
 

Table 1: List of 12 case study school buildings (as of August 2023) and monitoring systems installed 

School 

Name 
Location Building Type 

No of 

Zones 
Monitor Type Accuracy 

PS1 South New 5 Stand-alone ±0.3°C 
PS2 South New 5 Stand-alone ±0.5°C 
PS3 South New >5 Wifi-based ±0.1°C 
PP1 South-West Extension 5 Wifi-based ±0.3°C 
PP2 Midlands New >5 BMS/ Stand-alone ±0.5°C 
PS4 Mid-West Extension/Retrofit >5 BMS ±0.5°C 
PS5 South New 5 Stand-alone ±0.5°C 
PS6 South Extension/Retrofit 5 Wifi-based ±0.3°C 
PS7 North-East Retrofit >5 BMS ±0.5°C 
PP3 South-East Retrofit >5 BMS ±0.5°C 
PP4 South-East Extension 5 Wifi-based ±0.3°C 
PS8 West Existing >5 BMS ±0.5°C 
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As part of this presentation, data from a subset of these buildings will be presented along with 
some lessons learned from site visits in each building or from previous work in the simulated 
performance of a new NV school building in Ireland [8]. 
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1 INTRODUCTION 

 
To achieve future-proof buildings, it is crucial to design buildings and systems that can 
withstand to shocks (like heat waves and power outages) and reduce the impact of shocks on 
thermal comfort in a building. This is known as resilience to overheating.  
 
However, shocks are not included in daily building design practice. Practitioners still have the 
question: “how to design a building that is resilient to overheating?”. To answer this question, 
IEA EBC Annex 80: Resilient Cooling of Buildings translated its results into Resilient 
Cooling Guidelines (Corrado et al., 2023). The case study from these guidelines is the subject 
of this summary/presentation. 
 
 
2 CASE STUDY DESCRIPTION 

 
The case study is a new low-tech office building with a floor area of 1019m² on 2 floors in the 
city of Leuven (Belgium) designed by and for archipelago architects (see Figure 1). 
 

 
Figure 1: Parkside view of the office building © archipelago architects 
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3 (PRE-)DESIGN PROCESS 

 
Figure 2 presents the step-by-step design process that is applied to reach a resilient building 
with focus on passive design strategies and in particular the combination of solar shading, 
natural ventilative cooling (NVC) and exposed thermal mass. For more details about the whole 
design process is referred to Declercq et al. (2021).  
 

 

 

Figure 2 Step-by-step design process (including used tools) © archipelago architects 

 
4 RESILIENCE ASSESSMENT 

 
A building simulation model including 10 zones is built in IDA ICE v4.9.9. Thermal 
resilience is assessed for two open plan offices (with 32 occupants each) and one reception 
area by the following performance indicators: overheating escalation factor (OEF) and degree 
hours above a standard effective temperature (SET) of 28 and 30°C. The concerned shocks 
are heat waves in current and future weather conditions (mid-term and long-term projections) 
and a 48h power outage on the hottest day of the heat wave. Simulated scenarios include a 
combination of automated shading (yes/no), natural/mechanical ventilative cooling (yes/no), 
thermal mass (light/heavy), mechanical radiant cooling device. 
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SUMMARY 

 
Low energy buildings are highly insulated and airtight and therefore subject to overheating 
risks, where Ventilative Cooling (VC) could be a relevant solution in both existing and new 
buildings - being both a sustainable and energy efficient solution to improve indoor well-
being, hereunder thermal comfort (State-of-the-art-review, Kolokotroni et al., 2015). 
VC is widely used as a key element when designing buildings to cope with overheating to 
assist improving thermal comfort, but can also improve the Indoor Air Quality due to higher 
ventilation rates in the cooling season.  
 
VC technologies have the potential to be an effective measure to reduce the energy use in 
buildings, by meeting some or all of the cooling requirement of a building without the need 
for an active cooling system (e.g. mechanical cooling). The design of a VC system plays a 
significant role in the success and here fair and proper implementation of VC methods in 
standards, guidelines and legislation are becoming more important to enhance a proper design 
with a corresponding good performance.  
 
In terms of building design, the responsiveness of a building not only includes good thermal 
comfort, but also resiliency and an ability to cope with the environmental impact of a certain 
technical solution. Amongst other things, the resilience aspect is important to include in future 
standards and legislation on this topic, e.g. evaluating what happens to the thermal comfort if 
there is a power outage. 
 

There has generally been lacking proper ventilative cooling design integration in existing 
European standards and legislation and therefore New projects have started up under 
international standardization committees, CEN and ISO namely; CEN/TC 156 and ISO/TC 
205.  
 

KEYWORDS 

Ventilative cooling, standards, legislation, compliance tools, recommendations for 
implementation of VC 
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1 EUROPEAN TECHNICAL SPECIFICATION ON VENTILATIVE COOLING IN 

CEN 

 
1.1 General 

There has generally been missing good ventilative cooling design integration for "system 
design" and "performance" aspects in existing European standards and legislation and 
therefore New projects have started up in New working groups under CEN/TC 156 and 
ISO/TC 205. 
 
In CEN a new European Technical specification (CEN/TS) named "Ventilative cooling 
systems – Design" under CEN/TC 156/WG21 has started up with the goal to be the go-to 
European technical document for how to design ventilative cooling systems, while also 
ensuring a reference for ventilative cooling in the upcoming revision of EN 16798-1 named 
EN 16798-1-3 (for thermal comfort). 
 
1.2 Content of CEN/TS 

 
The purpose of the CEN/TS is to set criteria and give guidance to the design of ventilative 
cooling systems with main focus on thermal comfort in order to reduce cooling loads and 
prevent/reduce overheating in buildings. Ventilative cooling can be achieved through natural, 
mechanical and hybrid means. 
 
With reference to the "VC design guide" from IEA Annex 62 inspiration has come up for 
input to the CEN and ISO technical documents on ventilative cooling (Ventilative cooling 

design guide, IEA Annex 62, Heiselberg et al., 2018). 
 
In the CEN/TS, the general design procedure will consist of 3 design stages: 

• Conceptual design 
o Aim: To embed VC principles and find VC potential 

• Basic design 
o Aim: To determine opening areas/duct sizing and to investigate if the needed air 

change rate is achievable 
• Detailed design 

o Aim: To investigate if the chosen ventilative cooling system actually complies with 
the set criteria 

 
In the conceptual design phase will be included a method estimating the "ventilative cooling 
potential" early on to find when VC applications can be used throughout the year for a given 
climate. If VC is not sufficient, there will informatively be given information on 
supplementary cooling and mechanical cooling to ensure full thermal comfort in the building.  
The aim is to include early design evaluations with illustrated "architypes" e.g. in terms of 
climate type to help the designer make valid choices early on based on simulations for VC 
strategies (e.g. single sided or cross ventilation). 
 
In all design stages will be included resilience checks, ranging from simple (conceptual and 
basic) to possibly more detailed resilience indicators (detailed design). This resilience check 
will investigate if the building e.g can withstand power cuts, in order to still achieve a good 
thermal comfort. 
 
2 CONCLUSION 
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Generally, new aspects are highlighted included in the upcoming European Technical 
specification on "Ventilative cooling systems - Design" in CEN/TC 156/WG21 in order for 
the audience to understand the need to have this information available in a new technical 
document and that a reference should be made to the current revision of EN 16798-1-3 
(thermal comfort).  
 
There can generally be different ways of cooling a building and here VC technologies have 
the potential to reduce the energy use in buildings, by meeting some or all of the cooling 
requirement of a building without the need for an active mechanical cooling system. The 
design of a VC system plays a significant role in the success of this and to this are needed fair 
and proper implementation of VC methods in standards, guidelines and legislation. 
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ABSTRACT 
 
An approach has previously been developed to estimate space-specific carbon dioxide (CO2) levels that can serve 
as metrics for the adequacy of outdoor ventilation rates. These metrics are based on the CO2 concentration expected 
in a space given its intended or expected ventilation rate, volume, and occupant information (i.e., the number of 
occupants, their CO2 generation rates, and duration of occupancy). This expected concentration can then be 
compared to a measured value to assess whether the actual outdoor air ventilation rate of the space is consistent 
with a design value, the requirement in a standard, or other recommended ventilation rate. A measured 
concentration higher than the expected value may indicate that the target ventilation rate is not being achieved. 
However, the occupant characteristics that impact the rate at which they generate CO2 (sex, age, body mass, and 
level of physical activity) are difficult to know with precision, which impacts the uncertainty in the expected 
concentration.  
 
This study involved a sensitivity analysis of the calculated CO2 ventilation metric. Occupant characteristics 
impacting the CO2 generation rate (body mass, ratio of male-to-female occupants, and metabolic rates) were varied 
by about +/- 20 % to evaluate the impact on two metric values of interest (the CO2 concentration 1 hour after full 
occupancy and the steady state concentration). In addition, the space ventilation rate was varied by +/- 20 % to 
allow comparison to the variations associated with the other three inputs. The analysis employs the airflow and 
contaminant transport tool CONTAM to predict these concentrations over the range of inputs using factorial 
analysis. The sensitivity analysis employs a two-level full factorial design and a 10-step exploratory data approach 
(EDA) to identify the factors that have the most significant impacts. The result shows that outdoor ventilation rates 
and metabolic rates have the most significant effects on the CO2 ventilation metric values. Varying these two 
parameters by +/- 20 % results in variations in the CO2 concentrations of about 20 % to 35 %. 
 

KEYWORDS 
 
carbon dioxide, ventilation, metabolic rates, sensitivity analysis, CONTAM  
  
1 INTRODUCTION 

 
Indoor air quality (IAQ) researchers and practitioners have used indoor carbon dioxide (CO2) 
concentrations to evaluate IAQ and building ventilation performance for many years (Persily, 
1997), in many cases without a full understanding of the technical bases of the methods 
employed and the assumptions involved (ASHRAE 2022). The use of CO2 monitoring for 
ventilation assessment has become more common in response to the COVID-19 pandemic 
given the importance of ventilation in managing the risks of infection (Persily and Oke, 
2022). Many of these monitoring efforts involve the use of a single value of the CO2 
concentration for all indoor spaces, often in the range of 800 ppmv to 1000 ppmv*. However, 

* In this work, CO2 concentrations are expressed in μL/L, which is equivalent to ppmv. 
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using a single CO2 concentration for all indoor spaces ignores important differences between 
indoor spaces, such as their size, intended use, and occupant characteristics (Persily, 2022). 
These differences impact the CO2 generation rates, the timing of the concentration 
measurements relative to the occupancy schedule, and the outdoor air ventilation rates 
required by ventilation standards and building codes, which in turn influence the indoor CO2 
concentrations. An approach for analyzing space-specific ventilation rates allows users to 
identify CO2 ventilation metrics based on these factors (Persily, 2022). An online tool, 
QICO2, is available to facilitate the application of this approach (Persily and Polidoro, 2022). 
However, the calculation of CO2 concentrations as ventilation metrics involves assumptions 
for several quantities that are inherently uncertain, such as occupant-related characteristics, 
and the impact of these uncertainties on the metrics is not known. 
 
This study aims to investigate the uncertainties associated with the CO2-based ventilation 
metrics proposed previously. We consider a range of values for the occupant characteristics 
(ratio of males to females, body mass, and level of physical activity) and outdoor ventilation 
rates. We use the CONTAM airflow and contaminant transport model (Dols and Polidoro, 
2020) to predict CO2 concentrations over the range of input values, with results being 
evaluated using factorial analysis. This analysis is intended to help practitioners understand 
the uncertainties associated with the indoor CO2 concentrations used as ventilation metrics.  
 
2 METHODS 

 
The analysis presented in this paper involved single-zone CONTAM simulations of CO2 
concentrations in several space types. A two-level, full factorial design that was analyzed with 
a 10-step exploratory data (EDA) approach to identify the most important factors impacting 
the calculated CO2 concentrations (NIST/SEMATECH e-Handbook of Statistical Methods). 
This approach allows the assessment of the impact of each input value on the calculated 
concentrations as well as the interactions between the input values. The analysis focused on 
four factors: metabolic rate, ratio of male to female occupants, body mass, and outdoor 
airflow rate into the space. The calculated CO2 concentrations reveal the sensitivity to these 
factors after 1 hour of occupancy and at a steady state.  
 
2.1 Single-zone simulation model 

The calculation of these ventilation metrics employs a single-zone mass balance of CO2 in 
each space, which is expressed in equation (1):  
 
 𝑉

𝑑𝐶

𝑑𝑡
= 𝑄 [𝐶𝑜𝑢𝑡 − 𝐶(𝑡)] + 𝐺 (1) 

 
where V is the volume of the space being considered, C is the CO2 concentration in the space, 
Cout is the outdoor CO2 concentration, t is time, Q is the volumetric flow of air into the space 
from outdoors and from the space to the outdoors, and G is the CO2 generation rate in the 
space. We ignore air density differences between the indoors and outdoors by using the same 
value of Q for the flow into and out of the space. In addition, the single-zone model does not 
account for concentration differences within and between the building zones or for CO2 
transport between zones. The solution to equation (1) is expressed in equation (2):  
 

 𝐶(𝑡) = 𝐶(0) 𝑒−
𝑄

𝑉
𝑡 + 𝐶𝑠𝑠 (1 −  𝑒−

𝑄

𝑉
𝑡) (2) 

 
where C(0) is the indoor concentration at t = 0, and CSS is the steady-state indoor 
concentration, which is given by:  
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 𝐶𝑠𝑠 =  𝐶𝑜𝑢𝑡 + 
𝐺

𝑄
 (3) 

 
Note that the indoor concentration will only achieve steady state if Q and G are constant for a 
sufficiently long period of time, which may not occur in some spaces depending on the 
occupancy schedule. We used the factorial capabilities in CONTAM simulations by varying 
the inputs as described below to estimate the indoor CO2 concentrations at 1-minute intervals 
over 24-hours.  
 
2.2 Model Inputs 

The inputs investigated in the sensitivity analysis include the following: metabolic rate of the 
occupants, which is a function of their level of physical activity; the ratio of male to female 
occupants (MF ratio); body mass of the occupants; and the outdoor airflow rate into the space. 
We investigated several space types from the commercial/institutional building spaces 
covered by ASHRAE Standard 62.1 (ASHRAE 2022). Each building space is assumed to be 
at an indoor temperature of 23 °C and an initial CO2 concentration of 400 ppmv. Table 1 
shows the baseline values for the occupant-related characteristics and the space ventilation 
rate. For the lobby, we investigated two levels of physical activity of the occupants, referred 
to as “active” and “mellow,” where the former is associated with a higher met rate. Also, in 
institutional spaces such as classrooms and lecture rooms, we examined scenarios with either 
a male teacher or a female teacher. The body mass values in the fourth column contain two 
values corresponding to the male and female occupants, respectively. 
 

Table 1: Baseline input values for the occupant characteristics for CO2 concentration calculations 
Space type Occupant 

density 

(#/100 m2) 

MF ratio Body mass M/F 

(kg) 

Metabolic 

rate 

(met) 

Ventilation 

rate 

(m3/h) 

Classroom (5 y to 
8 y) 

25 12 : 12  
(1 adult Teacher) 

Students: 26.4 / 25.8 
Teacher:  93.4 / 79.6 

Student: 1.5 
Teacher: 2.1 

185 

Lecture classroom  65 32 : 32  
(1 adult Lecturer) 

Students: 83.6 / 73.7 
Lecturer: 93.4 / 79.6 

Student: 1.7 
Lecturer: 2.1 

277 

Restaurant dining 
room 

70 Customer: 33:33 
Workers: 2 : 2 

93.4 / 79.6 Customer: 
1.7 

Server: 2.2 

356 

Conference 
meeting room 

50 25 : 25 93.4 / 79.6 1.7 155 

Office space 5 2.5 : 2.5 93.4 / 79.6 1.9 42.5 
Active Lobby 150 75 : 75 93.4 / 79.6 2.2 405 
Mellow Lobby 150 75 : 75 93.4 / 79.6 1.9 405 
Retail 15 7.5 : 7.5 93.4 / 79.6 2.1 117 

 
To estimate the CO2 generation from building occupants, we utilized an approach based on 
the basal metabolic rate (BMR) and the level of physical activity (M) (Persily and de Jonge, 
2017). The BMR is influenced by sex, age, and body mass, and when multiplied by the 
physical activity level, provides the rate of energy expenditure. Based on that approach, the 
CO2 generation, VCO2, of an individual is estimated by equation (4):  
 
 𝑉𝐶𝑂2 = BMR ∙ M (𝑇

𝑃⁄ )0.000179 (4) 
 
where M is the metabolic rate, BMR is the basal metabolic rate (MJ/day), and T and P are the 
air temperature (K) and pressure (kPa), respectively. We estimated the volumetric flow of air 
into and out of the space using the Ventilation Rate Procedure in ASHRAE Standard 62.1 
(ASHRAE 2022), which requires ventilation rates as the sum of a People Outdoor Air Rate, 
Rp (L/s·person) and an Area Outdoor Air Rate, Ra (L/s·m2) using equation (5):  
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 𝑉𝑏𝑧 =  𝑅𝑝 ×  𝑃𝑧 × 𝑅𝑎  × 𝐴𝑧 (5) 
 

where Pz is the number of people in the space, and Az (m2) is the net occupied floor area.  
 
Body mass values were derived from the 2015-2018 National Health and Nutrition 
Examination Survey (NHANES), a comprehensive anthropometric survey representing 
various age groups and demographics in the United States (Fryar et al., 2021). For the adult 
population in all spaces, we assumed the occupants were in the range of 30 to 60 years old. 
The number of occupants in each space was based on the default occupant density values in 
ASHRAE Standard 62.1 (ASHRAE 2022) and remained constant during each simulation. 
Metabolic rates were calculated based on the values for activities from published literature for 
adults (Ainsworth et al., 2011) and youths (Butte et al., 2018). 
 
2.3 Sensitivity Analysis 

Two settings were selected for each input in the two-level design, represented as “-1” or “+1” 
to indicate lower and higher values, respectively. The simulations encompassed all possible 
combinations of high/low levels for each of the inputs. The number of simulations equals 2k, 
where k is the number of factors. In this analysis, with k = 4, the total number of simulations 
was 16. The primary advantage of employing a full factorial design is that it allows for 
estimating both main effects and interactions among the factors. For simulation purposes, the 
baseline values of the studied inputs were varied by +/- 20 %. The 20 % range is not based on 
specific data or analyses, but rather is intended to represent a realistic range of variation. The 
10-step analysis of the results of the simulations produces graphical output that provides 
insights into the results. For this analysis, the steady-state CO2 concentration and the 
concentration at 1 hour were selected as the outcomes or response factors.  
 
Although the 10-step analysis generates 10 plots, we will focus on the ordered data plot and 
main effects plot as these are most relevant to this study (interaction effects were negligible 
and the plots related to fitting a model are not applicable). The ordered data plot, shown in 
Figure 1, shows the output values from smallest to largest for all combinations of input level 
for the steady-state CO2 concentration for the classroom. This plot shows which combination 
of input settings yields higher or lower indoor CO2 concentrations. 
 
The main effects plot, shown in Figure 2, shows the mean response value for all data at a 
given level of a factor. For example, the "-" column for MF ratio plots the mean of all the data 
which have a "-"setting for MF ratio while the "+" column plots the mean of all data which 
have a "+" setting for MF ratio. The difference between the means for the "-" and "+" setting 
is the effect size for that factor (this is shown as "|Effect|" on the plot. The plot also shows the 
relative effect (i.e., the overall mean of the response variable divided by the effect size 
expressed as a percentage). The values of the effect sizes indicate the relative importance of 
the factors. This plot demonstrates that the outdoor ventilation rate and metabolic rate have 
the most significant effect, body mass has some effect (about half the size of metabolic rate 
and outdoor Ventilation Rate) and MF ratio has very little effect. 
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Figure 1: Ordered data plot for steady-state and 1-hr CO2 concentration in a classroom comprising students aged 

5 to 8 with an adult male teacher 

 
Figure 2: Main Effects plot for the steady-state CO2 concentration in a classroom comprising students aged 5 to 

8 with an adult male teacher 
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3 RESULTS 

 
Table 2 displays the uncertainty analysis results for the ten spaces considered in this study for 
the 1-hour CO2 concentration subject to a +/- 20% variation in each of the four input 
variables. Table 3 displays the results for the steady-state CO2 concentrations. The second 
column of Tables 2 and 3 shows the minimum, maximum, and mean CO2 concentrations. The 
remaining columns present the percent difference between the mean concentrations of the 
lower (–) and upper settings (+) for the four input variables.  
 

Table 2: Percentage difference in 1h concentration for a +/- 20 % variation in the input variable 
  Percent difference in 1 h concentration for +/- 20% 

variation in input variable 

Space type Minimum/maximum 

concentration (mean) 

ppmv 

MF ratio Body 

mass 

Metabolic 

rate 

Ventilation 

rate 

Classroom (5 y to 8 y, 
male teacher) 

665/1146 (865) 1 11 21 22 

Classroom (5 y to 8 y, 
female teacher) 

659/1129 (855) 1 11 21 21 

Lecture classroom 
(male lecturer) 

1175/2825 (1846) 3 21 33 31 

Lecture classroom 
(female lecturer) 

1171/2812 (1838) 3 21 33 31 

Restaurant dining room  1134/2509 (1700) 3 15 31 31 
Conference meeting 
room 

1380/3312 (2170) 4 16 35 33 

Office space 595/953 (742) 2 9 17 18 
Active Lobby 2146/5456 (3504) 5 18 35 35 
Mellow Lobby 1855/4520 (2952) 5 17 33 35 
Retail 761/1546 (1074) 7 13 28 25 

Table 3: Percentage difference in steady state concentration for a +/- 20 % variation in the input variable 
  Percent difference in steady-state concentration for 

+/- 20% variation in input variable 

Space type Minimum/maximum 

concentration (mean) 

ppmv 

MF ratio Body 

mass 

Metabolic 

rate 

Ventilation 

rate 

Classroom (5 y to 8 y 
with a male teacher) 

697/1237 (922) 1 12 23 23 

Classroom (5 y to 8 y 
with a female teacher) 

691/1217 (910) 1 12 22 22 

Lecture classroom 
(with a male lecturer) 

1245/3043 (1976) 3 21 34 32 

Lecture classroom 
(with a female lecturer) 

1241/3030 (1968) 3 21 34 32 

Restaurant dining room  11165/2598 (1755) 3 15 31 31 
Conference meeting 
room 

1561/3849 (2496) 4 17 36 34 

Office space 889/1783 (1257) 4 14 26 27 
Active Lobby 2246/5745 (3682) 5 18 36 36 
Mellow Lobby 1938/4755 (3098) 5 17 33 35 
Retail 954/2160 (1435) 8 14 32 29 

 
These tables show that outdoor ventilation and metabolic rates impact the 1-hour and steady-
state CO2 concentrations more than body mass and MF ratio. This trend holds across all the 
spaces examined, although the percentage difference in CO2 concentration varies across the 
different space types. For example, in the 5 y to 8 y classroom with an adult male teacher, 
changing the outdoor ventilation and metabolic rates by +/- 20 % leads to a 22 % and 21 % 
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shift in the 1-hour CO2 concentration, respectively (Table 2). At steady state, the same 
adjustments result in approximately 23 % variation in the CO2 concentrations, as shown in 
Table 3. For the office space, varying the outdoor ventilation and metabolic rates by +/- 20 % 
results in 18 % and 17 % changes in the CO2 concentration after 1 hour of occupancy, 
respectively, which increases to 27 % and 26 % percent differences in the CO2 steady-state 
concentration.  
 
Body mass and MF ratio have lesser impacts on the calculated CO2 concentration. In the 5 y 
to 8 y classroom with an adult male teacher, the +/- 20 % variation in body mass and MF ratio 
results in 11 % and 1 % shifts in the 1-hour CO2 concentration. At steady state, the +/- 20 % 
percent in body mass results in a 12 % change in the CO2 concentration, while the MF ratio 
yields a 1% change (Table 3). For the office space, the same variation in body mass and MF 
ratio resulted in 9 % and 2 % changes in the CO2 concentration after 1 hour of occupancy and 
14 % and 4 % changes in the CO2 steady-state concentration (Table 3). 
 
4 CONCLUSIONS 

 
In support of the use of CO2 concentrations as ventilation metrics, a sensitivity analysis was 
conducted to understand which inputs to the calculations of these metrics were most 
important and to estimate the impact of their variation on the calculated concentration values. 
This analysis involved single-zone CONTAM simulations of seven spaces using ventilation 
rates and default occupant density levels from ASHRAE Standard 62.1 and other parameters 
impacting CO2 generation rates based on Persily (2022). The inputs of body mass, male-
female ratio for some occupancies, level of physical activity or met rate, and the outdoor air 
ventilation rate, were all varied by +/- 20 %. The simulations employed a two-level, full 
factorial design that was analyzed with a 10-step EDA described above. The results showed 
that ventilation and met rates impact the CO2 ventilation metric values more than the male-
female ratio and body mass, with a range of 20 % to 35 % for the +/- 20 % variation in these 
inputs. Variations in body mass impacted the CO2 metrics by 10 % to 20 %, and the male-
female ratio variation was closer to 1 % to 8 %.  
 
These results will help users of the CO2 ventilation metric approach better understand the 
precision in the calculation of those metrics. In practice, when applying this approach, the 
ability to determine the required inputs will vary. In cases where one is calculating CO2 
metric values for generic space types, e.g., offices, rather than a specific office, one can only 
estimate the number of occupants and their characteristics that impact CO2 generation rates. 
The target ventilation rate should be known with a higher degree of confidence based on the 
standard or guidance value one is attempting to verify, though the value may also depend on 
the number of occupants, as it does in ASHRAE Standard 62.1. Nevertheless, the results of 
this sensitivity analysis clarify the potential range in the CO2 metric values in relation to the 
uncertainty in the concentration measurement. If one is evaluating a specific, existing space, 
they should have a better idea of the male-to-female ratio, but estimating body mass will be 
more difficult, requiring characterization of the occupants of the space. The met rate for the 
space is inherently difficult to determine as the values in the literature are based on specific 
activities but do not address met levels for occupied spaces, which generally are associated 
with a range of activities of varying durations. Therefore, the uncertainty in the CO2 metric 
values associated with variations in met rates need to be explicitly acknowledged and 
quantitatively considered.  
 
Additional work is planned to consider other space types, occupancy details, and other times 
for the CO2 concentration calculations (as suggested in Persily 2022) to better understand the 
uncertainties inherent in the CO2 ventilation metric approach. Also, developing guidance on 
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the use of the CO2 ventilation metric based on this work that targets practitioners is being 
considered. 
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ABSTRACT 
 
The COVID-19 pandemic has raised concerns about indoor ventilation conditions worldwide. 
Monitoring CO2 concentrations in rooms has been widely used, but its relationship with outdoor 
air ventilation rates and ventilation performance is uncertain. Several uncertainties must be 
quantified, including the location and rate of CO2 sources, sensor locations, and the dynamics 
of the surroundings, as well as limitations of existing simulation models, such as well-mixing 
assumptions. This paper presents field measurements, stochastic modeling, calibrations, and 
aerodynamics analysis within rooms and contaminant dispersal. Several CO2 tracer gas tests 
were conducted in classrooms. Two test setups were used, one for uniformity testing and the 
other for evaluating ventilation performance. A proposed uniformity index (Ui) is integrated 
into the tracer decay method to address its limitation due to the well-mixing assumption, thereby 
improving the air change rate estimation by 22%. As a general rule, the outlet sampling location 
may represent the average of all locations in mixed-ventilated spaces. Given the small 
difference in peak CO2 concentrations (2.6%) and decay periods (15%), 60% of the ventilation 
capacity should be used instead of the full capacity. As opposed to the instructor's location, the 
room midpoint yields a 7 percent higher peak CO2 concentration, which is recommended as a 
dosing source to estimate air change rates using the tracer decay method. Additionally, novel 
simulation models have been developed for estimating ventilation air change rates in indoor 
environments since deterministic approaches cannot incorporate system uncertainties. It has 
been found that stochastic models, which combine the physical principles of a system with data 
collected from field measurements, are effective for resolving uncertainties, but they have not 
been extensively explored in terms of estimating air change rates. Therefore, we also examined 
the integration of stochastic differential equations (SDEs) and a Bayesian calibration model to 
evaluate indoor air quality and ventilation conditions in rooms. 
 
KEYWORDS 
 
Decay method; Tracer mixing; CO2 monitoring; Air change rate; Bayesian calibration 
 
1 INTRODUCTION 

Poor indoor air quality (IAQ) often results from insufficient fresh air supply to building 
occupants. The outbreak of the COVID-19 pandemic has raised public concerns about 
maintaining a healthy indoor environment and limiting the spread of virus-laden respiratory 
aerosols. Occupied classrooms in schools, where in-person interactions are frequent, have 
become one of the vulnerable spaces during this pandemic. Adequate outdoor air ventilation 
could effectively dilute aerosol concentrations and limit the quantity of inhaled infectious 
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pathogens (Yan, Wang et al. 2023). Thus, ensuring proper ventilation performance in schools 
has become much more essential than ever before.       
Over the years, improving air quality through enhanced ventilation performance has been the 
subject of various studies (Karava, Athienitis et al. 2012, Qi, Wang et al. 2014, Yuan, Athienitis 
et al. 2016, Yuan, Vallianos et al. 2018, Hou, Lin et al. 2020, Qi, Cheng et al. 2020). 
Characterizing ventilation rates (VR) in buildings has been an effective way for people to 
understand how much fresh air is delivered to the occupants. It should be noted that VR 
discussed in this study are in terms of the quantity of outdoor air supplied to the occupied areas, 
which is usually expressed as air volume per unit time (e.g., L/s) or air volume per unit time 
per person (e.g., L/s/person). For a lecture classroom, the ventilation design standard of the 
American Society of Heating, Refrigerating, and Air Conditioning Engineers (ASHRAE) 
recommends a VR value of not less than 4.3 L/s/person (ASHRAE 2019). Until now, few 
studies have paid attention to understanding the ventilation conditions of Canadian primary or 
secondary schools. There are several direct and indirect approaches to measuring air change 
rates (λ), which include airflow measurements, controlled release as well as in-situ monitoring 
(McNeill, Corsi et al. 2022). The direct flow measurement, which directly measures the air 
intake at the air-handling unit (AHU), has been widely adopted for determining the air change 
rate (Damiano 2010). However, this approach only works for mechanically ventilated 
buildings, while until recently, a large proportion of Canadian schools were naturally ventilated 
(Karava, Stathopoulos et al. 2006, Cheng, Qi et al. 2018).  
The controlled release approach, which has been widely known as the tracer-gas technique, 
usually releases a designated amount of tracer gas (a single release, constant release, or 
controlled release) and then observes its decay with time. Due to its simplicity and less dosing 
volume of tracer, various studies used the concentration decay method to evaluate ventilation 
performance and estimate indoor air change rate. However, this method often assumes the well-
mixing condition between tracer and air. In reality, the non-uniform mixing is unavoidable that 
caused by either short-circuiting of the inlet to the outlet or stagnant regions. Therefore, the 
decay method tends to underpredict λ (Van Ryswyk, Wallace et al. 2015). To fill this research 
gap, it is important to interpret the results of tracer gas tests in the context of a reliable mixing 
model. 
Selecting tracer gas is important in this method e.g., CO2 is one of the commonly used tracer 
gases as it appears to be safe and environmentally friendly, and its concentration could be easily 
measured with inexpensive sensors. In this approach, CO2 is also an ideal choice since humans 
would also become the generation source, and the concentration may indicate room occupancy. 
In order to estimate λ using measured CO2 concentrations in Canadian schools, traditionally, 
the tracer-gas mass balance equations would be used for deterministic predictions. However, 
during the measurement process, uncertainties would exist due to measurement noises, 
influence from the outdoor environments, etc., which would be ignored in the deterministic 
estimations. In the meanwhile, sometimes, the adoption of input parameters may be 
unreasonable, which would result in a large prediction bias. The stochastic grey-box model 
(Macarulla, Casals et al. 2018), which combines the physical principles of a system and the 
information generated from field measurements data, is shown to be promising in dealing with 
the uncertainties, whereas they have not been investigated in depth to be applied to the 
estimation of air change rates based on CO2 measurements in rooms. Meanwhile, the key 
parameters, including room occupancy and occupant CO2 generation rates, are often 
unavailable and lead to significant uncertainties, whereas these parameters may be estimated 
from Bayesian calibrations based on CO2 measurements (Hou, Wang et al. 2023). These 
approaches help deal with uncertainties and disturbances that happen during the ventilation 
interpretation progress.  
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To address the research gaps presented above, in this study, we aim to deal with uncertainties 
coupled with CO2 field measurements, mass-balance equation modeling, parameter estimations, 
as well as the well-mixing of tracers and airflows in reality. Although the numerical analysis 
was focused on single-zone cases, the extensions to multi-zone simulations were also discussed.   
  
2 METHODOLOGIES 

2.1. Field measurements in mechanically ventilated classroom  

In August 2022, several CO2 tracer tests were carried out in a classroom on the 5 th floor of a 
16-story institutional high-rise building (Longueuil Campus, Université de Sherbrooke, 
Montreal, Canada). The classroom has a volume of 266.3 m3 (8.9×8.8×3.5 m) measured using 
a laser meter. The entire building is served by a centralized air conditioning system controlled 
by a building automation system (BAS). A mixed-ventilation system is used consisting of 4 
supply air ceiling diffusers (0.6×0.6 m), 6 linear slot diffusers (1.2×0.1 m), and 3 return air 
ceiling grilles (0.6×0.3 m). Two test setups were built. Setup (I) is designed to quantify the 
spatial uniformity of CO2 concentrations by monitoring 16 locations at the breathing level (1.5 
m from the floor) using the mid-point as a CO2 source. On the other hand, setup (II) is arranged 
to evaluate the effect of three levels of air change rates, two source locations (mid-point and 
instructor desk's location), and two-door modes (opened and closed) on ventilation 
performance. Eight sampling locations are monitored at heights of 1.1 and 1.7 m from the floor. 
For both setups, the inlet (S) and the outlet (R) were also monitored.  
Details regarding the tracer tests conducted using CO2 are presented in Table 1, which is a 
suitable tracer as recommended by ASTM E741 (ASTM 2017). Test 01 is specified for 
quantifying the spatial uniformity of CO2 concentrations, while tests 02-06 are carried out for 
assessing ventilation performance. Tests 02, 03, and 04 are compared to examine the effect of 
the air change rates. Tests 04 is compared with Tests 05 and 06 to investigate the effect of door 
mode and source location on ventilation performance. The BAS system was used to control the 
ventilation conditions, wherein the air change rate was measured (λeff) using a balometer device. 
Meanwhile, the CO2 injection was controlled using a mass controller, keeping the peak 
concentration less than 1000 ppm. 
 

Table 1 History of conducted CO2 tracer tests. 

 
2.2. Field measurements in naturally ventilated classroom 

Indoor field measurements of CO2 levels were performed in one of Montreal's primary schools 
from 2020 to 2021. The selected classroom has a floor area of 9.4 m × 6.6 m, which is naturally 
ventilated. The MX1102 (SN: 20820982) CO2 sensor was installed at 1.7 meters height on the 
west internal wall right above the thermostat (1.5 m height). Table 2 illustrates the measurement 
information.  
 
 

Test No. Test 01 Test 02 Test 03 Test 04 Test 05 Test 06 

Test period [min] 108 70 85 75 75 75 

Measured air change 
rate   λeff [/h] 5.35 ± 0.21 8.92 ± 0.31 5.35 ± 0.21 7.25 ± 0.26 7.25 ± 0.26 7.25 ± 0.26 

Source location  Mid-point  Mid-point Mid-point Mid-point Mid-point Instructor desk 

Door mode Closed  Closed Closed Closed Opened Closed 

Number of sensors  18 10 10 10 10 10 
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Table 2 Measurements information in the classroom 

 

2.3. Single-zone ventilation performance evaluation 

To estimate the air change rate λo, the well-known decay method (Eq. 1) is commonly used. 
However, this method assumes a well-mixed space, which limits its accuracy. To address this 
research gap, a uniformity index (Ui) has been proposed (Eq. 2). By integrating Ui into the 
decay method, the modified decay method (Eq. 3) has been developed to improve the estimation 
of air change rates. This modified decay method considers the unavoidable non-uniform 
mixing, which might be caused by stagnant regions or short-circuiting from the inlet to the 
outlet. The mathematical solution of Eq. 3 was developed according to (Barber 1982, ASTM 
2017). 
𝜆𝑜 =

1

(𝑡−𝑡0)
  ln

(𝐶 − 𝐶𝑏𝑔)

(𝐶0 − 𝐶𝑏𝑔)
          (1) 

Ui= Cmin

Cavg
                      (2) 

𝜆𝑚 = {

1

𝑈𝑖(𝑡−𝑡0)
ln

(𝐶 − 𝐶𝑏𝑔)

(𝐶0 − 𝐶𝑏𝑔)
 , for short − circuiting when 𝜆𝑜 < 𝜆𝑒𝑓𝑓

𝑈𝑖

(𝑡−𝑡0)
ln

(𝐶 − 𝐶𝑏𝑔)

(𝐶0 − 𝐶𝑏𝑔)
 , for stagnant regions when 𝜆𝑜 > 𝜆𝑒𝑓𝑓

   (3) 

         
where λo is estimated air change rates for uniform mixing [/h]; t and to are the final and initial 
elapsed time [h]; C and Co are the final and initial tracer concentrations [mg/m3]; Cbg is the 
background tracer concentration [mg/m3]; Ui is uniformity index; Cmin and Cavg are minimum 
and average tracer concentrations [mg/m3]; λm is estimated air change rates for non-uniform 
mixing [/h]; λeff is measured air change rates [/h]. 
 
Plastic tubings (8 mm ID) were utilized to install the CO2 injection and sampling systems. The 
injection flow rate was controlled with a mass controller to keep the peak CO2 concentration 
under 1000 ppm. Meanwhile, an automated system monitored the CO2 concentrations at desired 
locations online. A vacuum pump operating at 114 L/min continually drew fresh air samples 
one at a time, which were then supplied to the gas analyzer when the 18-position valve selected 
them for analysis. A mass spectrometer (UGA-100, Stanford Research Systems) with a 
quadrupole probe was used. It was also calibrated in one of Concordia's laboratories and in situ. 
A combination of standard gas concentrations was used for this calibration method (Blessing, 
Ellefson et al. 2007). According to ASTM E741, the regression curve should be within the 95% 
confidence level. 
 
2.4. Single-zone air change rate predictions and calibrations  

The white-box CO2 model, which was the traditional deterministic CO2 mass-balance model at 
the constant temperature, was shown as follows:  
𝑉

𝑑𝐶𝑟

𝑑𝑡
= −(𝐶𝑟 − 𝐶𝑜) ∙ 𝑄 + 𝐸         (4) 

where V is the room volume [m3]; Cr is the CO2 concentration in the room [ppm]; Co is the CO2 
concentration of outdoor air ventilation flows [ppm]; Q is the air supply into the room [m3/h] ; 
E is the CO2 generation rate in the room [L/s].  
 

Location Age (years) Dimensions (m) Ventilation mode 
Measurement 

Periods 

Maximum 

Occupancy 

Montreal 5-8 9.4 × 6.6 × 3.5 Natural ventilation 2020/06/22 - 
2021/06/21 16 
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The grey-box CO2 model, which was established with the stochastic differential equation 
(SDE), could be expressed as follows:  
𝑑𝐶𝑟 =

−(𝐶𝑟−𝐶𝑜)∙𝑄+𝐸

𝑉
∙  𝑑𝑡 + 𝜎 ∙ 𝑑𝑤         (5) 

where 𝜎 is the incremental variance in the Wiener process; dw is a Wiener process.  
 
In this study, the Bayesian calibration approach was adopted for the inference of air change 
rates in the established CO2 white-box/grey-box model. In Bayesian calibration, the probability 
of the estimated parameters was inferred based on the prior distributions estimated for them. 
The likelihood of the estimated parameters given the measured data Y (CO2 indoor 
concentration) is demonstrated as follows in Bayes's law:    
P (Q|Y) =𝑃(𝑌|𝑄 )∙𝑃(𝑄)

𝑃(𝑌)
                         (6) 

where 𝑃(𝑌|𝑄) is the likelihood probability that measurement data Y (which is measured CO2 
concentration Cr in this study) occurs given the prior information of Q, P (Q) is the prior joint 
probability of Q, and P (Y) is the probability of the measurements results, which is a normalized 
constant. The prior distributions estimated for models were based on a previous study (Hou, 
Wang et al. 2023).  
  
2.5. Multi-zone simulations and calibrations 

CONTAM software (William and Brian 2015) is one of the most powerful multi-zone 
simulation tools for indoor air quality analysis. Thus, CONTAM is employed in this study to 
predict and validate CO2 concentrations at different locations. For this purpose, the 5th floor of 
the Longueuil Campus (Montreal, Canada) was modeled (Figure 1). Accurate and real 
boundary conditions were inputted using the BAS to describe ventilation conditions in addition 
to considering the measured CO2 data. Regarding the building envelope parameters, e.g., the 
infiltration values were obtained from the Quebec code of construction (National Research 
Council of and Régie du bâtiment du 2022) of 0.25 L/s/m2. The model considered other 
different types of infiltration, such as internal wall and door infiltration. CO2 injection was 
defined based on the original injection rate that was carried out during the measurements.  

 
Figure 1 Architectural layout and CONTAM model of the 5th floor, Longueuil Campus, Université de Sherbrooke, 
Montreal, Canada (1. External wall leakage; 2. Floor leakage; 3. Stair leakage; 4. AHU supply and return; 5. 
Internal wall leakage; 6. Elevator shaft leakage; 7. Door leakage; 8. CO2 injection source). Highlighted in red, are 
3D views of the selected classroom showing two setups of tracer tests. 
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An automatic calibration method should be proposed due to the challenges involved in 
manually calibrating multiple parameters. To perform this, several steps should be taken. The 
initial step is to conduct a parametric simulation, which includes testing all possible ranges of 
various simulation parameters with different combinations to obtain a reasonable simulation 
result. To generate various combinations, a uniform distribution for all parameters was chosen 
using ContamFactorial 1.0, along with the necessary flagged and value files for creating 
different project files. A Python code was developed to execute the extracted data files and 
convert the simulation results into a spreadsheet format for exporting the results. Table 3 
displays the parameter ranges utilized in this parametric analysis. Sampling was needed first to 
minimize the number of simulations. Sampling is often used to select the combinations that 
could be used to cover the whole range of these combinations. There are different kinds of 
available sampling methods. In this study, the Sobol method is used as it could be used in 
capturing the linear and non-linear correlations between the inputs and outputs when 
performing the sensitivity analysis, as discussed later. By utilizing sampling techniques, the 
total number of simulation cases can be reduced to 1152, which is significantly less than the 
millions of cases. Then, sensitivity analysis is proposed to evaluate the importance of each 
parameter in the results. Sobol variance-based method (Saltelli, Annoni et al. 2010) was used 
to evaluate the correlations between the different input parameters and output results. A sample 
file was first created that has all the possible combinations of the input parameters. Then, the 
Monte-Carlo integration was used to calculate the sensitivity index (SI) based on both the 
sample files and the results.  
 
Table 3. Utilized parameter ranges for parametric analysis 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

3 RESULTS AND DISCUSSION 

3.1.Single-zone measurements and simulations, calibrations 

Figure 2a shows measured CO2 concentrations at various locations with peak difference values 
ranging from 213 to 331 ppm. The outlet location has a peak CO2 concentration (272 ppm) 
close to the average of all distributed 16 sensors at the breathing level (278 ± 33 ppm). 
Therefore, the outlet location is a good sampling representative of interest in this mixed-
ventilated zone. Integrating the proposed uniformity index (Ui = 0.77) in the decay equation 
succeeded in decreasing the error caused by the well-mixed assumption at the outlet and the 
average locations from 25% to 3% (Figure 2b).  

Parameter Uniform distribution range Unit 

External wall infiltration 0.25 ± 20% L/s/m2 

Internal wall infiltration 0.25 ± 20% L/s/m2 

Floor infiltration  0.25 ± 20% L/s/m2 

Door infiltration 4 – 27  cm2 

Outdoor CO2 concentration  396 – 416  ppm 

Initial indoor CO2 concentration 400 – 700  ppm 

Indoor CO2 generation rate 0.002 – 0.01  L/s/ person 

Occupancy  0 – 40  Number  
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Both peak CO2 concentration and decay period inversely correspond to increasing the air 
change rate (Figure 2c). When the maximum air change rate of 9 /h decreases to the minimum 
value of 5 /h, the peak CO2 concentration and decay period both decrease by 39% and 63%, 
respectively. On the other hand, when comparing the maximum air change rate of 9 /h with the 
frequent operating air change rate of 7 /h, there were only minor differences observed in both 
the peak CO2 concentration (2.6%) and decay period (15%). As a result, it is suggested to 
operate the space at 60% of its full ventilation capacity (7 /h). Opening the door reduces 
exposure to peak CO2 concentration and decay period by 34% and 56%, respectively. The mid-
point location is recommended as the dosing source for estimating the air change rate, rather 
than the instructor's desk location, as it resulted in a 7% higher peak CO2 concentration.  
Figure 3 shows (a) the measured CO2 level in different seasons and (b) an example for 
evaluating the modeling approach on a selected day. During school hours (9:00 – 16:00), 
measurement data from 9:00 to 13:00 and 13:00 – 16:00 were used for predicting the estimated 
parameters and evaluating the prediction performance, respectively. The single-zone simulated 
CO2 concentration with parameters estimated from the white-box and grey-box model is shown 
in Figure 3c. The rolling-window approach was applied for the simulation of indoor CO2 levels 
(Hou, Wang et al. 2023). Results suggest that the grey-box model tends to have a better 
prediction performance than the white-box model. The mean average error (MAE) is 97.4 for 
the white-box model ppm and 48.6 ppm for the grey-box model (Table 4). This indicates that 
the grey-box model gives more reasonable predictions for this selected day. The results 
evaluated from other indices also indicate a similar trend, as shown in Table 4. 

 
Figure 2 (a) Measured CO2 concentrations at 16 different sampling locations in addition to the inlet and outlet. (b) 
Comparing the error percentage of estimated air change rates at the outlet and the average of all 16 locations at the 
breathing level. (c) Peak CO2 concentrations and decay periods at various air change rates. 

Table 4 Evaluations for the modeling performance 

Model 
MAE 

(ppm) 

MAPE 

(ppm) 

MSE 

(ppm) 

RMSE 

(ppm) 
R2 

White-Box 97.4 4.8 12791.2 113.1 0.99 

Grey-Box 48.6 2.6 3361.9 58.0 0.99 
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Figure 3 Measured CO2 concentration in the classroom for different seasons (a) and for one selected day (b) 
Simulated CO2 concentration with parameters estimated from the white-box/grey-box model (c). 

 

3.2.Multi-zone simulations and calibrations 

The baseline model was first validated against the measurement data. Figure 4 shows the 
difference in CO2 concentration relative to the initial concentration for one sample room within 
the building. The results are shown for the whole measurement time, including a pre-injection 
period in the beginning, an injection period, and then decay. These results suggest that there 
has been a considerable deviation between the measurements and the simulation due to the 
uncertainties of the input parameters. Initially, manual calibration was explored to determine if 
it was feasible to adjust the input parameters based on the results. It was found that a calibration 
technique is necessary when dealing with such issues, particularly when there are a large 
number of input parameters that would make it difficult to modify each parameter individually 
or manually. 
 

  
Figure 4 CO2 concentration difference versus time (left) and sensitivity index of the input parameters (right). 
 
After performing the parametric simulations and extracting the results, the sensitivity analysis 
was performed to evaluate the importance ranking of every input parameter on the output 
results. Figure 4 (right) shows the sensitivity Index (SI) for all the input parameters. The results 
suggest that the initial CO2 concentration within the room, the occupancy, and the CO2 
generation rate are the main parameters that shall be calibrated for each zone. The other 
parameters will be assigned with their mean value as their influence is almost negligible. It 
should be noted that the proposed methodology is expected to work for the other buildings but 
the results may be different. 
 
4 CONCLUSIONS 

This study quantifies inevitable uncertainties coupled with monitoring and modeling CO2 
concentrations to assess ventilation performance, i.e., quantify air change rates and mitigate 
aerosol viral transport in buildings. A proposed uniformity index (Ui) is integrated into the 
decay method to reduce its limitation on uniform mixing only. Later, the effect of air change 
rate, source location, and door mode on ventilation performance is experimentally evaluated. 
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In addition, stochastic modeling and calibrations were carried out to investigate other 
significant factors (CO2 injection rate and the dynamics with the surroundings). The grey-box 
CO2 model was integrated with the Bayesian calibration method to support the evaluations of 
indoor air quality and air change rates in Canadian classrooms. By taking uncertainties from 
different sources into consideration, this approach would effectively estimate the air change 
rate from in-situ CO2 monitoring. Additionally, this study presents a novel approach for 
calibrating multi-zone CO2 simulations, which helps to identify the key parameters to be 
calibrated. 
The following conclusions were researched through this study: The proposed uniformity index 
succeeded in decreasing the error caused by the well-mixed assumption from 25% to 3%. The 
grey-box model could give reasonable predictions for CO2 monitoring. Three main parameters 
that need to be calibrated are the initial CO2 concentration, occupancy, and CO2 generation rate, 
as they have a significant impact on the accuracy of the air change rate estimation.  
Future studies should be directed to developing an algorithm that can assign values to the 
parameters requiring calibration by utilizing measurements to minimize the error between the 
measurements and the simulation. Additionally, investigating the possibility of applying the 
same methodology to other contaminants and different ventilation systems would be beneficial. 
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SUMMARY 
 
This research aims to evaluate ventilation performance on airborne transmission in buildings, by analyzing the 
effect of different ventilation configurations and flow rates on contaminant removal effectiveness.  
 

KEYWORDS 
 
Ventilation, airborne transmission, air distribution, particle measurement, ventilation effectiveness 
 
1 INTRODUCTION AND METHOD 

 
Airborne transmission is widely recognized as the dominant transmission route between people 
for many respiratory viruses. It refers to the inhalation of infectious aerosols or “droplet nuclei” 
(droplet that evaporate in the air). These aerosols or “droplet nucleis” are often defined to be 
smaller than 5 µm and can travel distances of more than 1-2 meters from the infected individual 
(Wang et al., 2021). Ventilation strategies, air distribution methods, and air flow rates may have 
significant impacts on airborne transmission (Wej et al., 2016; Qsman et al., 2022). By 
evaluating ventilation configurations knowledge on how to control flow path of air in buildings 
to provide a desired combination of occupant thermal comfort and good hygienic conditions 
can be obtained (Cho et al., 2019). This research aims to evaluate different ventilation 
configurations for control of airborne transmission in a room by laboratory measurements. 
 
Measurements were performed at RISE Research Institutes of Sweden laboratory inside a test 
room with dimensions of 4.2 × 5.0 × 2.5 m (L × W × H). The test room was equipped with a 
ceiling swirl supply diffuser, a TV set (120 W), ceiling light (60 W) and a dummy (70 W). 
Different flow rates (8, 15, 30 and 40 l/s), two ventilation exhaust positions (high and low), and 
contaminant source location in relation to ventilation exhaust were tested; see Figure 1(a). The 
contaminant source was simulated by potassium chloride (KCL) aerosols generated by AGK 
2000. Particle number concentrations at four positions, one close to the ventilation exhaust and 
three other locations (A, B and C) along the centreline of the room at the height (H) of 1.2 m, 
were measured by four particle counters, Optical Particle Sizer (OPS) 3330, simultaneously. 
All measurements were made during steady state conditions for one hour. Correlation tests were 
also made to assess the relative bias among the particle counters. Results were analysed by: 
 ɛp = (Ce – Cs)/(Cp - Cs) (1) 
Where ɛp is the particle removal effectiveness at point p, Ce, Cs and Cp is the particle 
concentration at the air exhaust, supply and a point inside the room. As the supply air was 
almost particle free Cs = 0.  
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2 RESULTS AND DISCUSSION 

 
Comparisons of the particle removal effectiveness between different flow rates, for the two 
ventilation exhaust positions (high and low), at middle of the room (point B) with H = 1.2 m, 
is shown in Figure 1(b) and 1(c) respectively. As seen, the contaminant removal effectiveness 
is decreased as the flow rate is increasing from 8 to 40 l/s. With the low flow rates 8 and 15 
l/s, the room air is mixed in the lower region, while in the upper region the contaminated air is 
accumulated, and the concentration level is high due to stratification and stagnation. A high 
exhaust is therefore more effective than a low exhaust to remove particles. The ventilation 
effectiveness is reduced from about 1.15 to 0.9 for the high exhaust (Figure 1b), while it is 
reduced from 1.0 to 0.8 for the low exhaust (Figure 1c). With the high flow rates 30 and 40 
l/s, room air is fully mixed. The effectiveness is about 1 with 30 l/s, which is slightly reduced 
when increasing to 40 l/s and when moving the exhaust from a high position to a low position. 
This is due to short circuit which means that the jet from the supply diffuser is so strong that 
part of the fresh air reaches the exhaust directly without mixing with the room air. Although 
high flow rates result in a lower ventilation effectiveness, the absolute number of particles in 
the room would be less compared to low flow rates due to better dilution. This suggests that a 
balance between the contaminant dilution and removal should be considered when increasing 
flow rates to enable sufficient and effective ventilation.  
As seen in Figure 1(d), moving the contaminant source close to the exhaust improves the 
particle removal efficiency for the high exhaust. For the low exhaust, the source location is 
not important as the room air is mixed in the region up to 1.2 m. Re-arranging room layout 
considering potential source locations could be a measure to reduce airborne transmission.  

 
Figure 1: Measurement set-ups (a) and results (b-d) 

3 REFERENCES 
Wang, C. C., Prather, K. A., Sznitman, J., Jimenez, J. L., Lakdawala, S. S., Tufekci, Z., & Marr, L. C. (2021). 

Airborne transmission of respiratory viruses. Science, 373(6558), eabd9149. 
Wei, J., & Li, Y. (2016). Airborne spread of infectious agents in the indoor environment. American journal of 

infection control, 44(9), S102-S108. 
Osman, O., Madi, M., Ntantis, E. L., & Kabalan, K. Y. (2022). Displacement ventilation to avoid COVID-19 

transmission through offices. Computational Particle Mechanics, 1-14. 
Cho, J., Woo, K., & Kim, B. S. (2019). Removal of airborne contamination in airborne infectious isolation 

rooms. ASHRAE Journal, 61(2), 8-21. 

(a) 

0.6

0.8

1.0

1.2

1.4

1.6

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

V
en

til
at

io
n 

ef
fe

ct
iv

en
es

s

Particle size (µm) 

8 l/s 15 l/s 30 l/s 40 l/s

(c): Set-up with low exhaust

0.6

0.8

1.0

1.2

1.4

1.6

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

V
en

til
at

io
n 

ef
fe

ct
iv

en
es

s

Particle size (µm) 

15l/s_high exhaust 15l/s_high exhaust_close to exhaust

15l/s_low exhaust 15l/s_low exhaust_close to exhaust

Results for point B

(d): Effect of contaminant source location

0.6

0.8

1.0

1.2

1.4

1.6

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

V
en

til
at

io
n 

ef
fe

ct
iv

en
es

s

Particle size (µm) 

8 l/s 15 l/s 30 l/s 40 l/s

(b):Set-up with high exhaust 

654 | P a g e



Impact and benefits of the air cleaning measures 

implemented in two schools  
 

Liang Grace Zhou*1, Chang Shu1, Justin Berquist1, Janet Gaskin1, and Greg 
Nilsson1  

 

1 National Research Council Canada, Construction Research Centre 

1200 Montreal Road, Building M24 

Ottawa, Ontario, Canada K1A 0R6 

First and Presenting author: Liang.Zhou@nrc-cnrc.gc.ca 
 
ABSTRACT 

A Canadian provincial government has initiated a collaboration with the Indoor Air Quality (IAQ) team of the 
National Research Council of Canada (NRC) to conduct a controlled intervention study to determine the 
effectiveness of portable air cleaners (PACs) in reducing indoor air contaminants in 2 schools. The study examined 
the presence of particulate matter of 1-, 2.5-, and 10-micron diameters (PM1, PM2.5, and PM10), carbon dioxide 
(CO2), and sick days reported by staff and students under various operating conditions to determine if PACs could 
make a statistically significant difference in these IAQ and health indicators. This paper describes the study 
methods and the following key findings: 1) The indoor CO2 concentrations were dependent on the presence of 
occupants and the leaks/openings through the building envelope in the space. Higher CO2 concentrations were 
measured in classrooms with higher occupant densities. The CO2 concentrations measured in both schools agreed 
with CO2 concentration metrics predicted based on occupant characteristics and ASHRAE 62.1 ventilation 
requirements. 2) The outdoor particle sources played the most significant role in deciding the indoor particle 
concentrations. The presence of exterior walls and windows in a space also affected the indoor particle 
concentrations. 3) A particle removal efficiency index was defined and used to assess the effectiveness of filtration 
in removing particles. Based on the PM1 and PM2.5 removal efficiency results, the PAC units in the intervention 
school were able to remove some of the particles entered indoors. 
 

KEYWORDS 
Air cleaning, ventilation, occupancy, particle measurement, CO2 concentration  
  
1 INTRODUCTION  

 
The NRC’s IAQ team has been conducting laboratory and field studies to assess the 
effectiveness of air cleaning and ventilation in reducing airborne transmission of infectious 
aerosols and wildfire smoke exposure in buildings. Exhaled aerosols with pathogens are 
typically smaller than 5 μm, and a large proportion of them are smaller than 1 μm for most 
respiratory activities such as breathing, talking, and coughing (Fennelly, 2020; Wang et al., 
2022). It is widely acknowledged that wildfires generally produce fine (<2.5 μm) and ultrafine 
particles (<1 μm), which pose the main health risks (Black et al., 2017; ECCC, 2023). In 
response to the COVID-19 pandemic, there have been many recommendations to monitor 
indoor CO2 levels as an indicator of the risk of airborne transmission of pathogens and the 
adequacy of ventilation rates (CDC, 2021; EMG/SPI-B, 2021; REHVA, 2021).  
 
The aim of this control-intervention study was to determine the effectiveness of deploying 
portable air cleaners (PACs) for improving indoor air quality and correspondingly, the health 
of occupants. This was primarily assessed by monitoring the concentration of particulate matter 
and number of reported sick days by students and staff. Additionally, the CO2 level was also 
monitored to indicate whether periods of inadequate ventilation occurred in the two schools. 
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2 METHODOLOGY 

Two schools in the same city with similar characteristics including the year built, heating, 
ventilation, and air conditioning (HVAC) system, number of rooms (25-30), number of 
teachers, and number and age of students (kindergarten to Grade 8), were selected for a field 
monitoring campaign. Phase 1 of the study was from March to June 2023. During this period, 
the control school relied solely on the existing HVAC system. Meanwhile, the intervention 
school relied solely on the existing HVAC system in April. After which time, one PAC was 
used in each classroom and the teachers lounge, and two PACs were used in the library in May 
and June. Air quality sensors were installed in classrooms, hallways, and other common spaces 
in both schools to continuously monitor the concentration of particulate matter (PM1, PM 2.5, 
and PM10), CO2, temperature, relative humidity, and sound level in both schools. In each of 
the classrooms, 1 sensor was placed near the door (measurement location A), and another one 
was placed near an exterior wall/window (if present) or a wall on the opposite side 
(measurement location B). An outdoor sensor was mounted on the rooftop of each school to 
monitor these same parameters outdoors.  
 
3 RESULTS AND DISCUSSION  

Due to page limitations, the following sections will only display select CO2 and particle 
measurements as the major indicators of IAQ.  
 
3.1 Factors affecting indoor CO2 concentration 

Figure 1 shows the outdoor and indoor CO2 concentrations in two classrooms in the intervention 
school from the last week of March to June 2023 (14 weeks). The last of week of March (week 
1) was spring break. It can be observed from Figure 1 that the indoor CO2 concentrations were 
primarily dependent on the presence of occupants. However, the presence of exterior walls and 
windows also played a role in affecting indoor CO2 concentrations. For example, classroom 
INT-C-02 has exterior walls and windows, and sensor B near the windows in this room often 
recorded lower concentrations than sensor A near the door did. This can be seen more clearly 
in Figure 2. All the walls in classroom INT-C-10 were interior, and the two sensors in this room 
generally agreed with each other well. It is worth noting that the details about the HVAC 
system’s operating schedule, the outdoor air intake rate, the in-duct filter efficiency, and the air 
infiltration through building envelopes were unknown in these classrooms. Additionally, a PAC 
was installed in both classrooms at the end of week 6 and has been kept on continuously after, 
which did not affect the CO2 concentrations in both classrooms, as expected.  
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Figure 1: Outdoor and indoor CO2 concentrations in 2 classrooms in the intervention school: with exterior 

windows (above) and without (below) 

The CO2 concentrations in two adjacent classrooms, INT-C-02 and INT-C-03, in the 
intervention school on April 11 and May 16 are plotted in Figure 2. These classrooms have 
similar layouts, dimensions, and HVAC system configurations. INT-C-02 had 29 students (ages 
11 to 12), whereas INT-C-03 had 20 students (ages 13 to 14). The higher occupant density in 
INT-C-02 resulted in higher CO2 concentrations than the levels observed in INT-C-03 between 
8 AM and 4 PM when the rooms were occupied. The CO2 concentrations measured from both 
schools during the occupied periods agreed with the CO2 concentration metrics proposed by 
Persily (2022) for classrooms based on occupant characteristics and ASHRAE 62.1 ventilation 
requirements.  
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Figure 2: CO2 concentrations in 2 classrooms in the intervention school on April 11 and May 16 

The CO2 measured on May 16 in both classrooms were lower than the readings on April 11. 
One possible reason for this is that outdoor air with a lower CO2 concentration entered the space 
through open windows and/or the HVAC system when weather became warmer on May 16.  
 
3.2 Factors affecting indoor PM1 and PM2.5 concentration 

2.2.1 Outdoor PM1 and PM 2.5 concentration 
Figure 3 andFigure 4 present the indoor and outdoor PM1 and PM2.5 concentrations measured 
in classrooms INT-C-10 and CTL-C-10 during the 14-week testing period from March to June. 
The results between weeks 7 and 12 in Figure 3 and Figure 4 demonstrate that the outdoor 
sources played the most significant role in deciding the indoor PM1 and PM2.5 concentrations 
during this period. The higher than usual outdoor particle concentrations in this period were 
likely correlated to the wildfire events in a neighbouring province at the same time (2023 
Alberta wildfires - Wikipedia). No PAC units were used in either school between week 1 and 
week 6, and the concentrations of PM1 and PM2.5 in both classrooms (INT-C-10 and CTL-C-
10) did not increase during the occupied period between 8 AM and 4 PM. 
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Figure 3: PM1 concentrations: a classroom in the intervention school (above) and in the control school (below) 
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Figure 4: PM2.5 concentrations: a classroom in the intervention school (above) and in the control school (below) 

 
2.2.2 Operation of PACs 
The PM1 concentrations in 2 classrooms in the intervention school on April 11 and May 16 are 
plotted in Figure 5. Classrooms INT-C-09 and INT-C-10 have the same layouts, dimensions, 
HVAC system configurations. Neither room has exterior walls or windows. The PAC in INT-
C-09 was controlled by a timer to operate between 8 AM and 5 PM, whereas the PAC in INT-
C-10 was operating continuously. Compared to the PM1 results from INT-C-09, the operation 
of the PAC between 2 and 8 AM in INT-C-10 significantly reduced the indoor PM1 
concentration when the outdoor PM1 levels were high during this period.  
 

 
Figure 5: Effect of intermittent operation of PAC and occupancy on indoor PM1  

2.2.3 Exterior walls and windows 
The PM1 concentrations in two classrooms in the intervention school on April 11 and May 16 
are plotted in Figure 6. These two rooms, INT-C-10 and INT-C-15, have the same layouts, 
dimensions, HVAC system configurations, and PAC operating schedules (continuous). As 
previously mentioned, INT-C-10 has no exterior walls, whereas INT-C-15 has. It can be seen 

660 | P a g e



in Figure 6 that the concentration of PM1 in INT-C-15 was much higher than that in INT-C-10 
when the outdoor PM1 concentration was high between 2 and 10 AM on May 16, indicating 
that PM1 particles likely infiltrated to indoors through the exterior walls and windows in INT-
C-15. 
 

 
Figure 6: Effect of exterior windows/walls on indoor PM1: INT-C-10 without and INT-C-15 with  

 
2.2.3 Operation of PAC in rooms with exterior walls and windows 
The PM1 concentrations in two comparable classrooms in the intervention school on April 11 
and May 16 are plotted in Figure 7. As previously mentioned, INT-C-02 and INT-C-03 share 
similar characteristics, and both have exterior walls and windows. The PAC in INT-C-03 was 
controlled by a timer to operate between 8 AM and 5 PM, whereas the PAC in INT-C-02 was 
operating continuously. When the outdoor PM1 concentration was high between 2 and 10 AM 
on May 16, the concentration of PM1 in INT-C-02 was similar to what was measured in INT-
C-03, even the PAC in INT-C-02 was operating. This indicates that the capacity of the PAC 
unit in INT-C-02 might be insufficient to effectively remove all the PM1 particles that 
infiltrated through the exterior walls and windows in this room.  
 

 
Figure 7: Operating of PAC in rooms with exterior walls and windows 

3.3 PAC’s ability to reduce indoor PM1 concentration  

The test results presented so far demonstrate that the outdoor sources played the most 
significant role in deciding the indoor PM1 and PM2.5 concentrations in both the control and 
the intervention schools. During the study period, the outdoor particle concentrations were 
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consistently higher than the indoor particle concentrations. A particle removal efficiency 
index can be used to assess the effectiveness of filtration in removing particles. 
 

𝑃𝑀𝑒𝑓𝑓 = 1 −  
𝑃𝑀𝑖𝑛𝑑𝑜𝑜𝑟

𝑃𝑀𝑜𝑢𝑡𝑑𝑜𝑜𝑟
 

 
In the control school, particles from outdoor sources were removed by the HVAC system in-
duct filters and the building envelope. In the intervention school, particles from outdoor 
sources were removed by the HVAC in-duct filters, the building envelope, and the PAC units 
with HEPA filters after these units were deployed on May 6, 2023. Particle removal 
efficiencies were calculated using the time series data collected from both schools on April 11 
and May 16. Table 1 presents the average PM1 and PM2.5 concentrations and removal 
efficiencies calculated based on the data from two classrooms (one with exterior 
walls/windows and one without) in each school. Wildfire events happened in a neighbouring 
province in May 2023, which likely contributed to the rise in the outdoor PM1 and PM2.5 
concentrations. The PAC units were operating continuously in the two classrooms in the 
intervention school after they were deployed.  

Table 1: PM1 and PM2.5 concentration and removal efficiency 

School Date 
PAC 

(Y/N) 

Outdoor 

PM1 

conc 

(µg/m3) 

Indoor 

PM1 

conc 

(µg/m3) 

Outdoor 

PM2.5 

conc 

(µg/m3) 

Indoor 

PM2.5 

conc 

(µg/m3) 

PM1 

removal 

efficiency  

PM2.5 

removal 

efficiency 

Control April 11 N  4.53 1.54 6.70 1.70 0.66 0.74 

Control May 16 N  22.07 14.97 32.11 15.55 0.29 0.48 
Intervention April 11 N  6.22 2.16 8.81 2.31 0.65 0.74 

Intervention May 16 Y  24.65 9.26 34.07 9.69 0.61 0.70 

 
Figure 3 and Figure 4 illustrate that the outdoor concentrations of PM1 and PM2.5 on May 16 
were much higher than those on April 11. The elevated outdoor particle concentrations on May 
16 resulted in much lower PM1 and PM2.5 removal efficiencies than the efficiency achieved 
on April 11, as seen in Table 1. On April 11, no PAC units were deployed and used in both 
schools. On May 16, PAC units were used only in the intervention school. Table 1 shows more 
pronounced decreases in particle (both PM1 and PM2.5) removal efficiencies between these 
two days in the control school, compared to the intervention school. Based on the considerations 
of all these factors, the PAC units appeared to remove some of the particles that entered indoors. 
To quantitatively determine the particle removal efficiency of the PAC units, comparative tests 
need to be carried out when outdoor particle concentration remains at a reasonably constant 
level. 
 
In all scenarios, the calculated PM2.5 removal efficiencies are higher than the PM1 removal 
efficiencies. This is consistent with filter particle size efficiency in ASHRAE 52.2 (ASHRAE, 
2017), meaning that a filter is generally more efficient in removing particles in larger size 
ranges. It is worth noting that the design limit of PM2.5 in ASHRAE 62.1 (ASHRAE, 2022) is 
12 μg/m3, which is the annual standard for PM2.5 averaged over three years defined by the US 
Environmental Protection Agency. 
 
4 CONCLUSIONS 

 
From April to June 2023, a control intervention study was carried out in two schools with 
similar characteristics to determine the effect of deploying PACs with HEPA filters on IAQ and 
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the health of the students and staff. This paper presents the CO2, PM1, and PM2.5 measurement 
results under various operating conditions. The details about the HVAC system’s operating 
schedule, the outdoor air intake rate, the in-duct filter efficiency, building envelope airtightness, 
and the air infiltration through building envelopes were unknown in both the control and 
intervention classroom. Despite these limitations, the following observations and conclusions 
can be made. 
 
• The indoor CO2 concentrations were primarily dependent on the presence of occupants. 

Higher CO2 concentrations were measured in classrooms with higher occupant densities. 
However, the infiltration and exfiltration through building envelope can play a role in 
affecting indoor CO2 concentrations and the readings recorded by the indoor CO2 sensors, 
depending on where the sensors are located (i.e. the distance between the sensors and the 
exterior walls and/or windows). The CO2 concentrations measured from both schools during 
the occupied periods agreed with the CO2 concentration metrics proposed by for classrooms 
Persily (2022) based on occupant characteristics and ASHRAE 62.1 ventilation 
requirements. 

• The outdoor particle sources played the most significant role in deciding the indoor PM1 
and PM2.5 concentrations during the study period. The increase in outdoor particle 
concentrations in May and June were likely correlated to the wildfire events in a 
neighbouring province. The presence of exterior walls and windows in a space can also 
affect the indoor particle concentrations because the infiltration and exfiltration though the 
building envelope allow particles to enter or leave the space. 

• During the study period, the outdoor particle concentrations were consistently higher than 
the indoor particle concentrations. A particle removal efficiency index was used to assess 
the effectiveness of filtration in removing particles. Based on the PM1 and PM2.5 removal 
efficiencies calculated for both schools during the testing periods with and without the 
operation of PAC units in the intervention school, the PAC units in the intervention school 
were able to remove some of the particles that entered indoors. 

• Based on the observations above, CO2 concentration can be used to control ventilation for 
using outdoor air to dilute indoor air contaminants, particularly those generated by 
occupants, whereas outdoor and indoor particle measurements can be used to determine the 
needs for ventilation, filtration, and air cleaning. If CO2 and particle readings are to be used 
for the control of ventilation and air cleaning, the number and the location of the sensors 
require careful consideration. Moreover, further research is required to better understand 
how particle measurements can be used to control ventilation and air cleaning systems. 

In the next phase of the study, efforts will be made to examine the building envelope 
airtightness, HVAC system’s operating schedule, ventilation rate (e.g. CO2 decay after 
occupancy or other tracer gas methods), PAC airflow rates, in-duct filter efficiency, PAC filter 
efficiency, and sick days reported in both schools. The goal is to verify the cost and 
effectiveness of air cleaning and ventilation measures on IAQ and occupants’ health in public 
spaces with shared indoor air.  
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ABSTRACT 
 
The main focus of this paper can be summarized in terms of the following two presuppositions: i) The process 
through which we select and apply indoor-environmental quality (IEQ) constructs could be – perhaps should be – 
improved; ii) Such improvement would contribute to formulation of more robust IEQ standards and guidelines. 
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1 INTRODUCTION AND BACKGROUND 

 
1.1 About IEQ constructs 

 
A proper starting point in the indoor-environmental quality (IEQ) discourse is perhaps the 
generally recognized fact that a key objective of buildings is to provide comfortable conditions 
to the buildings' inhabitants. Indoor-environmental conditions are assumed to influence the 
health, comfort, wellbeing, and productivity of inhabitants. But judgements of what constitute 
comfortable indoor environments involve a strong subjective aspect. To make matters such as 
building users' comfort and satisfaction into operable criteria, that is to make them measurable, 
we must cast them in terms of well-defined constructs. A construct denotes here the shared 
understanding of how a specific aspect of IEQ is perceived and evaluated by inhabitants. In 
other words, a construct is a well-defined semantic place-holder for an specific aspect of IEQ. 
As such, for a given indoor-environmental setting, inhabitants can be asked to judge their 
perception of IEQ via assigning values or attributes to a suitably defined construct. For instance, 
perceived indoor air quality, or perceived thermal conditions can be assessed by asking 
inhabitants to rate the value of the corresponding constructs (e.g., thermal comfort, air 
freshness). Typically, various psycho-physical scales or semantic differentials are used in order 
to express the values of constructs in numeric terms.  
 
1.2 About IEQ proxies and psycho-physical relationships 

 
Professionals in the building design and operation fields cannot directly influence inhabitants' 
perceived IEQ and the values of the corresponding constructs. But they can influence the 
settings and conditions that are believed to contribute to the formation of inhabitants' 
perceptions and evaluations of IEQ. The operative rational in provision of adequate IEQ is 
based on the assumption that certain ranges of indoor-environmental parameters are more likely 
to increase the probability of positive evaluation of IEQ by inhabitants. Cast in terms of 
relationships or comfort equations, the rational can be formalized as follows. Salient physical 
features or parameters of the indoor environment act as the independent variables that can be 
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mapped, via psycho-physical or comfort equations, onto dependent variables, i.e., inhabitants' 
perception as captured via constructs and their values. The physical parameters in these 
equations consist of measurable variables such as air temperature, air flow velocity, water vapor 
and other gas concentrations, illuminance and luminance levels, and sound pressure level.  
Note that, some of the mentioned measurable indoor-environmental variables (e.g., task 
illuminance level, CO2 concentration) are relevant to the quality of spaces in view of IEQ 
requirements (e.g., visual comfort, indoor air quality), but "they do not have direct phenomenal 
correlates: people do not 'see' illuminance; neither do they sense CO2 concentration. But such 
performance indicators may be linked to others, which do have direct perceptual corollaries" 
(Mahdavi 2011). However, there are also variables that are "not only relevant to human 
occupancy, but also correlate directly with phenomenal experience. Examples of such 
indicators are luminance of light sources and room surfaces, indoor air temperature, sound 
pressure level, and reverberation time in a room. The evaluative utility of such variables is 
grounded in empirically documented correspondence between the variable values and people's 
report on their phenomenal experience (i.e., thermal, visual, and acoustical sensations)" 
(Mahdavi 2011). The mapping process of the physically measurable independent variables onto 
the values of the construct suggests that they are viewed as physical proxies (or predictor 
variables) of perceived IEQ (see Table 1). 
Given this background, the default engineering process of handling IEQ in buildings may be 
formally summarized as follows:  
• Inhabitants' perception and evaluation of indoor-environmental conditions can be captured 

via IEQ constructs (pertaining, for example, to comfort, satisfaction, annoyance);  
• Construct values are assumed to be causally related to (or at least correlated with) specific 

ranges of independent variables that represent physical conditions in indoor environments; 
• These causal relationships (or correlations), which are sometimes expressed as comfort 

equations, are frequently formulated based on the results of experimental studies 
(typically conducted under controlled settings); 

• To provide adequate IEQ and to examine if it has been delivered, specific values of 
specific sets of indoor-environmental variables are mandated/maintained. As such, these 
variables are treated as physically measurable IEQ proxies, given their assumed 
correlation with construct values. These correlations are typically captured via the 
aforementioned psycho-physical equivalence relationships and comfort equations. 

Conventional thermal comfort models provide a case in point for the above process (Fanger 
1972). A common construct is in this case the "thermal sensation" of inhabitants in a specific 
environment, as obtained via a (typically 7-point) scale that ranges from very hot to very cold. 
The value of this construct is assumed to be predictable via an aggregated proxy (PMV), which 
is a function of air temperature, radiant temperature, water vapor concentration, and air flow 
velocity as well as personal factors, clothing and activity. Note that the point is not the validity 
of this specific construct and its calculation process. Rather, the example serves to illustrate a 
commonly used general formalism pertaining to psycho-physical equations.    
 

Table 1: Illustrative instances of independent variables (candidate proxies of IEQ) and constructs (variables to 
capture subjective evaluations) in four key IEQ domains 

 Thermal Visual Auditory Air Quality 

Independent 
variables 

Air temperature, 
radiant temperature, 
water vapor content, 
air velocity 

Illuminance, 
luminance, contrast, 
colour temperature 

Sound pressure level, 
reverberation time, 
frequency (spectrum) 

CO2 and VOC 
concentration, 
Air change rate, 
Age of air 

Constructs Thermal sensation, 
thermal comfort 

Visual comfort, glare 
rating 

Loudness, annoyance Air freshness 
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1.3 A note on the utility of IEQ constructs and proxies 

 
The approach outlined in the previous sections above is operationally critical and is intended to 
provide accountability in designing and operating buildings with adequate IEQ. Related IEQ 
standards and guidelines typically entail requirements and mandates in one or both of two 
categories, namely prescriptive or performance-based. The former category specifies explicit 
mandates regarding the relevant attributes of building components and systems (e.g., the 
minimum window size in a room), assuming that compliance with such mandates would ensure 
that proxy variables of IEQ (e.g., daylight availability) can be kept in the proper ranges. The 
latter category spells out such ranges (e.g., the minimum illuminance level at a specific 
reference point in a room), leaving – to some degree – the technical details and choices to the 
discretion of the responsible professionals. In both cases, the assumption is that standards are 
firmly based on empirically established proxy-construct-correlations, and thus keeping the 
proxy values in the mandated ranges would ensure that a sufficiently large fraction of the 
population of building users would find the resultant IEQ acceptable and appropriate.   
 
1.4 Paradigm and practice 

 
The above remarks outline the state of the main theoretical paradigm as relevant to IEQ-related 
building design and operation and related standard-guided quality assurance and compliance 
verification procedures. However, as in many other similar areas, the state of theory and the 
state of actual practice are, to put it mildly, not completely aligned. This implies the need for 
critical reflections on the genesis and application of common IEQ constructs and the 
implications for IEQ standards and guidelines development processes. The next section of the 
paper offers a number of such reflections, addressing foundational questions regarding 
measurement challenges of subjective qualities, challenges in definition and operationalization 
of constructs, and approaches toward more transparent and evidence-based IEQ standards.   
 
2 COMMON CHALLENGES IN IEQ DEFINITION AND ASSESSMENT   

 
2.1 About standards 

 
As alluded to before, the default approach toward provision of adequate IEQ in buildings 
involves the specification of required value ranges for selected proxy variables that are thought 
to be relevant to inhabitants' perception and evaluation processes. Note that a central argument 
in favour of this approach is the accountability exigency in the building delivery process: The 
stakeholders (building owners, operators, occupants) need a transparent and binding process to 
decide if a building's design and performance meet relevant legal and contractual obligations. 
Standards and guidelines are not only a primary source of related information and guidance to 
the practitioners, but also act as the reference documents in quality arbitration procedures. More 
generally, standards are often portrayed as representing the state of knowledge in the field to 
which they apply. In the building domain, standards may be dealing with purely technical 
considerations (e.g., structural resilience, construction integrity). However, IEQ-related 
standards go beyond purely technological issues and must consider physiological and 
psychological processes and phenomena involved in inhabitants' perception and evaluation of 
indoor environments. However, recent reviews of standards and guidelines in the IEQ domain 
reveal certain gaps between the explicitly stated requirements and mandates in the standards on 
the one side and their evidentiary basis in the scientific literature (Berger et al. 2022, 2023). 
These reviews suggest that standards do not routinely refer to the studies that are supposed 
substantiate their content, nor do they routinely disclose the procedures through which 
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occupant-centric constructs are selected or validated. The point of this assertion is of course not 
to suggest that standards should be designed in the manner of scientific dissertations or papers. 
But transparency regarding the lineage of the included performance indicators in general and 
constructs in particular would have been conducive to improving standards' credibility and their 
impulses toward identification of research needs.  
 
2.2 The measurement problem  

 
In physical sciences, the act of measurements appears to comprise a straightforward mapping 
of physical entities to numbers. It has been thus suggested to think of measuring length, weight, 
or speed of objects as representing these attributes via numbers. Hence, the relationships 
between physical attributes of objects can be expressed in terms of the mathematical 
relationships between the numbers representing those attributes. For instance, the relationship 
between the weights of two objects can simply be expressed by the relationship (e.g., the ratio) 
of the two numbers that express, in proper units, their respective weights. However, matters are 
arguably much more complicated when we consider concepts and entities in social sciences or 
psychology. A measure in economics such as GDP (Gross Domestic Product) does not represent 
an already existing entity in the real world, but in a sense, it constructs the very entity that it is 
intended to measure. This circumstance could apply, at least to some degree, to IEQ-related 
constructs that are meant to measure occupants' wellbeing or satisfaction. Selecting the 
appropriate constructs for measuring such states involves pragmatic considerations and choices, 
a fact, which is also reflected in the methods that are used to obtain meaningful values for the 
respective constructs. This is not meant to suggest that measuring IEQ-related subjective 
phenomena would be infeasible. Researchers in fields such as psychology have indeed 
developed ingenious methods to define and validate constructs pertaining to subjective feelings 
and sensations. However, as previously implied, the use of such methods in IEQ-related 
research is not always consistent and systematic. Respective studies in this field do not routinely 
document the provenance of the applied constructs or the reasoning for the selected 
methodological tools (e.g., specific scales or differentials) to obtain their values. Hence, even 
if different studies use the same label for the constructs they use, it is not clear if they agree on 
the nature of what is being measured. This can negatively impact the reliability and usability of 
research results. Specifically, it can impede the possibility to conduct meta-studies that would 
coalesce the results of multiple research efforts toward formulation of generally valid 
conclusions.   
 
2.3 Construct and scales inconsistencies  

 
As mentioned before, constructs may be interpreted as formalized containers of semantic 
information extracted from the results of empirical IEQ-related research involving human 
participants. This suggests that the practical value and usefulness of research pertaining to 
people's health and comfort in indoor environments depend on how rigorously constructs are 
defined and deployed. Specifically, obtaining and understanding occupants' evaluation of IEQ 
via interviews, questionnaires, and surveys needs to rely on the fidelity of constructs and the 
scales used to obtain them. In this context, previous findings indicate that both single-domain 
and multi-domain studies regarding occupants' IEQ evaluations involve a number of limitations 
and inconsistencies in the use of common numeric (e.g., 3-point, 5-point, and 7-point) scales to 
obtain the response of both participants in lab studies and occupants of actual buildings. An 
extensive review of multi-domain studies arrived at the conclusion that existing multi-domain 
studies focused mainly "on the investigation of subjective perceptual responses, most 
commonly through numeric scales (including 3-point, 5-point, and 7-point scales) to capture 
test participants' responses regarding perception, comfort, satisfaction, and preference. At 
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times, a different number of points and different labels were used, even though the same 
assessment category was involved. This, as well as the inconsistent use of dimensions in 
analogue scales, disables the comparison of results from different studies and poses a problem 
for conducting large-scale meta-analyses" (Chinazzo et al. 2022).  
This suggests that, even if we assume that such scales can properly reflect occupants' 
perception, comfort, satisfaction, and preferences, frequent inconsistencies (e.g., scale steps, 
labels, dimensions) can be observed in their application in related research. However, as another 
recent topically similar contribution suggested, "the problem goes further, particularly if we 
consider the complexity of transferring research results to real-life applications: The practical 
fitness and interpretative potential of commonly deployed formats for eliciting and representing 
people's response remains a formidable challenge. We simply miss a conclusive treatment (e.g., 
a rigorous meta-study) of the expressive power and consistency of typical scales and formats 
used in IEQ research even in single-domain studies, let alone in the more challenging field of 
multi-domain investigations. In a nutshell, occupant-centric IEQ constructs need to be of a kind 
that can be obtained with low level of semantic distortion and can be applied with high level of 
practical usability" (Mahdavi and Berger 2023). 
These reflections underline a key challenge in current studies of IEQ and its effects on building 
users. To achieve accumulation of knowledge in the field, it would be desirable to maintain 
continuity in the use of constructs, but insufficient rigor in past research's validation of 
constructs lessens both their reliability and the value of the findings. This problem is aggravated 
by the circumstance that the rigorous validation of constructs is a rather laborious endeavour.     
 
3 SCOPE OF SOLUTIONS 

 
3.1 General research direction and quality issues 

 
There is perhaps no one single solution to the challenges expounded on in the previous section. 
However, the effectiveness of constructs is a necessary condition for the viability of research 
on IEQ factors and their implications for inhabitants. We discussed, in a previous paper 
(Mahdavi and Berger 2023), a number of measures and strategies toward enhancing IEQ-related 
research efforts. It would be useful to briefly revisit those as follows: 

• Studies regarding the variables relevant to IEQ typically involve short-term controlled 
experiments. These can be very useful when queries are highly focused and narrowly 
defined, but their results are not directly transportable to real-life (long-term and in part 
chaotic) occupancy situations in buildings. To address this limitation, multiple options 
could be taken into consideration. One could try to render the experimental settings 
more realistic and the population of the test participants more representative. One could 
also try to conduct the experiments over longer periods of time, and under different 
external boundary conditions. Moreover, it would be helpful if the scope of investigation 
approaches is widened so as to include long-term field studies and large-scale surveys. 
A further option lies in the so-called living lab scenarios (Cureau et al. 2022), which can 
provide the opportunity to monitor inhabitants in real working environments and thus 
more reliably capture their views on (and intervention tendencies with regard to) indoor-
environmental conditions. 

• Specialized researchers in fields such as neuroscience and experimental psychology 
investigate response patterns of test participants to all kinds of sensory stimuli. As it has 
been suggested previously (Mahdavi and Berger 2023), the respective studies "are 
typically conducted by highly experienced researchers, who are not necessarily 
interested in or familiar with practical IEQ issues and associated research needs. On the 
other hand, experimental studies by professionals closer to building design and 
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operation fields display at times certain shortcomings in view of the research designs' 
rigor and research results' interpretation, documentation, and communication (Chinazzo 
et al. 2022). This implies the potential for improved research quality via collaborative 
efforts involving both highly qualified specialized scientists and professionals familiar 
with specific need and challenges in the IEQ domain." 

• A further point regarding the improvement potential of IEQ-related research concerns 
its relevance to the practice. Viewed as a form of applied research, IEQ-related 
investigation should ideally focus on the kinds of constructs whose values can guide 
decision-making processes in building design and operation. This requirement implies 
"the need for the reassessment of the way constructs are defined in research designs and 
quantified based on research results. Ideally, the obtained values of constructs should 
provide useful information about how inhabitants perceive, evaluate, and react to multi-
domain exposure in indoor environments and how the related processes influence their 
health and comfort" (Mahdavi and Berger 2023). 

• A final reflection on general IEQ research quality issues pertains to the presence of 
underlying theoretical foundations. It is of course possible to view the relationship 
between the values of the indoor-environmentally relevant independent variables and 
the values of the constructs as mere correlational patterns and arrive at respective 
statistically-based comfort equations. However, grounding such regularities on explicit 
(e.g., causal) theories can arguably offer a deeper understanding of the underlying 
physiological and psychological processes. Professionals in the building design and 
operation domain could benefit from such deeper insights that can be obtained based on 
explanatory white-box models describing how indoor-environmental conditions 
influence inhabitants' state of mind vis-à-vis comfort and wellbeing. 

 
3.2 Thoughts on validation of constructs 

 
Building research in the past entails instances of explicit construct validation related to human 
perception. However, these efforts have not routinely followed standardized processes as 
recommended in psychological research. Rather, as the following two instances exemplify - 
they appear to have been devised in a specific – and not necessarily scalable – experimental 
situation: 

• A study of the subjective evaluation of architectural lighting via computationally 
rendered images (Mahdavi and Eissa 2002) involved the use of semantic differential 
rating scales. The idea was to compare the test participants' subjective assessments of 
real spaces with those of computationally generated renderings. To this end, bi-polar 
pairs of terms were collected via a survey and compared with semantic differential 
scales developed by Flynn et al. (1973). This resulted in a set of 28 pairs of terms. In 
the absence of a global validation result for these bipolar scales, it was decided to test 
the collected set locally "using a small group of test participants who evaluated the 
lighting quality of a number of office spaces as projected in slides. The final metric was 
derived based on a statistical analysis of the results of this test. Principal component 
analysis (PCA) was used as a data reduction method to eliminate the redundancy among 
the selected scales. The resulting scales are 10 pairs of terms under seven categories", 
which were subsequently used to conduct the actual study (Mahdavi and Eissa 2002).  

• Another study involved a construct for the judgement of the compactness of 
architectural objects. The traditional indicator of compactness as used in building 
physics is the so-called characteristic length (Mahdavi et al. 1996), which denotes the 
ratio of the volume of an object to its total surface area. Mahdavi and Gurtekin (2001, 
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2002, 2004) proposed a different indicator, namely the "Relative Compactness" (RC), 
which is suggested to more closely correlate with people's visual judgement of shapes' 
compactness. RC is derived by comparing the volume to surface area of a shape (V/A) 
to the volume to surface area of the most compact shape (i.e., sphere) of the same 
volume (RC = 4.84 × V2/3 × A-1). Given the novelty of the RC concept and hence lack 
of prior validation, it was necessary to empirically explore the degree to which RC 
captures the subjective assessment of the compactness of building shapes. To this end, 
a sample of 14 representative residential building shapes were subjectively assessed by 
40 participants in view of their compactness. The statistical analysis of this empirical 
study confirmed the viability of the proposed relative compactness construct and its 
perceptually relevant advantage over characteristic length indicator (Mahdavi and 
Gurtekin 2004).  

 
Many such locally limited validation efforts can be cited in IEQ-related test designs, and one 
can understand their frequently ad hoc tendency, given the fact that external validation of 
constructs requires considerable time, effort, resources, and expertise. But if the state of 
knowledge in the IEQ field and the respective reliability of respective guidelines and standards 
are to be substantially improved, the underlying research efforts need to elevate the quality of 
research designs in general and the quality of constructs in particular. To this end, both specific 
– rigorously designed – case studies in experimental psychology and instructive literature on 
methodology (e.g., Cronbach 1990, Fowler 1993, Peterson 1999, Patten 2000, Fischer and 
Hüttermann 2020) can provide guidance.      
 
4 CONCLUDING REMARK 

 
Recent reviews of both IEQ-related standards and scientific studies regarding the effect of 
indoor-environmental conditions on people's health, comfort, and wellbeing point to a number 
of persistent limitations. The critical reflections presented in this paper point to a paucity of 
explicit evidence underlying the standard-based IEQ mandates, and deficiencies in the technical 
literature, which is expected to provide that evidence. The latter deficiencies pertain to the 
underlying research designs in general and the precise definition and careful validation of the 
deployed constructs in particular. These limitations must be addressed and mitigated if one 
expects major qualitative leaps in the quality of IEQ research and derivative standards. Whereas 
we outlined some of the necessary steps for this purpose, we have no illusions regarding the 
formidable nature of the task and the considerable level of required efforts. Shortcuts, piecemeal 
steps, and ad hoc fixes may appear as progress, but do not represent true alternatives to rigorous 
systematic research practices. To echo what Euclid reputedly said of geometry, there is also no 
via regia to construct validation. It requires solid knowledge of statistics, considerable 
experience with experimental design, as well as deep knowledge of the relevant domain (in the 
present context, IEQ) and its underlying theoretical foundations. 
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ABSTRACT 
We sleep more than twenty years during our lives. Sleep is essential for physical and psychological health. Yet, 
nearly no standards define indoor environmental quality conditions for optimal sleep. In this paper, we present a 
summary of studies examining the effects of bedroom ventilation on sleep quality. The results suggest that the 
current ventilation standards for dwellings are inadequate concerning requirements of outdoor air supply rates in 
bedrooms and need to be revised. They suggest that the traditionally agreed level of carbon dioxide at 1,000 ppm 
to achieve good air quality should be revisited, and the lower levels need to be maintained to ensure that sleep 
quality is not disturbed. Furthermore, the traditional recommendation of 0.5 air changes per hour also needs to be 
revised, as the bedroom ventilation should most likely be twice this rate. There is a need for further research and 
validation of these results, as well as rethinking how the ventilation air is distributed within the dwelling so that 
the health and sleep of building occupants are not compromised. 
 

KEYWORDS 
Dwellings, Bedrooms, Sleep quality, Carbon dioxide, Ventilation requirements.  
  
1 INTRODUCTION 

Sleep is essential for human health as it allows the body to recover and function effectively by 
promoting various physiological and cognitive processes. The sleep-wake cycle is generally 
regulated by the homeostatic physiology of circadian rhythm, which is very complex.  
Sleep is traditionally monitored by measuring biological responses. For this purpose, 
polysomnography (PSG) is used. Although there is no accepted definition of the 'quality' of 
sleep, it is generally derived from the objective measurements made by PSG or subjective 
ratings using questionnaires. Sleep quality can be quantitatively assessed by a collection of 
indicators recommended by the US National Sleep Foundation. 
People spend approximately one-third of their lifetime sleeping, mostly in bedrooms. Bedroom 
indoor air quality (IAQ) can be affected by many factors. The air pollutants present in bedrooms 
can have their origin outdoors or indoors.  
Ventilation is commonly used to remove and dilute pollutants and is thus assumed to improve 
IAQ. Given the importance of ventilation in bedrooms in determining the levels of pollutants, 
it is surprising that only a few studies have focused on measuring ventilation rates in bedrooms. 
Summaries of the studies that measured bedroom ventilation rates observed that the mean air 
change rate (ACH) measured in bedrooms was between 0.2 to 4.9 h-1, with most cases lower 
than 0.5 h-1, traditionally considered base ventilation in dwellings.  
Many standards and guidelines stipulate ventilation and IAQ requirements for buildings. 
However, they do not have specific ventilation requirements for bedrooms; bedroom ventilation 
results from the overall ventilation requirements for residential dwellings. There is no evidence 
of whether the prescribed ventilation requirements that are acceptable for the dwellings during 
the daytime are also sufficient to avoid disturbing sleep at night. 
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The objective of this work was to answer the following question: What is the bedroom 
ventilation rate to ensure undisturbed sleep? 
 
2 METHODS  

We summarized studies in which ventilation and sleep quality were measured. They included 
laboratory and field experiments, and cross-sectional and intervention studies. As a measure of 
ventilation efficiency, the measured concentration of carbon dioxide (CO2) was used. Bedroom 
ventilation was obtained by a mechanical system, window, or door opening. Sleep quality was 
measured objectively using wrist-worn actiwatch sleep trackers and by collecting ratings of 
participants using the Groningen Sleep Quality Scale (GSQS). The effect on any of the 
objective indicators of sleep quality or an increase in GSQS score was considered an effect on 
the overall sleep quality. The objective measures included sleep efficiency, sleep onset latency, 
wake time after sleep onset, and the length and % of deep, light, and REM sleep. We did not 
assess the physiological consequences of the observed effects. The studies involved mainly 
young adults but also seniors and children.    
 
3 RESULTS  

Figure 1 shows the results of studies that measured sleep quality objectively. Figure 2 shows 
the results of studies that measured sleep quality using GSQS. Generally, sleep was undisturbed 
at the levels of CO2 below 1,000 ppm.  

 
Figure 1: The relationship between sleep quality measured objectively and the concentration of CO2, either the 

primary exposure or the marker of ventilation efficiency; dark dots indicate significant adverse effects, and white 
dots no effects. 

4 CONCLUSIONS 

Present results suggest that to keep undisturbed sleep quality, the ventilation rate should be 
above 6 L/s per person and most likely closer to 10 L/s per person (Figure 3); the latter rate is 
recommended for bedrooms by the standard EN16798-1 in the highest category I of indoor 
environmental quality. It was assumed that the emission rate of CO2 during sleep is around 11 
L/h per person, independent of age. Taking the typical size of a bedroom, this rate would 
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correspond to about one air change per hour, which is twice the air change rate traditionally 
recommended rate in dwellings. These results, however, require further validation and 
detailed analyses as the shape of the relationship below 1,000 ppm CO2 is not well defined 
(Figure 1). Nevertheless, it is essential to note that recommendations for bedroom ventilation 
rates must be revisited if they exist or clearly defined if they do not exist. Additionally, 
advanced and novel methods securing adequate yet sustainable ventilation of bedrooms and 
dwellings should be developed. 
 

 
Figure 2: The relationship between sleep quality measured subjectively and the concentration of CO2, either 

being the primary exposure or marker of ventilation efficiency; dark dots indicate significant adverse effects, and 
white dots no effects. 

 

 
Figure 3: Estimation of ventilation rate for undisturbed sleep quality 
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ABSTRACT 
 
The TAIL rating scheme for assessing the quality of Thermal, Acoustic, Indoor air, Luminous, and the overall 
environment was initially developed to assess indoor environmental quality (IEQ) in hotels and offices. To broaden 
the use of the TAIL rating scheme to other buildings, its applicability for schools was studied. Two additional 
parameters, i.e., reverberation time and nitrogen dioxide concentration, were included to account for the 
specificities of the building use and population. The TAIL rating scheme for schools was applied to the data 
collected through a national survey performed in France in 602 classrooms between 2013 and 2017 to examine the 
scheme’s feasibility and sensitivity. The results show that using the scheme makes it possible to discriminate IEQ 
conditions in schools and helps identify problems that may lead to health risks or discomfort, such as insufficient 
ventilation or overheating during winter. It is concluded that the TAIL rating scheme adapted to schools allows 
tangible assessment of classroom IEQ and identification of problems requiring improvement, thus promoting a 
better school environment that eventually will support the proper development of children. 
 

KEYWORDS 
 
Thermal, ventilation, acoustic, lighting, perception 
  
1 INTRODUCTION 

 
Nowadays, humans stay indoors more and more. Extreme climate change can further intensify 
this trend. Indoor environmental quality (IEQ) is thus an important parameter. IEQ comprises 
the thermal environment, the acoustic environment, the indoor air quality (IAQ), and the 
lighting environment. A substantial number of studies have demonstrated the influence of IEQ 
on occupants’ health, comfort, and well-being. These effects are not only limited to adults but 
also to children in schools. Children are more susceptible to inadequate IEQ as their bodies are 
still under-development. It is, therefore, essential to create a rating scheme for assessing the 
quality of the school environment. With this vision in mind, the TAIL-rating scheme for schools 
was developed. Initially, the TAIL rating scheme was developed for hotels and offices as a part 
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of the European ALDREN project, promoting the in-depth energy renovation of buildings [1]; 
the TAIL rating for schools is an adaptation of the original TAIL rating scheme with additional 
parameters relevant to these environments. Reverberation time for the acoustic environment 
and nitrogen dioxide (NO2) concentration for indoor air quality were added; updates were made 
to match the new World Health Organization (WHO) air quality guidelines. A feasibility and 
sensitivity analysis was performed using measurement data from the French National Schools’ 
survey (2013-2017), coordinated by the Scientific and Technical Centre for Building (CSTB). 
 
2 RESULTS AND DISCUSSION 

 
Table 1 presents all parameters in the TAIL rating scheme for schools, with all threshold values 
for each quality category. The following section presents the results of the TAIL-rating scheme, 
with Table 2 presenting details of the TAIL classification for each component, and parameter 
individually. 
 
2.1 Thermal environment 

 
Of the 305 schools where the thermal environment was assessed, the measurements in 237 
schools were made in the heating season and 68 schools in the non-heating season. Figure 1 
shows the distribution of all measurement instances for heating and non-heating seasons. While 
generally measured air temperatures in the non-heating season are higher than in the heating 
season, there were still occurrences in which recorded air temperatures from the heating season 
were as high as in the non-heating season. This suggests overheating in classrooms measured 
during the heating season. Closely examining the schools measured during the heating season, 
Figure 2 regroups and displays all measurement instances in the 237 schools during the heating 
season with colored horizontal lines corresponding to the quality level. The figure shows that a 
more significant variation was observed in schools having low quality according to the TAIL 
rating scheme. This could be due to low air temperature in the early morning and/or improper 
use of the heaters leading to high air temperature. 
 
2.2 Acoustic environment 

 
The acoustic environment was assessed using only the background noise level recorded during 
the school´s standard period of occupation (09h00 to 17h00) but made on the weekend with no 
occupants. This choice is guided by the fact that the sound of the particle measurement device 
cannot be dissociated from the background noise level during measurements on weekdays. The 
results obtained show different quality levels. A Wilcoxon non-parametric test showed that 
compared to a school located close to medium to low traffic, schools located in high-traffic 
zones had a higher background noise level both on Saturdays (p-value = 7.6.10-4) and Sundays 
(p-value = 1.27.10-2). 
 
2.3 Indoor air quality (IAQ) 

 
IAQ was assessed using seven parameters: benzene, formaldehyde, visible mold RH, CO2, NO2, 
and PM2.5. Figure 3 presents all CO2 concentration measurements separated by measured 
season. Schools where measurements were made during the heating season, had higher CO2 
concentrations than schools measured during the non-heating season, as windows were 
probably less open. Figures 4 and 5 present two opposite trends in relative humidity measured 
during the heating and the non-heating season. From the quality category I (high) to IV (low), 
the measured relative humidity tended to decrease during the heating season and increase during 
the non-heating season. Figure 6 shows a map of all 307 schools where NO2 concentration was 
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color-coded by their corresponding quality category. While most schools achieved the green-
high (category I) quality level, schools located in highly populated areas achieved a lower 
quality level. Following the same principle, Figure 7 shows the map of the quality level of 
measured PM2.5. Compared to the NO2 concentration, measured PM2.5 quality were low but 
with no observed difference between urban and rural area. This resonated with previous 
findings, as PM2.5 sources are a mix of both indoor and outdoor and from its ubiquitous nature 
[2]. 
 
2.4 Visual environment 

 
The visual environment assessments focused solely on measuring artificial lighting levels at 
students' desks and on the writing boards. The overall results for each classroom were 
determined on the basis of the lowest recorded measurements. 
 
2.5 Overall IEQ  

 
303 out of 308 schools had the lowest (category IV) red quality category, and five schools had 
the next to the lowest orange quality category (category III). This result will urge schools to 
adopt a holistic approach to assessing the current state of IEQ. They also show the advantage 
of considering all four components simultaneously when making decisions for IEQ 
improvement, which is a fundamental principle of the TAIL rating scheme, with no compromise 
regarding ensuring optimal IEQ in educational institutions. 
 

 

Table 1: IEQ parameters included in the TAIL rating scheme for schools 

Parameter Category I Category II Category III Category IV 

Quality of the thermal environment (T) 
Air temperature Building with mechanical cooling 

Heating season:  
22 ± 1 °C 
Non- heating 
season: 24.5 ± 1 °C 

Heating season:  
22 ± 2 °C 
Non- heating 
season: 24.5 ± 1.5 
°C 

Heating season:  
22 ± 3 °C 
Non- heating 
season: 24.5 ± 2.5 
°C 

If other quality 
levels cannot be 
achieved 

Building without mechanical cooling 
Heating season:  
22 ± 1 °C 
Non- heating 
season: 
Upper limit: 
0.33 θrm + 18.8 + 
2°C 
Lower limit: 
0.33 θrm + 18.8 - 
3°C 

Heating season:  
22 ± 2 °C 
Non- heating 
season: 
Upper limit: 
0.33 θrm + 18.8 + 
3°C 
Lower limit: 
0.33 θrm + 18.8 - 
4°C 

Heating season:  
22 ± 3 °C 
Non- heating 
season: 
Upper limit: 
0.33 θrm + 18.8 + 
4°C 
Lower limit: 
0.33 θrm + 18.8 - 
5°C 

If other quality 
levels cannot be 
achieved 

θrm: outdoor running mean temperature 
Quality of the acoustic environment (A) 

Background noise 
level 

≤ 30 dB(A) ≤ 34 dB(A) ≤ 38 dB(A) If other quality 
levels cannot be 
achieved 

Reverberation time Classroom with 
volume < 250 m3: 
0.4 - 0.6 s 
Classroom with 
volume ≥ 250 m3: 
0.6 – 0.8 s 

Classroom with 
volume < 250 m3: 
0.6 - 0.8 s 
Classroom with 
volume ≥ 250 m3: 
0.8 – 1.2 s 

No criteria If other quality 
levels cannot be 
achieved 
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Quality of the indoor air quality (I) 
Benzene 
concentration 

< 2 µg/m3  ≥ 2 µg/m3 No criteria ≥ 5 µg/m3 

CO2 concentration 550 ppm above 
outdoor 
concentration 

800 ppm above 
outdoor 
concentration 

1350 ppm above 
outdoor 
concentration 

If other quality 
levels cannot be 
achieved 

Formaldehyde 
concentration 

< 30 µg/m3 ≥ 30 µg/m3 No criteria ≥ 100 µg/m3 

NO2 concentration < 10 µg/m3 < 20 µg/m3 No criteria ≥ 20 µg/m3 
PM2.5 concentration < 5 µg/m3 ≥ 5 µg/m3 No criteria ≥ 15 µg/m3 
Radon 
concentration 

< 100 Bq/m3 ≥ 100 Bq/m3 No criteria ≥ 300 Bq/m3 

Relative humidity 30 – 50% 25 – 60% 20 – 70% If other quality 
levels cannot be 
achieved 

Ventilation rate ≥ (10 L/s/p + 2.0 
L/s/m2 floor) 

≥ 7 L/s/p + 1.4 
L/s/m2 floor  
and < 10 L/s/p+ 2.0 
L/s/m2 floor 

≥ 4 L/s/p + 0.8 
L/s/m2 floor  
and < 7 L/s/p + 1.4 
L/s/m2 floor 

If other quality 
levels cannot be 
achieved 

Visible mold 
inspection 

No visible sign < 400 cm2 < 2500 cm2 ≥ 2500 cm2 

Quality of the lighting environment (L) 
Daylight factor ≥ 5.0% ≥ 3.3% ≥ 2.0% If other quality 

levels cannot be 
achieved 

Artificial 
illuminance 
(students’ tables 
and writing board) 

≥ 500 lux ≥ 300 lux ≥ 200 lux If other quality 
levels cannot be 
achieved 

 
Table 2: Summary of IEQ in schools using the data from the French National schools ‘survey (308 schools in 

total) 

Parameter Category I Category II Category III Category IV Missing 

data 

Overall 

classification 

(TAIL) 0 0 5 303 0 

Thermal 

environment (T) 13 32 102 158 3 

Air temperature 13 32 102 158 3 
Acoustic 

environment (A) 89 99 57 49 14 

Background 
noise level 89 99 57 49 14 
Indoor air 

quality (I) 0 5 16 287 0 

Relative humidity 44 155 87 19 3 
CO2 3 25 67 213 0 

Benzene 247 53 0 3 5 
Formaldehyde 237 71 0 0 0 

PM2.5 1 68 0 233 6 
NO2 200 67 0 40 1 

Visible mould 290 17 0 0 1 
Lighting 

environment (L) 1 56 97 151 3 

Artificial lighting 1 56 97 151 3 
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Figure 1: Distribution of the measured air temperatures in schools during the heating season (237 schools) and 

non-heating season (68 schools) 
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Figure 2: Distribution of measured air temperature during the heating season (237 schools) depending on the 

categories defined in the TAIL rating scheme 

 

 
Figure 3: Distribution of measured CO2 concentrations in schools during the heating season (238 schools) and 

non-heating season (70 schools) 
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Figure 4: Distribution of measured relative humidity in schools during the heating season (237 schools) 

depending on the categories defined in the TAIL rating scheme 

 

 
Figure 5: Distribution of the measured relative humidity in schools during the non-heating season (68 schools) 
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Figure 6: Schools and their corresponding color quality of the measured NO2 concentration 
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Figure 7: Schools and their corresponding colored quality of the measured PM2.5 concentration 

 
3 CONCLUSIONS 

 
The article presents the application of the TAIL rating scheme for schools using the French 
national survey data. From its initial development for hotels and offices, two new parameters 
have been added to the scheme: RT and NO2 concentration. The reference values for different 
quality levels were also updated following the new AQ Guidelines by WHO. The rating scheme 
was shown to discriminate schools based on their overall IEQ level and specific level 
corresponding to the thermal, acoustic, visual environment, and indoor air quality Analyses 
underlined trends, which can aid the decisions made by schools’ administrations regarding IEQ 
improvement. There is clear evidence that the current state of IEQ is unsatisfactory. The TAIL 
also shows that to achieve high IEQ, no compromises should be made regarding quality levels 
of parameters defying IEQ. Further analyses will examine the relationship between the obtained 
IEQ levels defined by TAIL, building characteristics, and occupants’ perceptions. A diagnostic 
plan can then be established, and as a result, further aiding schools in improving IEQ on their 
premises. 
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ABSTRACT 
 
Literature on the in-situ performance evaluation of Mechanical Ventilation with Heat Recovery (MVHR) in low-
carbon social housing suggests that they can maintain a healthy ventilation rate in bedrooms in the UK. However, 
issues with noise and draught have been reported frequently. These issues may affect the sleep quality of occupants 
and have a detrimental effect on health and wellbeing. This research aims to present a quantification of these issues 
by carrying out detailed monitoring and evaluation at two case study sites in Wales, UK. The objectives are to 
calculate ventilation effectiveness via tracer gas experiment; predict thermal comfort using Predict Mean Vote 
(PMV); and predict acoustic comfort by measuring MVHR noise under different modes of operation. Results show 
that ventilation is effective despite the proximity of the supply vent to the door undercut; 90% of occupants are 
predicted to be thermally satisfied according to Fanger’s thermal comfort model; and sound levels remain under 
the recommended value of 30dB(A) for bedrooms in all the cases. Results are followed by a discussion on 
experimental limitations and identification of opportunities for further investigation of the comfort indices 
mentioned.  
 
 

KEYWORDS 
 
MVHR, low-carbon housing, draught, noise, ventilation effectiveness.  
 
  
1 INTRODUCTION 

 
The Committee on Climate Change (2019) suggests that if UK is to meet its net zero carbon 
emissions target by 2050 then the housing stock needs to achieve high level of thermal 
efficiency which requires increased airtightness and the use of Mechanical Ventilation with 
Heat Recovery (MVHR) for maintaining healthy indoor air quality (pg 57). However, in-situ 
evaluation studies suggest that due to improper design, specification, installation, and 
commissioning of MVHR, a gap in performance exists. These issues have a negative impact 
on occupant health and comfort especially for the case of sleeping environments. This has 
been evidenced in the form of occupant complaints around draught and noise when trying to 
fall asleep (Sharpe et al., 2018, Gupta et al., 2018, Gupta and Kapsali, 2016, Gupta, 2016, 
ZCH, 2015), and potential short-circuiting of supply air when the vent is positioned too close 
to the bedroom door (Sharpe and Charles, 2015).  
 
These studies however do not quantify the issues mentioned and were conducted at a time 
when MVHR was at its early stage of development, when most of the understanding on its 
design, installation and use was not there. This paper takes a case study approach to present 
the current practice of MVHR and investigates its performance in terms of occupant health 
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and comfort in bedroom environments. Results from tracer gas experiments, Predict Mean 
Vote (PMV) experiment and acoustic measurements are presented for two case study sites in 
Wales, followed by a discussion on how findings compare with literature, and identification 
of areas for further research.  
 
 
2 CASE STUDY DETAILS  

 
Two case studies sites located in Wales were chosen for this research, both of which are 
social housing, 2-story, 3-bedroom dwellings equipped with MVHR system (Nuaire 
MRXBOX-ECO). Case Study A comprises of a cluster of 25 new build mid-terrace and end 
of terrace dwellings, whereas Case Study B is a single retrofit end of terrace dwelling. 
Dwellings in Case Study A have a measured air permeability of 4-5 m3/m2 h @ 50 Pa, 
whereas Case Study B dwelling has a measured air permeability of 10.5 m3/m2 h @ 50 Pa. All 
MVHR systems were in balance and were commissioned according to Building Regulations 
Part F (2021) . Thermally insulated rigid ducting was used throughout except for at ends that 
connect the supply and extract terminal to the vents.   
 
 
 
 
 
 
 
 

(a)                                                                              (b) 

Figure 1: Case study sites in (a) Case Study A and (b) Case Study B. 

 
 
3 METHODOLOGIES 

 
3.1 Air Diffusion Effectiveness (εADE) 

 
The relationship of supply vent/door undercut arrangement with ventilation effectiveness was 
evaluated using the Air Diffusion Effectiveness (εADE) index developed by Fisk and Faulkner 
(1992). Fisk and Faulkner (1992) describe a tracer gas experimental protocol whereby a tracer 
gas, in this case CO2, is filled in a room to a concentration of 2000 ppm, and is then left to 
decay until ambient levels are reached. The area under the curve is given by the age of air, τ, 
which represents the amount of time elapsed since molecules of a sample of air have entered a 
space, the formula is below:  
 
τ =

1

C(0)
 ∫ C(t)

tend

0
dt                (1) 

 
C(0) is the concentration of tracer gas at initial time, tend is the time at the end of the 
experiment, and C(t) is the decay curve function. The ratio of τ at the door undercut (τDU) and 
breathing level (τBL) is given by the Air Diffusion Effectiveness (εADE) of the ventilation 
strategy. If τDU is less than τBL then εADE will be less than 1, and would indicate the presence 
of short-circuiting, a value greater than 1 would represent displacement flow pattern, whereas 
a value equal to 1 would indicate perfect mixing.  

687 | P a g e

Peer Reviewed Paper



The experiment was run in 3 bedrooms of a single dwelling in Case Study A. Each dwelling 
in the cluster has the same floor plan and mechanical design. Hence results of a single 
dwelling would be representative of the entire cluster, as long as they are commissioned to the 
same ventilation rates. The experiment was set up by placing one Telaire T5100 (0-2000 ppm, 
± 30 ppm) at breathing level and one at the door undercut. The breathing level in this case was 
chosen to be 0.6m based on the assumption that the occupant is lying in bed. Doors and 
windows were kept closed throughout the experiment. Figure 2 shows the experimental set-
up.  
 

 
Figure 2 Tracer gas set-up in rooms of different sizes and layout 

 
 
3.2 Acoustic Comfort  

 
Sound measurements were recorded with the MVHR system on and off in three bedrooms of 
6 out of the 25 dwellings in Case Study A using ATP ET-965 meter (35-130 dB(A), ± 2 
dB(A)). Sound and frequency measurements were recorded with the system on, off and in 
boost mode in three bedrooms of the single dwelling in Case Study B using Pulsar Nova 46 
meter (20-140 dB(A), 31.5-16k Hz, ± 0.1 dB(A)).  
 
Results were compared with Part F of Building Regulation’s (2021) stipulated limit of 
30dB(A) for bedroom environments and comments were made on whether sleep disruption is 
likely to be caused. Frequency measurements were recorded to analyse the change in sound 
quality with the system in different modes. Sound meters were placed at 0.6 m off the ground 
at locations where an occupant’s bed is likely to be. Figure 3 shows the experimental set up 
for one of the bedrooms in Case Study B.  
 

 
Figure 3 Experimental set-up using Pulsar Nova 46 sound level meter 

SUPPLY 
SUPPLY SUPPLY 

SUPPLY 
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3.3 Thermal Comfort 

 
The impact of having an MVHR supply vent on thermal comfort was investigated by setting 
up a Predict Mean Vote (PMV) experiment based on Fanger’s model given under EN ISO 
7730 (2005) and ASHRAE 55 (2020) standards. The experiment was run in the Third 
bedroom at Case Study B for 4 nights, i.e., from 27/01/23 to 31/01/23. The timing of the 
experiment was chosen to be in winter because the temperature of supply air is expected to be 
colder. The purpose was to investigate whether the difference in room temperature and supply 
air temperature is likely to cause the air to sink to occupant level and lead to thermal 
discomfort.  
 
The set-up included: Dantec 54R10 air velocity (0.05-5 m/s, ±0.01 m/s) and air temperature (0 
to 45°C, ±0.5°C) probe and TinyTag TK-4014 radiant temperature sensor (-40 to 85°C, 
±0.05°C). The probe and sensor was mounted on a tripod which stood at 0.6 m off the ground. 
An immonit T/RH sensor (-7 to 60°C, ±3% of reading) was installed inside the supply vent 
and another one installed close to the bedroom door so that the difference in room and supply 
vent temperature can be recorded during the experiment. Figure 4 below shows placement of 
T/RH inside the supply vent (left) and mounting of the sensor and probe for the PMV 
experiment (right).  
  

 
Figure 4 T/RH sensor in supply vent (left) and PMV experimental probe and sensor (right) 

 
 
4 RESULTS & DISCUSSION 

 
4.1 Tracer gas experiment 

 
Decay curves are shown in Figure 5, whereas values for age of air at door undercut (τDU), 
breathing level (τBL) and Air Diffusion Effectiveness (εADE) for the three bedrooms of a single 
dwelling in Case Study A are given under Table 1, respectively.  
 

 
Figure 5 Tracer gas curves for the three bedrooms 
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Results from Table 1 show that τDU remains higher than τBL, which indicates greater air 
changes at breathing level than the door undercut, and hence a confirmation of ventilation 
effectiveness for the three bedrooms. This represents a displacement flow patterns which can 
be attributed to the prevalence of low air velocities in the room and to the shape of the 
terminal that causes the air to stick to the ceiling and walls. Computational Fluid Dynamic 
(CFD) modelling shall be used out to verify this further.   
 

Table 1 Tracer gas experimental results 

Main bedroom Second bedroom Third bedroom 

τDU (hr) τBL (hr) εADE τDU (hr) τBL (hr) εADE τDU (hr) τBL (hr) εADE 
0.78 0.76 1.02 0.84 0.81 1.04 0.81 0.79 1.02 

 
One limitation of the experiment was the 10 min interval of recordings. Higher granularity 
can improve accuracy, especially for the case of bedroom 2, where unexplainable fluctuations 
in the curve were observed. Another limitation was that the area under the curve was 
calculated using trapezoid rule where curves were estimated to be straight lines.  
 
 
4.2 Sound measurements 

 
Sound level was measured with the system turned on and off in 3 bedrooms of 6 dwellings for 
Case Study A. No change in sound level or tonal frequency was perceived by the authors with 
the system on, off or in boost mode. All measurements were below 30 dB(A) as shown in 
Figure 6(a), which implies that sleep disruption is unlikely to be caused.  
 

 
(a)                                                                    (b) 

Figure 6 Sound measurements in dB(A) at (a) Case Study A and (b) Case Study B 

 
For the case of Case Study B, sound and frequency measurements were recorded in all 
bedrooms with the system on, off and on boost mode. As shown in Figure 6(b), all 
measurements were below 30dB(A) which implies that, sleep disruption is unlikely to be 
caused. However, during site visits, the authors experienced a change in tonal frequency with 
the system on boost mode. Figure 7 shows results of the frequency distribution with the 
system in the three modes. Higher sound level was observed at 250 Hz for the 3 bedrooms in 
boost. The sound resembled that of an MVHR unit and was confirmed by the data as well as 
250Hz lie within the 125-2.5kHz range which is typical of mechanical ventilation unit, 
according to EN BS 8233 (2014) standard.  
 
Literature suggests that the reasons for noise and draught are due to poor levels of air 
tightness (Sharpe et al., 2018), overuse of flexible ducting (ZCH, 2015) and system 
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imbalances (Gupta and Kapsali, 2016, Gupta, 2016, Gupta et al., 2018). Although all 
measurements were below 30 dB(A), the change in tonal frequency observed at Case Study B 
could cause sleep disruption. Possible reasons for this are (a) unit located in the loft compared 
to being located in a dedicated utility room on the ground floor in Case Study A, and (b) air 
permeability being above the ideal value of 5 m3/m2 h @ 50 Pa for an MVHR system to 
operate effectively. Greater air permeability means increased system resistance which causes 
the fan to run on higher than recommended speed and thus generate noise.  
 

 
Figure 7 Frequency distribution with the system in different modes of operation at Case Study B 

  
One limitation of the data on frequency distribution is the small sample size. Further research 
is required looking at a bigger sample and analysing the effect of change in tonal frequency 
on sleep quality. Another limitation of the work is that there are discrepancies in sound 
measurements for both sites. This was due to measurements being taken during 
morning/afternoon when background noise can be higher than night-time conditions. Another 
limitation was that all bedrooms were unfurnished. Furniture causes sound to dampen, which 
means that lower sound levels can be expected post-occupation. Future work includes 
carrying out an interview study with the installers, commissioners, and M&E team to verify 
whether a relationship between dwelling airtightness and choice of unit location exists with 
sound level in bedrooms. 
 
 
4.3 Predict Mean Vote (PMV) experiment 

 
PMV was calculated using Centre for Built Environment (CBE) Thermal Comfort online tool 
developed by Tartarini et al. (2020) based on Fanger’s model. The metabolic rate chosen for 
the input was 0.7 and the clothing level was chosen as 3.53. A clothing level of 3.53 is 
representative of a typical UK bedding environment with the chest and head exposed, based 
on experiments conducted by Lin and Deng (2008b). Although Fanger’s model given under 
EN ISO 7730:2005 can only be applied for a metabolic rate between 0.8-4 met and a clothing 
level between 0-2 clo, the online tool was used only to get an estimate for PMV.  
 

 
Figure 8 Results of omni-directional air velocity measurement 
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Figure 9 Results of air temperature measurement 

 

 
Figure 10 PMV calculated using the CBE online tool 

 

 
Figure 11 Draught rate calculated using EN ISO 7730 guidelines 

 

 
Figure 12 Comparison of room and supply vent temperature for the experiment 
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Figure 13 Ambient temperature during the experiment 

 
At the start of the experiment, the radiator in the room was turned off so that the influence of 
local air currents can be avoided. This was the reason for why room temperature dropped 
from 24°C to approx. 21°C which was the new set point temperature for the entire dwelling, 
as shown in Figure 9. Results from Figure 10 show that PMV lies within ±0.5 which means 
that for the set environmental conditions during the experiment, 90% of occupants are 
predicted to be thermally satisfied. Velocities remain under 0.07 m/s hence likelihood of 
draught remains low (Figure 8). This is evidenced by the draught rate results as percentage 
dissatisfied does not exceed 3.5% (Figure 11).  
 
No real relationship was found between air velocity and PMV whereas a direct relationship 
existed between air temperature and PMV. This indicates that air from the supply vent is 
unlikely to drop to occupant level when there is a difference in temperature of approx. 3°C 
between the room and supply air (Figure 12). The system was in balance, ductwork was rigid 
and insulated, and unit was located in a thermally insulated loft; hence a higher factor of heat 
exchange efficiency was achieved, and as a result the possibility of cold air dumping remains 
low. Future work includes (a) applying Lin and Deng (2008a) adaptation of Fanger’s model to 
calculate PMV for sleeping environments, (b) interviewing building professionals to further 
explore reasons behind draught in bedrooms, (c) carrying out CFD modelling to better 
understand cold air dumping by simulating air movement under different environmental 
conditions.  
 
 
5 CONCLUSIONS & FURTHER WORK 

 
Building performance evaluation was conducted to investigate health and comfort of having an 
MVHR supply vent in bedrooms of low-carbon case study dwellings for the two case studies. 
From a health perspective, a tracer gas experiment was carried out in bedrooms in Case Study 
A to investigate the relationship of supply vent/door undercut arrangement with Air Diffusion 
Effectiveness (εADE). Results showed that ventilation was effective in all cases, despite the close 
proximity of the supply vent to the door undercut. This was attributed to the shape of the supply 
vent and to the prevalence of low velocities in the bedroom environment.  
 
From a comfort perspective, acoustic and thermal comfort indices were considered. Results 
showed that sound measurements in all bedrooms on both sites were below the recommended 
value of 30dB(A), which means that likelihood of sleep disruption is low. However, change in 
tonal frequency was recorded at the Case Study B with the system on boost mode. This was 
attributed to (a) having the unit installed in the loft and (b) having an air permeability greater 
than the recommended value of 5 m3/m2 h @ 50 Pa for an MVHR system to be installed.  
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Results from a PMV experiment conducted in one of the bedrooms to investigate the likelihood 
of an MVHR supply vent to cause thermal discomfort at night showed that for a difference in 
room temperature and supply vent temperature of approx. 3°C, more than 90% of occupants 
are thermally satisfied. This was attributed to the high heat exchange efficiency, which was 
achieved in the bedroom, mostly likely due to the system being in balance and due to the 
ductwork being insulated and rigid.  
 
Further work includes recording the response of building professions who were involved at the 
two case study sites in MVHR design, commissioning, and installation to comment on the 
influence of unit location and airtightness on noise and on the impact of system imbalances and 
overuse of uninsulated flexible ducting on heat exchange efficiency. Lastly, CFD modelling 
technique will be used to investigate the difference in room temperature and supply air 
temperature that is likely to cause the air to sink to occupant level. The CFD model will also be 
used to visualise the air movement and hence aid in verifying the tracer gas experiments. 
 
Although findings presented are of a limited sample, they provide a useful insight into the 
conditions that might exist in properties of similar built in Wales. Knowledge gained from this 
research will be useful for designers, manufacturers, installers, and commissioners on designing 
and specifying MVHR such that sleep disruptions can be minimised in low-carbon housing in 
the UK.  
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ABSTRACT 
 
With rising insulation standards and air tightness in buildings, the use of mechanical ventilation becomes more 
relevant. In this context, energy recovery offers a significant contribution to the decarbonisation of building 
operations. Heat recovery systems are widely spread in residential ventilation. Moreover, enthalpy exchangers 
recovering sensible and latent heat have an increasing share of use in residential ventilation, especially in cold 
climates, as they not only reduce the energy demand but also increase the indoor air humidity in winter seasons. 
In moderate climates, the outdoor air provides sufficient moisture content in transitional periods. Hence, enthalpy 
exchangers have to be bypassed to avoid too high indoor air humidity. Since heat and moisture transfer are 
conjugated in membrane-based enthalpy exchangers, this leads to a decrease of recovered sensible heat as well. 
Consequently, the research question arises regarding how efficient moisture transfer in an enthalpy exchanger has 
to be in order to provide a healthy and comfortable indoor air environment with minimum energy demand. 
In this study, we optimize a membrane-based enthalpy exchanger regarding membrane thickness and permeability 
to improve the overall performance of a residential ventilation unit. Therefore, we develop a simulation setup 
consisting of a thermal zone model, residential ventilation unit with the enthalpy exchanger model, and the control 
logic for the system. This simulation setup is combined with a genetic algorithm for optimization. We define a 
multi-objective optimization problem in order to optimize energy demand and indoor air humidity level. 
The study shows that the system’s energetic optimum in moderate climates (Cuxhaven) lies at a membrane 
thickness of 120 μm. Regarding humidity level, thin membranes with 65 μm lead to overall more comfortable 
humidities. In consequence, enthalpy exchanger with lower latent efficiency lead to not only better overall 
energetic performance in moderate climates but also more comfortable indoor air conditions. With slightly higher 
energy demand compared to the energetic optimum, a significant increase regarding comfortable indoor air 
humidities is achievable. 
 

KEYWORDS 
 
Enthalpy exchanger; optimization; residential ventilation; thermal comfort 
  
1 INTRODUCTION 

 
With rising insulation standards, buildings’ air tightness is increasing. In consequence, 
ventilation becomes more and more relevant not only in non-residential but also in residential 
buildings. Typical residential ventilation systems inherit an energy recovery system as the key 
component. The most common form of energy recovery is sensible heat recovery. In the past 
decades, the usage of enthalpy recovery increased in share, especially in cold climates or warm 
and humid climates. Membrane-based enthalpy exchangers (MEEs) are one very common form 
of enthalpy recovery in residential ventilation. The membranes separate the air streams and are 
able to transfer heat as well as moisture. In this way, they can heat and humidify the fresh air 
in cold climates or cool and dehumidify the fresh air in warm and humid climates. 
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Many researchers have investigated membrane-based enthalpy exchangers. These studies can 
be divided into four different categories: investigations on the performance of MEE under 
different boundary conditions, investigation on different membrane materials for MEE, 
enhancement in flow structures of MEE, and general optimization of MEE. 
Different studies address the analysis of the impact of volume flow rate, temperature and 
humidity boundary conditions on the effectiveness of MEE (Zhang et al., 2008; Min and Su, 
2011; Nasif and Al-Waked, 2014, 2014; Al-Waked et al., 2015; Koester et al., 2017; Siegele 
and Ochs, 2019). They all found that sensible and latent effectiveness increase with decreasing 
volume flow rate. The latent effectiveness depends more on the volume flow rate than the 
sensible effectiveness. Moreover, the studies show that the influence of outdoor and indoor air 
states on the MEE’s performance is dependent on the membrane material. Some membrane 
materials show a significant influence of the boundary conditions and others show no 
significant influence and perform in the same way for different boundary conditions. 
This goes along with the second category of investigations regarding the influence of the 
membrane material. Many researchers have investigated different membrane materials in order 
to increase sensible and latent heat transfer in MEE (Zhang et al., 2008; Min and Su, 2010; 
Nasif, 2015; Koester et al., 2017; Baldinelli et al., 2019). They all show that especially the latent 
effectiveness is sensitive to membrane material. 
Other studies address the optimization of the flow structure in MEEs in order to increase the 
performance of the enthalpy exchanger (Al-Waked et al., 2015; Albdoor et al., 2020a). One 
way to increase the performance is to increase the share of the counter-flow arrangement in the 
MEE. Another option is to break the boundary layer with spacers or similar geometric elements. 
Although these are able to increase the sensible and latent effectiveness, they also increase the 
pressure drop of the MEE, which leads to a higher electric energy demand for the fans. 
To improve the sensible and latent effectiveness Albdoor et al. used an approach to minimize 
the entropy generation of MEE with a genetic algorithm (GA) (Albdoor et al., 2020b). They 
aim to optimize the design of an MEE. They varied mass flow rates through the MEE, length 
and width of the MEE, channel height, membrane thickness and thermal conductivity and the 
membrane material’s diffusion coefficient. They could find an optimum in design that reduces 
the entropy generation by 20 – 30 %. Nevertheless, the optimum they found lies at very small 
mass flow rates. How the optimized MEE performs at nominal mass flow rates needed to 
ventilate the room properly is not shown in their study. 
Zhang used a reliability-based approach to optimize MEE design under uncertain conditions 
(e.g. production tolerance) (Zhang, 2016). The aim function is the economic return of the MEE. 
They found that parallel-plate MEE with asymmetric polymer membranes performs best in the 
investigated data set. Moreover, they could show that the MEE’s performance will degrade with 
uncertain geometric parameters compared to the exact parameters. Their study focusses on 
warm and humid climates. Therefore, it might not be transferable to other climatic regions. 
Men et al. optimized the design of MEE with a particle swarm optimization algorithm (Men et 
al., 2021). Their multi-objective optimization aims to reduce entropy generation and increase 
economic return. 
All the optimization studies have in common that they try to increase the performance of MEE. 
Moreover, they only consider the MEE itself for their optimization. The studies lack the 
investigation of the influence on the holistic system consisting of the ventilation unit and the 
building. Since all the studies concentrate on warm and humid or cold climates, these 
approaches might be sufficient. Nevertheless, in moderate climates, outdoor air humidity is 
sufficient for building ventilation during the spring and autumn season. During these periods, 
high latent effectiveness can lead to high indoor air humidities. Hence, the research question 
arises about how efficient the latent effectiveness of MEE has to be in order to perform best in 
the context of the holistic system. In this paper, we optimize the design of MEE considering the 
overall energy demand of the building and the indoor air comfort for different climatic regions. 
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2 METHODOLOGY  

 
To optimize MEE in the context of the holistic system, we build up an optimization framework. 
This framework consists of a dynamic system model combined with a control algorithm. The 
system model is linked to a genetic optimization algorithm that varies the MEE’s parameters. 
 
2.1 Objectives and parameters used for optimization 

 
We choose two objectives for our optimization. As first objective, we use the total use energy 
demand of all components. Therefore, the heating power, cooling power and electric power of 
the fans are integrated during the annual simulation and summed up. The GA aims to minimize 
the total use energy demand.  
The second objective is the violation of comfortable indoor air humidity. The objective uses the 
two different definitions shown in Table 1. Typical international standards define a range 
between 30 and 65 % relative humidity for indoor air environments (Designation: Standard). 
(Sterling et al., 1985) investigated the impact of indoor air humidity on humans and found the 
range of 40 to 60 % relative humidity as a good compromise between all influences. Therefore, 
we choose this range as second definition (Designation: Tight). By investigating both 
definitions, we can analyse how the optimum design of MEE depends on the desired indoor air 
humidities. 

Table 1 Definitions of comfortable indoor air humidity 

Designation Lower limit Higher limit Ref. 

Standard 30 % relative humidity 65 % relative humidity (American Society of Heating, 
Refrigerating and Air-
Conditioning Engineers, 2020) 

Tight 40 % relative humidity 60 % relative humidity (Sterling et al., 1985) 
 
As violations of the comfortable indoor air humidity occur dynamically during the annual 
operation, we define a KPI to quantify the violations. We use the Integral Absolute Error 
(IAErH) which is well known in the field of control engineering as basis for our KPI. The KPI 
is shown in Equation (1). Whenever the relative humidity 𝜑 in the building overshoots the 
higher limit 𝜑max or undershoots the lower limit 𝜑min, the difference will be integrated over 
the time the violation occurs. 
 

IAErH = ∫ max(𝜑(𝑡) − 𝜑max, 0) + max(𝜑min − 𝜑(𝑡), 0)  𝑑𝑡 (1) 
 

To reach the optimum system performance regarding the two objectives, we choose two 
different design parameters – membrane thickness and membrane permeability - for the MEE 
as they mainly influence mass transfer only. Figure 1 shows the impact of the membrane 
thickness and membrane permeability on the MEE’s sensible and latent effectiveness. As can 
be seen, the latent effectiveness is sensitive to both parameters. On the contrary, both 
parameters have only a small impact on sensible effectiveness. For this reason, it is possible to 
design the MEE’s latent effectiveness without influencing the sensible effectiveness. Therefore, 
all results of this study can be attributed to effects caused by latent effectiveness. After a market 
survey on typical membrane properties, we set the range of membrane thickness to 20 - 200 
μm. According to Albdoor et al., typical polymer membranes’ permeability varies between 1E-
13 and 1E-10 mol/(m s Pa) (Albdoor et al., 2022). Paper membranes usually have higher 
permeabilities. Hence, we choose a range between 1E-13 and 3E-10 mol/(m s Pa). 
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Figure 1 Influence of membrane thickness and permeability on MEE's effectiveness 

 
2.2 Simulation model 

 
The core of the optimization setup is a dynamic simulation model shown in Figure 2. The model 
consists of a thermal zone model (Lauster and Constantin, 2017) and a residential ventilation 
unit model. The ventilation unit model consists of a preheater model, an MEE-model and two 
fan models. The preheater is used to avoid frost formation in the MEE. The MEE-model 
(Kremer et al., 2019) consists of parallel membranes and can be varied using geometric 
parameters like membrane thickness, permeability of the membrane, length and width of the 
MEE, channel height and the number of parallel membranes. 

 
Figure 2 Structure of simulation setup used for optimization 

 
The thermal zone model represents the building structure. The building structure is 
parametrized using the Tool TEASER (Remmen et al., 2018). The tool delivers typical elements 
according to the year of construction and translates the building structure into a thermal network 
(resistance-capacity-model). In this study, we choose 2015 as the year of construction.  
We consider an infiltration of 0.06/h in the thermal zone model but assume no window 
ventilation in addition to the mechanical ventilation. The thermal zone model inherits an 
idealized heating and cooling model to control indoor air temperature. The ideal cooler does 
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not consider any condensate formation and therefore provides sensible cooling only. Internal 
loads such as persons, machines and light are modelled according to (Schweizer Ingenieur- und 
Architektenverein, 2024) considering latent heat production of persons and other sources (e.g. 
plants and shower). 
All in all, the building energy system modelled inherits the functionality of energy recovery, 
heating, and cooling. No active humidification or dehumidification is applied. Therefore, indoor 
air temperature is fully controllable, but indoor air humidity control is limited to energy 
recovery. As no dehumidification is applied, the absolute indoor air humidity is always equal 
to or higher than the absolute outdoor air humidity due to internal gains. 
 
2.3 System control  

 
We develop a controller for the residential ventilation unit to control the fans and the bypass 
over the MEE to avoid too high indoor air temperatures and humidities. Moreover, the 
controller sets the cooling and heating power for the internal devices. The set point temperature 
for heating and cooling is derived from the German standard DIN EN 16798-1 (German 
Institute for Standardization, 2022). Figure 3 shows the limits for comfortable room 
temperature as defined by DIN EN 16798-1. We use the lower limit for a comfortable room 
temperature as the set point for heating and the higher limit as the set point for cooling. Since 
no dehumidification is considered in the simulation model, the humidity will not decrease in 
the building model. Hence, we use the higher limit of comfortable indoor air humidity to control 
the bypass over the MEE. If the indoor air humidity exceeds the limit, the bypass will open, 
reducing the latent and sensible heat recovered. We use two different ranges for the definition 
of comfortable indoor air humidity presented in Table 1.  
 

 
Figure 3 Limits for comfortable room temperature according to (German Institute for Standardization, 2022) 

 
2.4 Optimization setup 

 
Using the Dymola-API of the Python package ebcpy (Wüllhorst et al., 2022), the simulation 
model is linked to the optimization algorithm programmed in Python. We use a GA provided 
by the optimization package PyGAD (Gad, 2021) for the optimization. The parameters used for 
the GA are listed in Table 2. For detailed information on the parameters and their influence on 
the optimization, please refer to (Gad, 2021). For each parameter variation of the MEE, an 
annual simulation is carried out and the results are provided to the optimization algorithm. In 
the first step, the algorithm sets up an initial population consisting of pairs for membrane 
thickness and permeability values. For each pair, the simulation is carried out. The algorithm 
uses the results to create the next generation of parameter pairs. This process is iterated until 
the defined number of generations (see Table 2) is reached. 
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Table 2: Parameters used for the genetic algorithm 

Parameter Value 

Number of generations 20 
Solutions per generation 10 
Number of genes 2 (membrane thickness and permeability) 
Value range for genes [20 ... 200 μm]; [1E-15 … 3E-10 mol/(m s Pa)] 
Parent selection type steady-state-selection 
Crossover type uniform 
Crossover probability 0.8 
Mutation type adaptive 
Mutation probability 0.7; 0.4 (thickness; permeability) 

 
2.5 Investigated climatic conditions 

 
We carry out the optimization for three different locations in Europe – Sodankyla, Munich and 
Cuxhaven. Sodankyla, a city in Lapland (Finland), can be classified as cold and dry climate 
with a temperature median of 1.4 °C and a humidity median of 3.37 g/kg. The German city of 
Munich has a moderate continental climate (median temperature: 8.9 °C, median humidity: 
5.27 g/kg). Cuxhaven on the contrary is a moderate and more humid climate (median 
temperature: 9.8 °C, median humidity: 6.01 g/kg) since it is a city located near the German 
coast. Figure 4 shows the density functions of temperature and humidity for the three locations. 
The x-axes show the temperature and absolute humidity respectively. The y-axes show the 
density of how often an interval occurs during the year. We use intervals of 1 K and 1 g/kg to 
calculate the densities. In Sodankyla, temperatures below 0 °C occur more often than in the 
German cities. Additionally, low absolute humidities occur more frequently. In Cuxhaven, 
temperatures between 5 and 20 °C occur more often than in Munich, whereas in Munich higher 
temperatures between 20 and 30 °C occur more often. Regarding humidity, both German cities 
have a similar density function, but absolute humidities between 5 and 10 g/kg occur more often 
in Cuxhaven. This interval is relevant for the operation of the MEE. Since these absolute 
humidities are sufficient for an indoor air environment, no humidification is needed during the 
times, outdoor air humidity lies in between the interval. In consequence, MEE cannot provide 
any benefit regarding comfort. Especially for outdoor air with absolute humidities between 8 
and 10 g/kg, the risk of reaching too humid indoor air if operating an MEE is high. Therefore, 
the difference in optimization results between Munich and Cuxhaven will be interesting to 
investigate. 
 

 
Figure 4 Density functions of temperature (a) and humidity (b) at the three investigated locations 

701 | P a g e

Peer Reviewed Paper



 
3 OPTIMIZATION RESULTS 

 
Figure 5 shows the results for all annual simulations carried out by the optimization for both 
objectives and the Standard comfort limits for Munich. The x-axis indicates the comfort 
violation as defined by Equation (1). The y-axis represents the holistic system’s total use energy 
demand. Presented are all solutions, including the non-optimal intermediate solutions (red +). 
The theoretical optimum shows the best solution for the energy demand and the comfort 
violation, respectively. Obviously, both objectives cannot be satisfied at the same time. All 
solutions lying on the dotted line will be optimal design solutions depending on how both 
objectives are weighted. The best fit indicates the solution with the smallest distance to the 
theoretical optimum if both objectives are weighted equally. Since the MEE’s design influences 
the energy demand of the residential system less than the IAErH, the best fit is found in the 
region with higher energy demand but a low IAErH.  
 

 
Figure 5 Pareto diagram of optimization results for Munich 

Table 3 lists the found optimum design parameters for each objective and for the best fit for all 
investigated locations and the Standard comfort limits. The energy demand and the IAErH differ 
significantly between the three locations. While Cuxhaven (moderate climate) has the lowest 
energy demand and reaches the most comfortable indoor air humidities, the energy demand in 
Munich is slightly higher and the IAErH is higher. Moreover, the difference in IAErH between 
energetic optimum and comfort optimum increases. This trend is also visible for Sodankyla, the 
coldest and driest location in this study. Here, energy demand is more than twice as high as in 
Munich and Cuxhaven. The IAErH is even six to seven times higher compared to the other two 
locations. 
The results indicate that the optimization algorithm chooses minimum membrane thickness and 
higher permeabilities in cold and dry climates to minimise the IAErH. This leads to an MEE 
with high latent effectiveness (see Figure 1). The gap between the energetic optimum and the 
IAErH optimum is getting higher in cold and dry climates. If the latent effectiveness is high 
(IAErH optimum) the risk of too humid indoor air during summer and autumn increases causing 
the bypass over the MEE to open. In consequence, both sensible and latent heat recovery are 
reduced. Especially during autumn, the outdoor air temperatures are lower. With reduced 
sensible heat recovery, the internal heater has to provide the energy to keep indoor air 
temperatures at a comfortable level. Additionally, the MEE could reduce the cooling energy 
demand during summer seasons when indoor air temperatures are lower than outdoor air 
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temperatures. Reduced energy recovery will therefore lead to higher cooling demands. In 
consequence, the optimization algorithm chooses thicker membranes and lower permeabilities 
to minimise energy demand. It has to be highlighted that the difference in energy demand for 
the energetic optimum and the IAErH optimum is small (0.5 – 2.5 %). For this reason, the best 
fit lies at a membrane thickness and permeability near the IAErH optimum. The results for a 
cold and dry location like Sodankyla indicate that active humidification should be considered 
also for residential ventilation to achieve more comfortable indoor air humidities. 

Table 3 Optimal solutions for Standard comfort limits 

Location Optimum Membrane 

thickness / μm 

Permeability / 

mol/(m s Pa) 

Total use energy 

demand / kWh/a 

IAErH /  

%-h 

Munich 
Energetic 155 1,67∙10-10 3 930 8 343 
IAErH 20 2,65∙10-10 4 030 4 107 
Best fit 20 2,27∙10-10 4 021 4 124 

Cuxhaven 
Energetic 120 1,67∙10-10 3 243 3 753 
IAErH 75 2,09∙10-10 3 257 3 608 
Best fit 65 1,67∙10-10 3 253 3 610 

Sodankyla 
Energetic 150 1,67∙10-10 10 049 49 934 
IAErH 20 3,00∙10-10 10 220 26 117 
Best fit 20 3,00∙10-10 10 220 26 117 

 
Table 4 shows the optimum design parameters for the Tight comfort limits for all locations. The 
results show that the energy demand slightly increases if the relative indoor air humidity needs 
to be kept between 40 and 60 %. A more frequent bypass opening over the MEE causes this. If 
the bypass opens more often, the internal heater has to provide the necessary heating power 
more often. The IAErH optimum is found for thinner and more permeable membranes compared 
to the Standard comfort limits. Especially for the location Cuxhaven, this becomes clear. In 
consequence, the best fit also changes to thinner and more permeable membranes. The results 
show a significant increase in the IAErH compared to the Standard limits. This is plausible and 
expectable as no active humidification is considered for the system. 
Overall, the optimization results show that in moderate and cold climates the energetic optimum 
of the holistic system of a ventilated residential building is found for thicker and less permeable 
membranes. However, thinner and more permeable membranes need to be used for MEE to 
achieve more comfortable indoor air humidity. The energetic impact of MEE design is smaller 
than the impact on indoor air humidity. With slightly higher energy demand, significant 
improvement of indoor air humidity can be achieved. Especially in colder and dryer regions, 
MEE should be designed with thinner and more permeable membranes. 

Table 4 Optimal solutions for Tight comfort limits 

Location Optimum Membrane 

thickness / μm 

Permeability / 

mol/(m s Pa) 

Total use energy 

demand / kWh/a 

IAErH /  

%-h 

Munich 
Energetic 35 3,58∙10-12 3 935 43 534 
IAErH 20 3,00∙10-10 4 037 23 213 
Best fit 20 2,99∙10-10 4 037 23 216 

Cuxhaven 
Energetic 35 7,93∙10-12 3 277 26 311 
IAErH 20 2,08∙10-10 3 312 18 568 
Best fit 20 1,70∙10-10 3 307 18 580 

Sodankyla 
Energetic 30 6,25∙10-12 10 058 114 344 
IAErH 20 3,00∙10-10 10 231 70 894 
Best fit 20 3,00∙10-10 10 231 70 894 

 
4 CONCLUSIONS 
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We have presented a method to optimise the design of MEE in the context of a holistic system 
and applied the method to a residential building with a typical ventilation unit consisting of a 
pre-heater and an MEE. 
The optimization results show that thicker and less permeable membranes can be used in MEE 
in order to reach the minimum energy demand for the holistic system. On the contrary, thinner 
and more permeable membranes lead to fewer violations of comfortable indoor air humidity. 
The influence of the MEE’s design on the energy demand is not significant for the investigated 
use case of a residential building. With lower insulation standards or active humidification, it 
might increase. In consequence, the best fit to the theoretical optimum with equal weights on 
energy demand and comfort violation is located near the minimum comfort violation.  
Further investigations could address different building types, including humidification and 
dehumidification and investigate locations with warm and humid climate conditions. Moreover, 
other geometric parameters of the MEE, like transfer area or channel height, could be 
investigated. Transforming the continuous variation of the permeability to discrete values of 
existing membrane materials is part of further work. Our KPI definition for comfortable 
humidity addresses only linear dependency on the humidity difference and time. For example, 
the risk of mould growth depends strongly on the duration of excessive humidity in the room 
as well as on the value of the relative humidity. Hence, the KPI definition does not provide 
information on the influence on human beings. This should be addressed in further studies. 
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ABSTRACT 

In recent years, naturally ventilated glass façades have become a common feature in the design and retrofit of 
large-scale non-residential buildings, integrating architectural aesthetics and energy efficiency. These façade 
systems are complex and multifaceted. Thus, introducing them in buildings poses many challenges from economic, 
engineering, health and behavioural perspectives that can reduce optimal building performance. Building occupant 
behaviour and preferences are important contributors to the gap between the predicted and actual building energy 
performance.  With people spending on average 90% of their lives indoors, the impact of indoor environmental 
quality (IEQ) on health, comfort, wellbeing and productivity of building occupants is vital. The use of engineering 
simulation, validated with data collected from operating buildings, can enable engineers, architects and facility 
managers to ensure optimal building design, efficient operation and improved IEQ. 

This paper presents the results of a detailed investigation of the impact of an innovative adaptive façade system on 
IEQ in an office case study. This includes the impact of façade operation on the health, comfort and wellbeing of 
building occupants. The study focuses on the measurement campaign carried out in an operating office 
environment in the Atlas building at Eindhoven University of Technology (TU/e). This measurement campaign 
included physical measurements of thermal comfort and indoor air quality parameters and occupant surveys. 
The surveys aimed to capture the occupants’ perception of the indoor environment and the effects of the dynamic 
façade operation on their comfort and wellbeing. The paper presents the research objectives, measurement protocol 
and results of the physical measurements and occupant surveys. In general, there was a good alignment between 
the surveyed and measured data. Furthermore, a high-resolution measurement network allowed for identification 
of locations where occupants’ comfort may be compromised, such as beside the window where higher air 
temperatures occurred. 

KEYWORDS 

Indoor environmental quality; Thermal comfort; Air quality; Dynamic façade; Measurements; Surveys 

1 INTRODUCTION 

1.1 Overview  

Airflow and heat transfer through naturally ventilated glass façades have a significant impact 
on the comfort of building occupants (La Ferla et al., 2020), which must be considered when 
designing and operating these systems. Optimisation and control of the façade systems is a 
complex problem with a multidisciplinary perspective (Bianco et al., 2018). Current approaches 
to designing and constructing façade systems focus on satisfying the requirements of building 
codes and standards in terms of structural integrity, energy efficiency and occupant-centric 
criteria; however, the design rarely results in optimal solutions in practice (Moghtadernejad et 
al., 2020). Occupant behaviour and preferences are usually not considered during the design 
and post-occupancy optimisation phases but are important contributors to building energy 
performance. It has been shown previously (Tabadkani et al., 2021) that manual controls for 
adaptive building systems can compromise their energy consumption, but lack of individual 
control could decrease the level of user satisfaction.  
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Adaptive building façades are façades that can interact with the environment, by reacting to its 
external parameters (weather and indoor environment) and building occupant behaviour, which 
includes ventilating for indoor air quality and comfort, insulating when required, or generating 
energy (Luible, 2018). As part of the previous research, Loonen et al. (2015) provided an 
overview of concepts and classification strategies for adaptive façades, such as dynamic 
exterior shading facades, glazing with phase change materials and BIPV double-skin facades. 
Alkhatib et al. (2021) reviewed four key aspects of current and emerging adaptive façade 
technologies, such as mechanisms and technologies for heat/mass transfer flows, daylight, 
electricity and heat generation; façade effectiveness and responsiveness; control algorithms and 
required sensor information. Furthermore, Attia et al. (2020) focused on future trends for 
adaptive façades, where occupant comfort and well-being emerged as the most important 
structural trend in adaptive façade technologies and solutions. This showed market demand for 
human-centric façade designs, which focus on healthy and comfortable working and living 
environments. 
1.2 Research objectives 

Previous research by the authors investigated the topics of indoor environmental quality (IEQ), 
e.g. (Boegheim et al., 2022; Zuhaib et al., 2018); the need for long-term performance 
monitoring, e.g. (Hajdukiewicz et al., 2015; Loomans et al., 2020); impact of IEQ on building 
occupants, e.g. (Brink et al., 2022); and the role of indoor climate control devices, e.g. (Boerstra, 
2016). Following that expertise, this research focuses on a short-term, detailed investigation of 
a dynamic façade’s operation and its impact on IEQ in offices and occupants’ perception on the 
indoor environment. 
The research presented here is part of the FaceINQ project (European Commission, 2023), 
which aims to develop new operational strategies and designs for innovative building façade 
systems that ensure IEQ appropriate to users, limit building related health risks and reduce 
energy consumption, by merging on-site measurements, qualitative user-feedback and 
pervasive simulation of indoor environments.  
2 METHODOLOGY 

2.1 Overview 

The paper presents a detailed investigation of an office environment in the Atlas building at 
Eindhoven University of Technology (TU/e). The investigation included physical 
measurements of thermal comfort and indoor air quality (IAQ) parameters, and occupant 
surveys. The surveys aimed to capture the occupants’ perception of the indoor environment and 
the effects of the dynamic façade operation on their comfort and wellbeing.  
2.2 Atlas Living Laboratory 

The research is demonstrated in the BREEAM certified (BRE, 2023) Atlas building at TU/e 
campus (Figure 1a). Atlas is a ‘living laboratory’ designed to allow new, project-specific 
applications to collect environmental data for academic research leading to industry innovation 
and reduced energy use. The 2019 retrofit of the building resulted in an 80% reduction in CO2 
emissions and transformed Atlas into the most sustainable educational building in the world 
(TU/e, 2019). An important aspect of the retrofit was an innovative adaptive glass façade system 
with parallel openable windows (Figure 1b). The façade was designed to insulate the building 
from excessive heat gains during the day, naturally ventilate indoor spaces at night with full 
horizontal opening and use natural ventilation for personal thermal or air quality purposes 
during daytime. However, while the building met energy efficiency targets, a further 
investigation of the impact of the façade operation on IEQ is needed, in order to verify and 
optimise future designs of novel adaptive façades (Hajdukiewicz & van Mierlo, 2023). 
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Thus, the objectives of the measurement campaign in the Atlas office room were to: 

• Investigate IEQ parameters, including indoor thermal comfort and air quality (using 
CO2 concentration as a proxy), and air temperature and velocity at window opening/ air 
supply in an office room throughout the day and night. 

• Investigate the effect of window’s operation on IEQ. 
• Investigate the occupants’ perception on the IEQ. 
• Investigate the occupants’ perception on window operation. 
• Align the thermal comfort and air quality measurements with occupant surveys. 
This paper focuses on the IEQ investigation in an East-facing office (plan dimensions of 5 m x 
6.5 m, 2.6 m height) on the 9th floor of the building, occupied by two people between 14 – 21 
April 2023. During the investigation, the occupants were asked to carry out their typical work, 
in this case mainly computer-based work. The office operated with a mixed mode ventilation, 
including a mechanical constant air volume (CAV=135 m3/h) supply and natural ventilation 
through a parallel openable window (1 m x 2.5 m, horizontal opening gap of 125 mm). 

a)   b)   

Figure 1: a) Atlas building at TU/e, photo by Bart van Overbeeke, (TU/e, 2019). 
b) Atlas façade design with parallel openable windows (Arch Daily, 2019). 

2.3 Measurement protocol 

Several physical sensors measured IEQ in the office between 14 – 21 April 2023, including 
four thermal comfort poles, five air quality poles, and air velocity/ temperature at window and 
air supply. All physical measurements were synchronised in time and taken at a minimum 
of 1-minute time step over a full week. Figure 2a shows the measurement setup in the office. 
The thermal comfort poles (Figure 3a) measured (i) dry-bulb air temperature (NTC U-type 
thermistor) at 0.1 m, 1.1 m and 1.7 m height, (ii) globe temperature (black sphere with NTC U) 
at 0.9 m height, (iii) relative humidity (RH, Serie EE08) and air temperature (NTC U) at 0.9 m 
height, (iv) air velocity (SensoAnemo 51XX NSF transducer) at 0.1 m and 1.1 m height. The 
poles were distributed in the room in the proximity of the desks (Figure 2b) to capture the 
conditions affecting room occupants. Pole PMV D was located beside the seat of occupant 1 
and pole PMV C – beside the seat of occupant 2.  
The air quality poles (Figure 3b) measured air temperature, RH and CO2 concentration (Vaisala 
HMP1 and GMP252) at 1.1 m and 1.7 m height and were regularly distributed around the 
perimeter of the room (Figure 2b) to capture changes in the IAQ throughout the measurement 
period. Six NTC thermistors and six ultrasonic anemometers (Gill WindSonic) were regularly 
distributed around the window opening to capture parameters of the airflow through the window 
gap (Figure 3c). One NTC thermistor and one air velocity (SS20.250) sensor were installed at 
the mechanical air supply (Figure 3d). The accuracy of sensors is shown in Table 2.1. Outdoor 
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weather conditions, measured by the weather station located on the roof of the Atlas building, 
included air temperature, wind speed and direction and solar irradiance. 

a)  b)  
Figure 2: a) The investigated office room with the measurement equipment. 
b) Location of thermal comfort (PMV, red) and air quality (V, green) poles. 

a)  b)  c)  d)  

Figure 3: Measurement equipment: a) thermal comfort pole, b) air quality pole, c) window sensors 
and d) air supply sensors. 

Table 2.1: Type and accuracy of sensors used for indoor measurements. 

Sensor Accuracy 

NTC U-type thermistor ±0.05 °C (0-50 °C) 
Serie EE08 ±2.0 %RH (0-90%, at 23 °C) 

SensoAnemo 51XX NSF transducer 0.02 m/s ± 1.5% of readings (in range 0.05 - 5 m/s) 

Vaisala HMP1 
±0.2 °C (at 23 °C) 

±1.0 %RH (0-90%, at 23 °C) 
Vaisala GMP252 ±40 ppmCO2 (at 25 °C and 1013 hPa) 
Gill WindSonic ±2% (measured at 12 m/s, range 0-60 m/s, resolution 0.01 m/s) 

SS20.250  ± 5% of measured value + (0.4 % of final value; min. range 0.02 m/s) 

 

2.4 Occupant surveys 

The online occupant surveys were completed by two office occupants twice daily (morning at 
~11am and afternoon at ~ 3pm) over six days (between 14 – 21 April 2023). The surveys 
included questions on occupants’ perceived comfort, IAQ and health symptoms. The goal was 

709 | P a g e



to understand how (local) IEQ conditions are perceived when changes occur (e.g. due to 
window opening) and quantify those conditions through measurements. 
3 RESULTS 

3.1 Physical measurements 

In order to analyse the indoor environmental conditions during a typical working day 
(occupants controlling window opening), this section presents results of the measurements 
taken during the working hours (9am – 6pm) of 21st April 2023. The mean outdoor air 
temperature during the period monitored was 13.3oC. The air supplied to the room via a 
mechanical system (CAV) was at a mean temperature of 21oC and velocity of 1.2 m/s (measured 
at the air supply grill). The building management system (BMS) setpoint for air temperature 
was 22oC. 
Figure 4 shows the distribution of indoor air temperatures measured by the thermal comfort poles 
(PMV). The data clearly shows the highest variability in air temperatures measured by the pole 
PMV A, located closest to the window opening; followed by pole PMV D, also beside the 
window (Table 3.1). Those two poles indicated the highest globe temperatures in the morning, 
as influenced by the solar irradiance (window facing East). Air temperatures measured by the 
poles closer to the door (PMV B & C) showed a very similar and less variable (than PMV A & 
D) pattern. The maximum vertical temperature difference between head and ankles at locations 
of PMV B, C & D over the period monitored was 1.1oC, 0.7oC and 1.7oC, respectively; thus, 
less than 2oC, which was not the cause for local discomfort (ISO, 2005). At location PMV A, 
at 10% of the time (between 9-6pm), the vertical temperature difference between head and ankle 
level was between 2oC and 3.3oC. Those higher temperature differences occurred when the 
window was open and were caused by the cool outside air entering the warm room at the floor 
level. This might have caused local discomfort if an occupant was located near the open 
window. 
According to (ISSO, 2014), the normal level of thermal comfort expectation (class B – max 
10% predicted percentage of dissatisfied (PPD)) during intermediary seasons requires indoor 
operative temperature between 20.0oC - 24.0oC (based on calculated running mean outdoor 
temperature of 9.8oC, as per weather data). The operative temperature in the room during the 
period monitored (mean at all PMV poles locations, calculated according to  (ISO, 1998)) was 
23.0oC, which aligns with the thermal comfort expectation outlined in ISSO, the Dutch Building 
Services Research Institute (ISSO, 2014). 
The mean RH measured by the thermal comfort and air quality poles was 37% and 32%, 
respectively. The mean CO2 concentration measured in the room was 448 ppm. 
Table 3.2 shows the mean air velocities measured at the ankle and sitting person’s head level 
and their associated turbulence intensities (Tu = un′/un*100%) and draught rates (DR). As 
expected, the highest air velocities (Tu and DR) were recorded beside the open window (PMV 
A), where also the data had the largest spread. According to (ISO, 2005), the turbulence 
intensity may vary between 30 - 60 % in spaces with mixed-flow air distribution, which is seen 
from the periods of open window. When the window was closed, the turbulence intensities were 
lower, except the first period (9-10.35am) at PMV B & C, which may correspond to occupants 
activity in the centre of the room. At locations of PMV B, C & D, the majority of draught rates 
were below 10%, which is equivalent to 6% PPD. AT PMV A, the draught rates were 
significantly higher, particularly at the ankle level when the window was open (DR of 24% in 
the morning and 50% in the afternoon), which might have caused discomfort if an occupant 
was located there. 
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Figure 4: Indoor air temperatures measured by the thermal comfort poles (PMV); shaded orange area indicates 
the time of the window being open. 

Table 3.1: Mean and standard deviation of indoor air temperatures (in oC) measured 
between 9am-6pm on 21 April 2023. 

    Tair_0.1m Tair_0.9m Tglobe_0.9m Tair_1.1m Tair_1.7m 

PMV A MEAN 22.23 23.15 23.60 23.21 23.28 
ST DEV 1.59 1.09 1.38 1.11 0.92 

PMV B MEAN 22.18 22.50 22.58 22.68 22.79 
ST DEV 0.74 0.61 0.54 0.63 0.56 

PMV C MEAN 22.30 22.93 22.67 22.59 22.73 
ST DEV 0.59 0.59 0.52 0.60 0.54 

PMV D MEAN 22.79 23.44 23.89 23.25 23.26 
ST DEV 0.72 0.77 1.41 0.89 0.83 

Table 3.2: Mean indoor air velocities (in m/s) measured between 9am - 6pm on 21 April 2023 
and associated turbulence intensities (Tu in %) and draught rates (DR in %). 

  PMV A PMV B PMV C PMV D 
  V_0.1m V_1.1m V_0.1m V_1.1m V_0.1m V_1.1m V_0.1m V_1.1m 

Window closed 
(9:00-10:35) 

MEAN  0.07 0.15 0.08 0.08 0.09 0.08 0.08 0.08 
Tu 16 34 56 38 60 37 28 23 
DR 3 13 6 6 8 6 5 4 

Window open 
(10:36-12:00) 

MEAN  0.17 0.16 0.09 0.09 0.08 0.08 0.11 0.10 
Tu 74 41 56 36 32 27 31 28 
DR 24 15 8 7 5 5 9 7 

Window closed 
(12:01-1:19) 

MEAN  0.10 0.10 0.06 0.09 0.08 0.07 0.10 0.08 
Tu 21 40 18 22 24 21 23 26 
DR 7 8 3 6 5 4 7 4 

Window open 
(1:20-6:00) 

MEAN  0.30 0.20 0.14 0.09 0.08 0.08 0.09 0.09 
Tu 64 34 59 29 32 43 33 28 
DR 50 19 16 6 5 6 6 6 

*the measurement range was 0.05-5 m/s, thus values <0.05 m/s were assumed as =0.05 m/s 

711 | P a g e



3.2 Occupant surveys 

The physical measurements were broadly represented by the survey responses of two office 
occupants. Both surveys were taken while the window was open (Figure 4). In general, the 
occupants felt comfortable throughout the day and stated that they preferred the window being 
open. The occupants reported they did not feel any local discomfort, including thermal or 
draught sensation. However, as reported in the morning, the occupant 1 (located beside PMV 
D) felt slightly warm. This might have been due to the high air temperatures recorded at this 
location (mean value measured at ankle and head level of 24.6oC), including high radiant 
temperature (28.5oC), and relatively low air velocities of 0.1 m/s (mean at ankle and head level). 
In the afternoon, with decreased air temperatures (mean air temperature measured at ankle and 
head level of 22.2oC, and radiant temperature of 23.1oC), the occupant 1 felt neutral. Occupant 
1 felt ‘neither sleepy nor alert’ in the morning and very alert in the afternoon.  
Occupant 2 (located beside PMV C) also felt slightly warm in the morning (mean measured air 
temperature of 23.2oC and air velocity of 0.05 m/s at ankle and head level) and neutral in the 
afternoon (mean measured air temperature of 22.2oC and air velocity of 0.05 m/s at ankle and 
head level). After feeling alert in the morning, occupant 2 had some signs of sleepiness in the 
afternoon. Occupant 2 was satisfied with the quality of indoor air, and reported fresh air, well-
ventilated room, with pleasant smell throughout the day. While occupant 1, in the morning 
’slightly agreed’ and in the afternoon ‘agreed’ that the indoor air was fresh, not stale and the 
room was properly ventilated. 
Table 3.3 compares the surveyed and measured (and calculated based on (ISO, 2005)) predicted 
mean vote (PMV) values for both occupants. The authors acknowledge that the PMV is an 
index that predicts the mean value of the votes of a large group of persons and in such complex 
environments using PMV as an assessment may not be useful. However, here it is only used as 
an example in this specific case of an office. Table 3.3 shows a good alignment between the 
surveyed and measured/calculated data in the afternoon for both occupants and for occupant 1 
in the morning. However, there is a small discrepancy in the data for occupant 2 in the morning, 
where surveyed response was ‘slightly warm’ environment and measured – rather neutral. This 
discrepancy might have been due to the activity of the occupant prior to taking the survey, 
which might have increased the occupant’s metabolic rate. Furthermore, for those investigated 
conditions when the window was open the measured/calculated PMV values were 
underestimated (on the cooler side) when compared to the surveyed values. This may result in 
less optimal thermal comfort conditions in reality, but still appreciated by the occupants.  
The survey data for days when occupants did not have control over opening and closing the 
window (17 – 20 April 2023) showed that only on two occasions (2 out of 8 survey responses) 
the occupants felt neutral. Only half of the time the occupants felt comfortable (2 survey 
responses when the window was open and 2 responses when closed), with other perceptions 
reported as slightly uncomfortable (2 responses when the window was closed and 1 when it was 
open) and uncomfortable (1 response when the window was open). Further analysis is required 
to analyse the measured data for those dates and to understand how (local) IEQ conditions are 
perceived when changes occur. However, this is not the scope of this paper. 

Table 3.3: Surveyed and measured PMV values. 

 
Occupant 1 Occupant 2 

Survey 
Measured  

(ISO, 2005) Survey 
Measured  

(ISO, 2005) 
Morning survey 1 0.7 1 -0.1 

Afternoon survey 0 -0.3 0 -0.4 
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4 CONCLUSIONS 

This paper presents the research objectives, measurement protocol and the initial results of the 
IEQ investigation in an office room. This case study, focusing on one day results, will be 
replicated to analyse more extreme conditions in IEQ when the occupants are not controlling 
the window opening. This will allow for a point-in-time characterisation of Atlas adaptive 
façade operation and its impact on the occupants’ perception and their comfort and wellbeing.  
Furthermore, the measured parameters will provide boundary conditions and validation data to 
develop reliable computational fluid dynamics (CFD) models that capture the airflow and heat 
transfer through this novel façade system. This will be done to investigate whether the indoor 
environmental conditions support thermal comfort and air quality for building occupants, and 
to optimise future designs of novel adaptive façade systems. Previous studies utilised 
measurements and CFD simulations to investigate the performance of the Atlas’ façade system 
(Hetebrij, 2021; Verbruggen, 2019). Thus, the FaceINQ project builds on those research 
findings. 
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ABSTRACT 

 
As a result of the new initiatives and regulations towards nearly zero energy buildings, designers are more 

frequently exploiting the cooling potential of the climate to reduce overheating and improve indoor well-being of 
people. At early stage of design, climate analysis is particularly useful for determining the most cost-effective 
passive cooling methods, such as ventilative cooling. However, besides the external climate conditions, building 
energy uses are characterized by occupancy pattern and needs, envelope characteristics and internal loads. 
Therefore, the climate analysis cannot be abstracted from building characteristics and use.  

Within the IEA Annex 62 project, national experts worked on the development of a ventilative cooling 
potential tool, which aimed at assessing the potential of ventilative cooling by considering building envelope 
thermo-physical properties, internal gains and ventilation needs. The calculation methodology has been further 
developed within CEN/TC 156/WG21 TG on “Ventilative cooling systems - Design”. The main development 
regards the application of thermal balance calculation method from EN ISO 52016-1:2017 to calculate free-
floating temperature, heating and cooling loads with and without ventilative cooling contribution, which considers 
also lumped thermal capacity. 

The analysis is based on a single-zone thermal model applied to user-input climatic data on hourly basis. The 
tool predicts the percentage of hours when direct ventilation with minimum airflow rate required for indoor air 
quality or increased airflow rates can potentially ensure indoor thermal comfort.  

Moreover, such methodology could provide building designers useful information about the level of 
ventilation rates needed to maintain acceptable indoor thermal comfort conditions.  

The paper aims at presenting the new calculation methodology and at validating the calculation results on a 
reference room according to the guidelines reported in the ASHRAE Standard 140-2020.  

In particular, the influence of using dynamic loads, adaptive thermal comfort model, building thermal mass 
and ventilation needs in the thermal balance calculation of the building are analysed. Despite the methodology is 
simplified, the overall goal is to provide engineers a tool for predicting in preliminary design phase and with a 
limited degree of uncertainty whether the building can exploit ventilative cooling to maintain indoor comfort 
conditions.   
  

KEYWORDS 
 
Ventilative cooling, early-stage design, overheating, design airflow rate, natural ventilation 
  
1 INTRODUCTION 

Climate change, economic growth, affordability of air conditioners and other increasing 
demographic factors (population growth, ageing and urbanization) are the main causes for the 
space cooling to grow faster than any other energy use in buildings (International Energy 
Agency, 2018). Furthermore, high energy performance standards to reduce heating demand led 
to high insulated and airtight buildings which can encounter overheating issues especially in 
heating dominated climatic regions, where there is no tradition of using external solar shadings 
and no cultural knowledge on how to operate them (Taylor et al., 2023). The growth of space 
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cooling need is not only causing an overall increase of energy demand but also of peak power, 
putting the electricity grid under pressure (International Energy Agency, 2018). 
Ventilative cooling, meant as the use of natural or mechanical ventilation to cool indoor spaces, 
is considered an effective solution to reduce space cooling need in buildings and might be even 
a key solution to reach zero emission targets. Since it depends on the availability of suitable 
outdoor air conditions, climate analysis is particularly useful to support early-stage decision 
making on building design. However, besides the external climate conditions, space cooling 
uses are also characterized by solar gains control, occupancy patterns and comfort expectations, 
as well as by envelope characteristics and internal loads. Therefore, the climate analysis cannot 
be abstracted from building characteristics and use.  
To this purpose, national experts worked on the development of a ventilative cooling evaluation 
tool within the IEA Annex 62 project (Belleri et al., 2018).  
The calculation methodology has been further improved within CEN/TC 156/WG21 TG on 
“Ventilative cooling systems - Design”. The main improvement regards the application of 
thermal balance calculation method from EN ISO 52016-1:2017 to calculate free-floating 
temperature, heating and cooling loads with and without ventilative cooling contribution and 
which considers also lumped thermal capacity. 
The aim of this paper is to outline the new calculation method to assess ventilative cooling 
potential in a preliminary design phase and its validation process. 
 
2 METHODOLOGY FOR EVALUATING VENTILATIVE COOLING 

POTENTIAL (VC) 

The calculation method to evaluate ventilative cooling potential is based on a single-zone 
thermal model applied to user-input climatic data on an hourly basis. The thermal balance 
calculation method from EN ISO 52016-1:2017 is applied to calculate free-floating temperature 
and heating and cooling loads (with and without ventilative cooling contribution) of a reference 
thermal zone of the building.  
EN ISO 52016-1:2017 has been developed to assess the energy performance of a detailed 
building design or building in use. For early design phase applications, the detailed hourly 
thermal balance equations have been reduced to the essential (lumped) parameters, including 
also lumped thermal capacity. Figure 1 shows the simple 1RC model selected as the most suited 
model for such early design phase.  
 
 
 
 
 
 
 
 
 
 

Figure 1: Simple 1RC lumped parameter model suited for the early design stage. 
 
The previous ventilative cooling potential tool was presented by Belleri et al. (Belleri et al., 
2018) and referred to the method proposed by NIST (Axley et al., 2002; Emmerich et al., 2011). 
Direct ventilation was considered useful to maintain indoor conditions when outdoor dry bulb 
temperature exceeded the heating balance point temperature. The latter parameter refers to the 
outdoor air temperature below which heating must be provided to maintain comfort condition 
within the thermal zone. However, thermal capacity of the building was not taken into account 
in this previous tool. 
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2.1 Input 

The calculation requires basic information about a typical room of the building and an annual 
record of climatic data on hourly time resolution. The climatic data shall include outdoor dry 
bulb temperature, relative humidity and solar radiation. 
The input data related to the building are needed to calculate the solar and internal gains, the 
thermal capacity of the building structure, the ventilation and transmission losses. These are 
calculated based on the geometry data of the reference room and window area/orientation, 
building use, comfort requirements and thermal properties of the envelope, as well as the 
presence of external shading elements. 
Internal gains can be pre-calculated according to standard load profiles of occupancy, lighting 
and electric equipment (EN 16798-1:2019), or defined based on design needs. Furthermore, the 
occupant presence within the thermal zone can be indicated through the time control section. 
Comfort temperatures are calculated according to the adaptive comfort model (EN 16798-
1:2019). The overall heat transfer coefficient by transmission through the opaque and 
transparent envelope and the internal heat capacity of the zone are calculated according to EN 
ISO 52016-1:2017. The internal thermal capacity of the entire thermal zone corresponds to the 
sum of the thermal masses due to building envelope, internal partitions, air and furniture. 
 
2.2 Thermal balance calculations 

The following variables are used, with symbols and subscripts, where applicable, partially 
adopted from EN ISO 52016-1:2017 or specifically added to work out the methodology: 
 

𝐻𝑡𝑟 = overall heat transfer coefficient by transmission (W/K); 
𝑞𝑉;𝑡 = airflow rate at time interval t (m3/s); 
𝜌𝑎 ∙ 𝑐𝑎 = heat capacity of air per volume (J/(m3K) = 1.204 x 1 006); 
𝐻𝑣𝑒;𝑡 = overall heat exchange coefficient by ventilation at time interval t (W/K); 
𝜃𝑖𝑛𝑡;𝑡 = internal air or operative temperature at time interval t (°C); 

NOTE: For the 1RC model there is no distinction between air and operative 
temperature. 

𝜃𝑖𝑛𝑡;0;𝑡  = internal air or operative temperature in free float at time interval t (°C); 
𝜃𝑖𝑛𝑡;𝑡−1 = internal air or operative temperature at previous time interval (t-Δt) (°C); 
𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐻;𝑡  = internal operative temperature setpoint for heating at time interval t (°C); 

NOTE: Setpoint can vary in time, e.g. if the adaptive comfort model is applicable. 
𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐶;𝑡  
 

= internal operative temperature setpoint for cooling at time interval t (°C); 
NOTE: Setpoint can vary in time, e.g. if the adaptive comfort model is applicable. 

𝜃𝑒;𝑎;𝑡 = external air temperature at time interval t (°C); 
𝛷𝑖𝑛𝑡;𝑡 = total internal heat gain at time interval t (W); 
𝛷𝑠𝑜𝑙;𝑡 = total solar heat gain at time interval t (W); 

NOTE: In EN ISO 52016-1:2017 the solar gains are split into direct (into the zone, 
through the windows) and indirect (absorbed in external constructions); for the VCP 
tool it is just the total. The effect of movable solar shading provisions can be taken into 
account on an hourly basis. 

𝛷𝐻𝐶;𝑡 = heating load (if positive) or cooling load (if negative) at time interval t (W); 
𝐶𝑖𝑛𝑡 = (lumped) internal thermal capacity (J/K); 

NOTE: For VCP tool this is the simplified lumped capacity, covering internal capacity 
in the building and weighted capacity of the constructions.  

Δt = length of the time interval t (s, in casu: 3600 s); 
𝑞𝑉;𝑚𝑖𝑛  = required airflow rate for hygienic ventilation (m3/s); 
𝑞𝑚;𝑡  = air mass flow rate (kg/s); 
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𝐴𝐶𝐻𝑡  = volumetric air change per hour (1/h); 
𝑞𝑉;𝑉𝐶𝑆;𝑟𝑒𝑞;𝑡  = required airflow rate for ventilative cooling (m3/s); 
𝛥𝜃𝑐𝑟𝑖𝑡  = minimum temperature difference between indoor and outdoor temperature in order 

to drive natural airflow and/or to have a more than negligible cooling potential (K, i.e. 
3K); 

𝛷𝐻𝑈;𝑒;𝑎;𝑡  = relative humidity of outdoor air (%); 
NOTE: EN ISO 52016-1:2017 uses absolute humidity as input variable.  

𝛷𝐻𝑈;𝑚𝑎𝑥  = maximum relative humidity of outdoor air for ventilative cooling (%) (e.g. 85%); 
𝜃𝑖𝑛𝑡;𝑐𝑜𝑚𝑓𝑜𝑟𝑡;𝑡  = indoor comfort temperature according to adaptive comfort model of EN 16798-

1:2019 (°C). 
 
At each timestep (in casu 1 hour) the heat balance of the thermal zone according to the 1RC 
model can be formulated as follows: 
 

[
𝐶𝑖𝑛𝑡

𝛥𝑡
+ 𝐻𝑣𝑒 + 𝐻𝑡𝑟] 𝜃𝑖𝑛𝑡;𝑡 =

𝐶𝑖𝑛𝑡

𝛥𝑡
∙ 𝜃𝑖𝑛𝑡;𝑡−1 + [𝐻𝑣𝑒 + 𝐻𝑡𝑟] ∙ 𝜃𝑒;𝑎;𝑡 + 𝛷𝑖𝑛𝑡;𝑡 + 𝛷𝑠𝑜𝑙;𝑡 + 𝛷𝐻𝐶;𝑡 (1) 

 

Since the unknown terms are either the node air temperature or the heating/cooling loads, the 
equation can be rewritten as follows, with A and B known at each time interval t. 
 

𝐴𝑡  𝜃𝑖𝑛𝑡;𝑡 =  𝐵𝑡 + 𝛷𝐻𝐶;𝑡 (2) 
 

Starting from the heat balance, the potential of ventilative cooling is assessed carrying out the 
following steps for each time interval. The time series are first calculated in free float 
temperature and without the effect of ventilative cooling to have a basic case that can serve for 
validation purposes. The same time series are then computed considering the influence of 
heating and cooling needs. Ventilative cooling potential is still not evaluated. In the early design 
stage, the goal is just to estimate the amount of heating and cooling loads that needs to be 
satisfied at each hour, therefore there is no upper limit to the heating or cooling capacity. 
Consequently, this implies that the indoor temperature will never drop below the lower setpoint 
or exceed above the higher setpoint for a given interval value. In case of intermittent heating, 
the temperature is allowed to drop to a lower limit during intermittency. The third and last step 
involves the calculation of time series with heating/cooling loads and ventilative cooling 
potential. The goal is to reveal the ventilative cooling potential making a comparison with the 
second step. A one-month initialization period to avoid the influence of assumed indoor 
temperature at the start of the calculation has been adopted from EN ISO 52016-1:2017. 
 
2.3 Evaluation criteria 

For each hour of annual climatic record of the given location, the energy balance is calculated 
according to the model described previously and an algorithm splits the total number of hours 
when the building is occupied in the following groups: 
 

1. VC-mode [0]: ventilative cooling is not required when the indoor temperature is below the 
lower comfort zone limit (heating is needed); 
 

If  𝜃𝑖𝑛𝑡;0;𝑡 < 𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐻;𝑡  
then 𝑞𝑉;𝑡 = 𝑞𝑉;𝑚𝑖𝑛 (with heat recovery) 
 

In this mode 𝑞𝑉;𝑡 is not counted as part of the ventilative cooling potential.  
 

2. VC-mode [1]: direct ventilative cooling with airflow rate maintained at the minimum 
required for IAQ can potentially ensure comfort when the outdoor temperature is within 
comfort ranges;  
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If  𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐻;𝑡 ≤ 𝜃𝑖𝑛𝑡;0;𝑡 ≤ 𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐶;𝑡  
then 𝑞𝑉;𝑡 = 𝑞𝑉;𝑚𝑖𝑛 (no heat recovery needed) 
 

Unlike the previous case, 𝑞𝑉;𝑡 is counted as part of the ventilative cooling potential.  
 

3. VC-mode [2]: direct ventilative cooling with increased airflow rate can potentially ensure 
thermal comfort and indoor air quality in the air node; 
 

If 𝜃𝑖𝑛𝑡;0;𝑡 > 𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐶;𝑡, 𝜃𝑒;𝑎;𝑡 ≤ (𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐶;𝑡 − ∆𝜃𝑐𝑟𝑖𝑡) and 𝛷𝐻𝑈;𝑒;𝑎;𝑡 < 𝛷𝐻𝑈;𝑚𝑎𝑥 
then 𝑞𝑉;𝑡 = 𝑞𝑉;𝑉𝐶𝑆 
 

Obviously, in this case, 𝑞𝑉;𝑡 is counted as part of ventilative cooling potential.   
 

4. VC-mode [3]: residual discomfort hours in which ventilative cooling cannot provide 
benefits.  
 

𝑞𝑉;𝑡 = 𝑞𝑉;𝑚𝑖𝑛 
 
2.4 Ventilation rate assessment 

The required extra ventilation rate needed to supply ventilative cooling can be assessed 
assuming that all cooling power is provided by extra ventilation. Then cooling loads are 
assumed to be null. 
At each time interval, if VC mode = [2]:  

 

(𝐴𝑡 + ∆𝐻𝑣𝑒;𝑉𝐶𝑆;𝑟𝑒𝑞;𝑡)𝜃𝑖𝑛𝑡;𝑡 = 𝐵𝑡 + ∆𝐻𝑣𝑒;𝑉𝐶𝑆;𝑟𝑒𝑞;𝑡 ∙ 𝜃𝑒;𝑎;𝑡 (3) 
 

As a consequence, 

∆𝐻𝑣𝑒;𝑉𝐶𝑆;𝑟𝑒𝑞;𝑡 =
𝐵𝑡 − 𝐴𝑡  𝜃𝑖𝑛𝑡;𝑡

𝜃𝑖𝑛𝑡;𝑡 −  𝜃𝑒;𝑎;𝑡
 (4) 

 

The internal temperature 𝜃𝑖𝑛𝑡;𝑡 of the previous equation corresponds to the cooling setpoint. 
Then, the required extra ventilation for ventilative cooling is equal to: 
 

∆𝑞𝑉;𝑉𝐶𝑆;𝑟𝑒𝑞;𝑡 =
𝐵𝑡 − 𝐴𝑡  𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐶;𝑡

𝜌𝑎  𝑐𝑎(𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐶;𝑡 −  𝜃𝑒;𝑎;𝑡)
 (5) 

 
with 𝜃𝑖𝑛𝑡;𝑡 = 𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐶;𝑡 
 

The ventilation rate needed to provide ventilative cooling is given by the sum of the minimum 
required ventilation rates and the extra ventilation required.  
 

𝑞𝑉;𝑉𝐶𝑆;𝑡 = 𝑞𝑉;𝑚𝑖𝑛 + ∆𝑞𝑉;𝑉𝐶𝑆;𝑟𝑒𝑞;𝑡 (6) 
 

Once the actual ventilation rate has been calculated according to VC-mode, heating or cooling 
loads and the internal temperature are calculated again, before moving to the next time step.  
 
2.5 Output  

The performance indicators calculated through the ventilative cooling potential methodology 
described in the previous sections are outlined below. 

1. Percentage of time within each month when: 
- Ventilative cooling is not required (VC-mode [0]) according to the evaluation 

criteria described in section 2.3; 
- Direct ventilative cooling with airflow rate maintained at the minimum required 

(VC-mode [1]) according to the evaluation criteria described in section 2.3; 
- Direct ventilative cooling with increased airflow rate required (VC-mode [2]) 

according to the evaluation criteria described in section 2.3; 
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- Direct ventilative cooling is not useful (VC-mode [3]) according to the evaluation 
criteria described in section 2.3; 

2. Required ventilation rates to cool down the building when direct ventilative cooling with 
increased airflow rate is required (VC mode [2]); 

3. Monthly and annual sensible energy needs of heating and cooling with and without 
ventilative cooling; 

4. Ventilative cooling capacity. 
The just mentioned outputs are useful to compare the ventilative cooling potential in different 
climatic conditions for different building typologies and thermal masses. From design point of 
view, those output provide a rough estimation in early-stage design of the airflow rates needed 
to cool down passively the building in relation to the input provided initially, such as internal 
gains, comfort requirements and envelope characteristics. Statistics about extra ventilation rates 
needed are useful to define design ventilation rates for ventilative cooling. 
 
3 VALIDATION 

The calculation methodology has been validated according to the guidelines provided by 
ASHRAE Standard 140-2020 and reported in EN ISO 52016-1:2017. Two test cases 
(BESTEST) referring to a geometry consisting of a single thermal zone with two different types 
of envelopes (heavyweight and lightweight) were analyzed in the climate of Denver, USA. The 
test room is 8 x 6 x 2.7 m with two windows (3 x 2 m each) on South façade. All the 
characteristics of the reference room, such as thermophysical properties of the opaque and 
transparent envelope, specific heat capacity of air and furniture, boundary conditions, internal 
gains, ventilation and thermostat control strategies are given in detail in EN ISO 52016-1:2017. 
BESTEST 940 and 640 are the case identifiers present in EN ISO 52016-1:2017 to describe the 
heavyweight and lightweight cases respectively combined with intermittent setpoint. 
All the input provided to the model are summarized in the Annex (Table 2).  
The proposed methodology is validated if the calculated outputs are consistent with the 
BESTESTs’ results reported in EN ISO 52016-1:2017. The outputs considered for validation 
are: 

- Monthly and annual sensible energy needs for heating 𝛷𝐻;𝑛𝑑 and cooling 𝛷𝐶;𝑛𝑑; 
- Monthly average values of the operative temperature 𝜃𝑜𝑝;𝑎𝑣. 

Regarding the BESTEST 940 and 640 reference cases, the ASHRAE Standard 140-2020 does 
not provide the maximum error beyond which results should not be considered reliable. On the 
contrary, the standard only indicates that data trends and orders of magnitude should be 
respected. Regardless of this, to have an accurate idea about the tool uncertainty with respect 
to the BESTESTs’ results, taking as reference the ASHRAE Guideline 14 (ASHRAE, 2014), 
the Coefficient of Variation of the Root Mean Square Error (CV(RMSE)) was calculated for 
each output. According to ASHRAE Guideline 14, the maximum monthly acceptable 
calibration tolerance is equal to 15%. Generally, this error is used to calibrate and validate 
dynamic simulation software: since the tested methodology refers to early-stage design phase, 
it is plausible that the abovementioned threshold is not always respected. 
 
3.1 Results  

This section illustrates the results of the validation. The graphs in Figure 2 Error! Reference 

source not found.show the monthly sensible energy needs for heating and cooling and the 
monthly operative temperatures registered analysing both reference cases. The results of ISO 
52016-1:2017 are directly compared with the ventilative cooling potential methodology outputs 
(VCT). The effect of ventilative cooling is not taken into account during the validation process. 
The comparison of results allows to validate the methodology output as well as to analyse the 
effect of thermal mass on output results. The methodology tends to overestimate the results 
during the winter months, in which the need of ventilative cooling potential is less crucial. On 
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the contrary, a good prediction of monthly cooling loads occurs during the summer period. The 
comparison of the results can be also seen in the Annex (Table 3 and Table 4). 
 

 

Figure 2: Validation results of BESTEST 640 and BESTEST 940. Dashed lines represent the reference results 
reported in EN ISO 52016-1:2017, while continuous lines represent the simple 1 RC lumped parameter model 

output used in the ventilative cooling potential tool (VCT). 
 
The effect of thermal capacity is visible comparing BESTESTs monthly thermal loads. In the 
heavyweight reference case, characterized by a concrete-based construction system, the heating 
needs are lower due to the opaque envelope’s ability to store heat during the winter season so 
that it can be released with beneficial inward effects. On the other hand, during warm period, 
the high thermal capacity of envelope retards the heat flow passing through it, reducing cooling 
loads.  
Table 1Error! Reference source not found. reports the statistical error CV(RMSE) calculated 
and verified for all the output. According to the monthly criteria values provided by ASHRAE 
Guideline 14, CV(RMSE) index is respected for all the selected outputs except for the monthly 
sensible energy needs for heating. Overall, the errors calculated for the BESTEST 640 
(lightweight case) are lower compared to the heavyweight case. The higher uncertainty in the 
second reference case is probably caused by the influence of higher thermal mass in the 1 RC 
lumped parameter model. Although the statistical error is not always respected, the 
methodology can still be considered validated: it is important to remember that this method is 
simplified compared to a building energy model (BEM) software. 
 

Table 1: CV(RMSE) calculation and verification for all the selected output to assess model validation.  

 BESTEST 640 (lightweight case) BESTEST 940 (heavyweight case) 

Output 𝜱𝑯;𝒗𝒄𝒕  𝜱𝑪;𝒗𝒄𝒕 𝜽𝒐𝒑;𝒗𝒄𝒕 𝜱𝑯;𝒗𝒄𝒕  𝜱𝑪;𝒗𝒄𝒕 𝜽𝒐𝒑;𝒗𝒄𝒕 

CV(RMSE) 29.71% 9.86% 3.66% 44.83% 15.03% 3.09% 
 x ✔ ✔ x ✔ ✔ 
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Charts reported in  
 

 

Figure 3 show the comparison of monthly cooling needs taking into account the contribution of 
ventilative cooling in the two selected BESTEST cases (lightweight and heavyweight). Light 
blue bars represent cooling needs without the effect of ventilative cooling into the thermal zone, 
while blue bars represent cooling needs considering the contribution of ventilative cooling. 
Both graphs highlight that the implementation of ventilative cooling strategies allows to lower 
cooling needs consistently (reduction by 69% for lightweight case and by 60% for heavyweight 
case over the year), for the given climate, building and building use.  
 

 

Figure 3: Comparison of sensible energy needs for cooling with and without the contribution of ventilative 
cooling on the heavyweight (940) and lightweight (640) reference cases.  

 
4 DISCUSSION 

A 1RC lumped parameter model was selected as the most suited model for predicting energy 
needs and indoor temperatures at the early design phase. The addition of more complexity to 
the model (as in the 3RC model outlined in EN ISO 13790:2008) may not lead to higher 
accuracy because most of the input data, such as details of the constructions, are unknown 
during early design stage. In case such input data are known, the detailed model of EN ISO 
52016-1:2017 shall be applied. Although the calculation method presented and validated 
returns satisfactory results, some limitations are present. A limitation of the 1RC model is that 
indoor air temperature and indoor operative temperature are not distinguished. This limitation 
is acceptable in cases where air velocity is small (<0.2 m/s) or where the difference between 
mean radiant temperature and air temperature is small (<4 °C) (EN ISO 7730:2006). These 
conditions typically occur in highly insulated buildings with mechanical ventilation. Since 
ventilative cooling implies the use of high airflow rates to cool the environment, the assumption 
of air velocity smaller than 0.2 m/s might not be true. Therefore, it is important to underline 
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that the evaluation needs to be repeated at later design stages with more detailed calculation 
methods, i.e. dynamic simulations. 
The analysis is carried out only on one thermal zone and assumes the air is well-mixed within 
the zone volume. The use of these results for the evaluation of ventilative cooling potential at 
building level depends on the building architecture and features and in general on how 
representative is the selected thermal zone for the entire building. The results obtained for the 
reference room can be considered valid for other building rooms with similar internal 
(occupancy, lighting and electric equipment density and patterns) and solar gains (same 
exposure, window to wall ratio and shading system). Otherwise, it is recommended to repeat 
the calculation for each building room. 
Draft risk and localized discomfort cannot be predicted using 1RC models. In case ventilative 
cooling occurs to be useful during middle seasons and at low outdoor temperatures, more 
detailed evaluation through i.e. computational fluid dynamic models shall be carried out at later 
design stages. 
The calculation considers only direct ventilative cooling. However, the potential of 
supplementary cooling solutions shall be considered within the building design to target low 
energy buildings. Passive night cooling, evaporative cooling, ground cooling, cooling recovery 
or use of smart air movement can be effective and complementary measures to ventilative 
cooling. 
Ventilative cooling strategies shall be also future-proof and therefore it is recommended to 
evaluate the potential of ventilative cooling under future weather scenario to check its 
resiliency. 
 
5 CONCLUSIONS 

The paper presents the calculation methodology developed first within IEA Annex 62 and then 
within CEN/TC 156/WG21 TG on “Ventilative cooling systems - Design” to evaluate the 
ventilative cooling potential at early design stages. The methodology is based on a 1RC lumped 
parameter model that simplifies the energy balance of a reference building room. The 1 RC 
lumped parameter model was selected as the most suited model for predicting energy needs and 
indoor temperatures at the early design phase, when few information about the building features 
are available. 
The calculation methodology has been validated according to the guidelines provided by 
ASHRAE Standard 140-2020 by comparing the 1RC model calculation results with the 
BESTEST reported in EN ISO 52016-1:2017 for two different types of envelopes (heavyweight 
and lightweight), in the climate of Denver, USA. The coefficient of the variation of the 
predicted cooling needs by the 1RC model relative to the BESTEST cooling needs reported in 
the EN 52016 standard is 9% in the lightweight case and 15% in the heavyweight case. The 
validation results are considered very promising since the level of detail of input data required 
for the 1RC model is very low. 
Therefore, the ventilative cooling potential evaluation method is useful to compare the 
ventilative cooling capacity in different climates for different building typologies and thermal 
capacities. The outputs of the calculation can support the decision making about the application 
of ventilative cooling strategies and by providing an estimation of the ventilative cooling 
capacity and statistics about the ventilation rates needed to cool down the building in relation 
to internal gains, comfort requirements and envelope characteristics. The tool enables also to 
analyse the effect of other energy efficiency measures, like internal gains reduction, solar gains 
control and envelope performance, on ventilative cooling effectiveness. 
 

723 | P a g e



6 ACKNOWLEDGEMENTS 

The authors would like to thank the CEN/TC 156/WG21 TG on “Ventilative cooling systems - 
Design” experts for their contributions to the concept development and the interesting 
discussions. 
 
7 REFERENCES 

ANSI/ASHRAE (2014). Guideline 14-2014. Measurement of Energy and Demand Savings. 
 

ANSI/ASHRAE Standard 140-2020. Method of Test for Evaluating Building Performance 

Simulation Software.   
 

Axley, J., & Emmerich, S. (2002). A method to assess sustainability of a climate for natural 

ventilation of commercial buildings. https://www.researchgate.net/publication/228581659 
 

Belleri, A., Avantaggiato, M., Psomas, T., & Heiselberg, P. (2018). Evaluation tool of climate 

potential for ventilative cooling. International Journal of Ventilation, 17(3), 196–208. 
https://doi.org/10.1080/14733315.2017.1388627 
 

Emmerich, S. J., Polidoro, B., & Axley, J. W. (2011). Impact of adaptive thermal comfort on 

climatic suitability of natural ventilation in office buildings. Energy and Buildings, 43 (9), 
2101–2107. https://doi.org/10.1016/j.enbuild.2011.04.016 
 

EN 16798-1:2019. Energy performance of buildings – Ventilation for buildings – Part 1: 

Indoor environmental parameters for design and assessment of energy performance of 

buildings addressing indoor air quality, thermal environment, lighting and acoustics. 
 

EN ISO 52016-1:2017. Energy performance of buildings – Energy needs for heating and 

cooling, internal temperatures and sensible and latent heat loads – Part 1: Calculation 

procedures. 
 

EN ISO 13790:2008. Energy performance of buildings – Calculation of energy use for space 

heating and cooling. 
 

EN ISO 7730:2006. Ergonomics of thermal environment – Analytical determination and 

interpretation of thermal comfort using calculation of the PMV and PPD indices and local 

thermal comfort criteria.  
 

International Energy Agency. (2018). The future of cooling: opportunities for energy-efficient 

air conditioners. https://iea.blob.core.windows.net/assets/0bb45525-277f-4c9c-8d0c-
9c0cb5e7d525/The_Future_of_Cooling.pdf 
 

Taylor, J., McLeod, R., Petrou, G., Hopfe, C., Mavrogianni, A., Castaño-Rosa, R., Pelsmakers, 
S., & Lomas, K. (2023). Ten questions concerning residential overheating in Central and 

Northern Europe. Building and Environment, 234, 110154. 
https://doi.org/10.1016/j.buildenv.2023.110154 
 
 
 
 
 
 
 
 
 
 
 
 

724 | P a g e

https://www.researchgate.net/publication/228581659
https://doi.org/10.1080/14733315.2017.1388627
https://doi.org/10.1016/j.enbuild.2011.04.016
https://iea.blob.core.windows.net/assets/0bb45525-277f-4c9c-8d0c-9c0cb5e7d525/The_Future_of_Cooling.pdf
https://iea.blob.core.windows.net/assets/0bb45525-277f-4c9c-8d0c-9c0cb5e7d525/The_Future_of_Cooling.pdf


 
 
 
 
8 ANNEX  

 
Table 2: Model input provided for validation purpose. 

Weather data Denver, USA 
Building geometry Test room indicated in EN ISO 52016-1:2017 
Thermal capacity (𝐶) 𝐶𝑒𝑛𝑣;940 = 15 479 952 J/K 

𝐶𝑒𝑛𝑣;640 = 2 732 538 \J/K 
𝑘𝑚;𝑖𝑛𝑡 = 10 000 J/m2 K (specific heat capacity of air and furniture) 

Thermal transmittance (𝑈) 𝑈𝑜;940 = 0.3158 W/m2 K (U-value of the opaque envelope) 
𝑈𝑜;640 = 0.3167 W/m2 K (U-value of the opaque envelope) 
𝑈𝑤 = 2.984 W/m2 K (U-value of the fenestration) 

g-value 0.71 
Shading control setpoint (𝑆ℎ𝑑) 120 W/m2 
Shading factor (𝑌)  0 
Internal gains (𝛷𝑖𝑛𝑡) 4.16 W/m2 (constant all year long) 
Time control From 0 to 24 (reference room is always occupied) 
Intermittent setpoint From 7 to 23 (daytime): 𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐻;𝑡 = 20 °C and 𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐶;𝑡 = 27 °C 

From 23 to 7 (night-time): 𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐻;𝑡 = 10 °C and 𝜃𝑖𝑛𝑡;𝑠𝑒𝑡;𝐶;𝑡 = 27 °C 
Heating/cooling capacity 𝛷𝐻;𝑎𝑣𝑎𝑖𝑙  = 𝛷𝐶;𝑎𝑣𝑎𝑖𝑙  = 1000 kW (1 000 000 W) 

 
Table 3: Comparison of lightweight case results obtained with the methodology and ISO 52016-1:2017. 

BESTEST 640 

Time 
𝜱𝑯;𝒗𝒄𝒕  

[kWh] 

𝜱𝑯;𝑰𝑺𝑶 𝟓𝟐𝟎𝟏𝟔 

[kWh] 

𝜱𝑪;𝒗𝒄𝒕 

[kWh] 

𝜱𝑪;𝑰𝑺𝑶 𝟓𝟐𝟎𝟏𝟔 

[kWh] 

𝜽𝒐𝒑;𝒗𝒄𝒕 

[°C] 

𝜽𝒐𝒑;𝑰𝑺𝑶 𝟓𝟐𝟎𝟏𝟔 

[°C] 

Jan  853 718 672 586 20.1 19.0 
Feb 711 591 529 451 20.0 18.9 
Mar  513 358 614 537 20.8 19.8 
Apr 273 169 464 421 21.7 20.9 
May  105 47 398 380 22.8 22.4 
Jun  38 22 448 446 23.9 24.0 
Jul  1 0 720 720 25.4 25.6 
Aug  1 0 783 775 25.0 25.1 
Sep  60 19 874 835 23.7 23.6 
Oct 290 151 905 812 21.6 20.0 
Nov  512 389 620 538 20.6 19.4 
Dec 784 646 654 557 20.1 19.0 

Year 4141 3110 7680 7058 - - 
 
 Table 4: Comparison of heavyweight case results obtained with the methodology and ISO 52016-1:2017. 

BESTEST 940 

Time 
𝜱𝑯;𝒗𝒄𝒕  

[kWh] 

𝜱𝑯;𝑰𝑺𝑶 𝟓𝟐𝟎𝟏𝟔 

[kWh] 

𝜱𝑪;𝒗𝒄𝒕 

[kWh] 

𝜱𝑪;𝑰𝑺𝑶 𝟓𝟐𝟎𝟏𝟔 

[kWh] 

𝜽𝒐𝒑;𝒗𝒄𝒕 

[°C] 

𝜽𝒐𝒑;𝑰𝑺𝑶 𝟓𝟐𝟎𝟏𝟔 

[°C] 
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Jan  480 350 140 63 22.4 21.2 
Feb 444 333 90 34 22.3 20.9 
Mar  212 118 146 108 23.0 22.3 
Apr 119 69 146 141 23.8 23.5 
May  11 4 171 173 24.4 24.4 
Jun  16 8 306 306 25.6 25.7 
Jul  0 0 640 638 26.5 26.6 
Aug  0 0 681 656 26.3 26.6 
Sep  3 0 666 625 25.7 26.1 
Oct 66 27 483 412 24.3 24.7 
Nov  193 120 132 68 22.8 22.1 
Dec 396 272 96 36 22.4 21.1 

Year 1941 1301 3699 3260 - - 
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ABSTRACT 
 
Most New Zealand schools are designed to be naturally ventilated, using openable windows (Ministry of 
Education Design Quality Standard Guidelines).  Furthermore, they must meet the New Zealand Building Code 
Clause G4 - Ventilation.  Clause G4 requires the “net openable area of windows in a classroom to be no less than 
5% of the combined habitable floor area to achieve sufficient ventilation”.  Although they are designed to code, 
there is no end-user operational or systems requirement for them to be opened.  Assessing teacher behaviour in 
schools can improve indoor environmental quality in naturally ventilated classrooms where window operation 
behaviour directly impacts air exchange rates.  This pilot study will use a multidisciplinary approach to monitor 
six naturally ventilated classrooms in one primary school in Auckland, New Zealand, during non-heating 
seasons.  The state of the windows and external doors will be monitored using contact sensors and visual 
observations.  Reflections on on-site management and difficulties will also be detailed.  Data will be retrieved 
from the local meteorological station for ambient environmental data (temperature, humidity, solar radiation).  
The classroom environment will also be monitored (temperature, relative humidity, carbon dioxide).  This data 
could inform on potential predictors to trigger open window/door openings.  Correlational tests will be used to 
identify how opening of windows are affected by environmental predictors.  This study will provide evidence of 
natural ventilation practices and their potential impact on classroom air quality.    
 

KEYWORDS 
 
natural ventilation; indoor air quality; indoor environmental quality; sensors; primary schools; windows; window 
operations  
 
1 INTRODUCTION 

 
Occupant behaviour plays a significant role in determining the Indoor Environmental Quality 
(IEQ) and energy consumption in buildings.  The way, occupants interact with the building’s 
systems, such as heating, ventilation, and air conditioning (HVAC), can affect the overall 
building performance (Asadi et al., 2017). 
 
The perceived ability or inability to adopt adaptive behaviours in a building can 
physiologically affect occupants and impact their overall comfort (Sundstrom & Nilsson, 
2022).  The psychological effect of adaptive behaviour may differ for children in classrooms 
compared to adults in other types of buildings.  Children have different physical and 
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physiological needs, which can affect their perception of the indoor environment and their 
ability to adopt adaptive behaviours (Barrett et al., 2013).  For example, children may need 
help understanding the control systems for heating and cooling in the classroom, which can 
limit their ability to adjust the indoor environment to their liking.  They may also be more 
sensitive to noise and temperature changes than adults, impacting their comfort levels 
(Fanger, 1982). 
 
Furthermore, research suggests that classroom environment factors like air quality and 
temperature can affect children’s cognitive performance, health, and behaviour (Dadvand et 
al., 2015; Mendell et al., 2005; Shaughnessy et al., 2006).  Therefore, it is essential to 
consider the psychological effects of adaptive behaviour when designing classrooms, 
especially for children. 
 
To the authors’ knowledge, at the time of writing this paper, there were no other studies in 
New Zealand (NZ) investigating the window-opening behaviours of teachers.  This study 
aims to bridge the gap between the impact of window opening behaviour and IEQ.  
 
This paper presents the outline of a pilot study being conducted at one Auckland primary 
school.  By conducting this pilot study, the researcher can identify potential problems or 
challenges that may arise during the data collection process and make necessary adjustments 
before conducting the more extensive study.  They can also assess the participants’ 
acceptability of the data collection tools and test the analysis plan and determine whether 
modifications are necessary. 
 
 
2 NEW ZEALAND CONTEXT 

 
2.1 New Zealand climate 

The New Zealand (NZ) Ministry of Education (MoE) owns more than 35,000 teaching spaces 
distributed over 2,100 schools (MoE, 2022).  These schools are widely distributed around NZ, 
a long, narrow country extending 1,600 km along its north-north-east axis, with a maximum 
width of 400 km. 
 
As such, there are six climatic regions, as identified in Figure 1, in which these schools 
operate.  These climatic regions are mainly influenced by the temperate latitude, prevailing 
westerly winds, oceanic environment, and the Southern Alps mountains.   
 
A series of mountain chains extending the length of NZ provides a barrier to prevailing 
westerly winds, dividing the country into climate regions.  A summary of the mean annual 
values for rainfall, sunshine, temperature, frost, and wind is presented in Table 1 for 
consideration. 
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Figure 1: New Zealand climate zones (adapted from MBIE, 2023) 

 
 

Table 1: Summary of Climate Information for Selected New Zealand Locations  
(NIWA, 2023)  

 
 
Table 1 shows mean annual temperatures range from 9.9 °C in the south (Invercargill) to 15.7 
°C in the north (Kaitaia).  Most areas experience between 648 (Christchurch) and 1249 mm 
(Wellington) of rainfall spread throughout the year.  The wettest regions, Zone 4, received 
between 2274 and 2875 mm of rainfall throughout the year.  The West coast of the South 
Island is the wettest region (Hokitika); however, just 100 km away to the east, over the 
mountains (Blenheim), is the driest.  Wellington, and Invercargill are the windiest areas, with 
at least 18 days or more with a windspeed above 63 km/h. 
 
One of the main challenges with providing ‘fit-for-purpose’ learning spaces in a 
geographically diverse country like New Zealand is the significant variation in climate 
regions.  This diversity in climate can make it challenging to design and maintain learning 
spaces that are comfortable and conducive to learning for all students, particularly in regions 
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that experience extreme temperatures or high humidity levels.  For example, schools in 
warmer regions (zone 1-2) may require cooling systems or shading to prevent overheating 
classrooms.  Schools in colder regions (zone 3-5) may require effective insulation and heating 
systems to ensure that classrooms remain warm and dry.  This geographic distribution of 
schools can present some unique challenges for the NZMoE.  
 
When designing learning spaces in NZ, the MoE has selected passive design strategies and 
natural ventilation systems to provide fresh air and maintain classroom thermal comfort rather 
than relying on mechanical ventilation or air conditioning (MoE, 2022). 
 
Heating systems still exist in most classrooms to ensure ‘fit-for-purpose’ learning spaces in 
the cooler seasons.  These may include radiators or underfloor heating.  It is worth noting that 
while air conditioning is not standard in NZ classrooms, as in some other countries, some 
schools have installed inverter heat pumps for cooling to help regulate temperatures during 
particularly hot periods (Stuff, 2020). 
   
School window opening behaviour would vary depending on the climate in the school’s 
region.  Generally, in warmer regions such as the north of the North Island, windows are 
expected to be open during the school day to allow for natural ventilation and cooling.  In 
cooler regions, such as the south of the South Island, windows may be closed for much of the 
year due to colder temperatures.  As such, an aspect worth noting are the reasons for the 
window operations.  Are they in response to indoor temperature, outdoor temperature, 
temperature differences, humidity levels, noise or some other stimulus? 
 
However, as mentioned previously, the MoE prefers naturally ventilated buildings.  
It may be likely that many schools throughout New Zealand have systems in place to 
encourage window-opening behaviour for natural ventilation.  These systems could include 
window locks that allow windows to be partially opened for ventilation whilst adhering to the 
safety aspects (to prevent falling out of windows) or instructions to staff and students on when 
and how to open windows for optimal ventilation. 
 
The COVID-19 pandemic has also brought increased attention to the importance of 
ventilation in indoor spaces, including schools.  In response, the NZMoE has guided schools 
on ensuring proper classroom ventilation, which included recommendations on window-
opening behaviour (MoE, 2021).  One initiative introduced at this school was Aranet 4, a 
wireless environmental monitoring system.  This system is designed to measure and monitor 
various environmental parameters in indoor spaces, including temperature, humidity, CO2 
levels, and atmospheric pressure.  The data is collected, allowing users to monitor 
environmental conditions in real time.  Posters were circulated to the school from the MoE, 
discussed at school meetings and then displayed in classrooms.  Parents picking up their 
children after school were able to interact with these posters as well.   
 
2.1 NZ Classroom design ventilation requirements 

Most New Zealand schools are designed (following the Ministry of Education Design Quality 
Standard Guidelines) to be naturally ventilated, using openable windows.  All classrooms 
must meet the ventilation rates required in the New Zealand Building Code Clause G4 
Ventilation and cited standard NZS 4303:1990 (Building Performance, 2023). 
 
The Code requires the “net openable area of windows in a classroom to be no less than 5% of 
the combined habitable floor area to achieve sufficient ventilation” (Building Performance, 
2023).  Ministry of Education’s Property Management Handbook, which guides schools on 
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property management, “all rooms where people are working, learning or teaching should be 
provided with adequate natural or mechanical ventilation, and the room should be maintained 
at a comfortable temperature and humidity level” (Ministry of Education, 2019, p. 22). 
 
Although classrooms are designed to code, there is no end-user operational or systems 
requirement to open windows.   
 
A survey undertaken in 40 Auckland (zone 1) primary schools in the winter of 2015 showed 
that only 40% of teachers open windows when they teach (Gully, 2015; Liaw, 2015).  This 
figure dropped to 15% in a survey of 33 teachers from nine schools located in three NZ 
regions, namely Christchurch (N=4) (zone 5), Dunedin (N=3) (zone 5) and Hawke’s Bay 
(N=2) (zone 2) (Unpublished data, 2018). 
 
Limited information is available in NZ relating to the window-opening behaviour of teachers 
and whether classrooms are adequately ventilated.     
 
 
3 METHODOLOGY 

This section of the paper outlines the methods and procedures used to conduct the pilot study.  
It will provide information on the research methods used, how the data was collected and how 
the data was analysed. 
 
3.1 Sample selection 

Convenience sampling was used.  At the time of this study, there were five French-English 
bilingual schools in NZ.  Three are in Auckland, one in Wellington and one in Christchurch.  
The reason for selecting French-English schools was to support the second part of the study.  
In the second stage of the study, the research will evaluate the impact that IEQ (carbon 
dioxide and thermal comfort levels) have on the cognitive abilities of primary school children.  
Bilingual individuals often demonstrate enhanced cognitive flexibility.  Therefore, conducting 
research in schools that offer bilingual programmes in academic subjects in more than one 
language is a significant advantage.  One school in Auckland opted out of the study, and the 
second was not a primary school.  As the researcher was in Auckland, the third school was 
automatically selected as the pilot study.  The study will be rolled out to other regions later. 
 
3.2 School climate 

The school is in a suburb in the North Shore area of Auckland.  According to the Köppen-
Geiger climate classification system, Birkdale has a Cfb climate (Peel et al., 2007).  This 
means it has a warm-summer Mediterranean climate, with an average temperature above 
10°C in the coldest month and no significant dry season.  The average annual temperature in 
this suburb is around 15.6°C, with temperatures ranging from 10°C in winter to 22°C in 
summer.  The area receives moderate rainfall throughout the year, with an average annual 
precipitation of approximately 1,231 mm (NIWA, 2023).  The first week of observation 
studies were undertaken from 20th to 27th March 2023 (Autumn). 
 
3.3 School building 

The school has a roll of approximately 160 (personal communication from school 
administrator, 20 March 2023) students across teaching years 1 to 6.  Students in these years 
are typically of ages 5 through 11 years old.  At this school, students learn in mixed-aged 
classes i.e., Years 1 & 2, 3 & 4 and 5 & 6. 
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The school, as indicated in Figure 2, is located on an arterial road designed to handle high 
traffic volumes in a suburban environment.  However, the main body of the school is set back 
from the road, and the classrooms used (identified with red X) are setback even further.  Thus, 
the road noise is significantly diminished.  To protect the privacy and anonymise data, the 
classrooms were named using the format “S0R1”.  The first alpha number represents the 
school (S0), and the second the classroom number (R1).  For the pilot study, this will be S0R1 
– S0R7.   Initially, six classrooms with identical sizes were identified for the study.  After a 
term break, mould was discovered in one classroom (S0R3).  Those students were relocated to 
the library (S0R7).  The school building is a single-storey light timbre-framed structure which 
is naturally ventilated (Fig 3, Fig 4 and Fig 5). 
 
 

Figure 2: Site map of school and arterial road. (Source: Google Maps, 2023) 
(Red X identify the six studied classrooms) 

 
All classrooms are on the ground floor with north-facing external doors exiting onto the 
playground.  Cross ventilation can be achieved as there are windows on both the front (North) 
and back (South) walls.  Table 2 details the design of the windows for the classrooms and 
library.  The design and number of doors and windows are the same in the five classrooms, so 
only the details of one classroom and the library have been outlined. 
 
Table 2: An overview of the window features of the classroom and library and their controls. 

  Window Design Window 

Operation 

 Area 
(m2) 

WA1 

(m2) 
NW2 Window Type MW3 Ventilation  

Classrooms 
(S0R1 – 
S0R6) 

66 3.36 1 Louvre (North) Above head 
height 

Double-sided at 
2 levels + 
louvre opening 

Manually with 
handle 

7.20 6 Side-hung outward 
opening (North) 

0.64 Manually 

2.50 4 Top-hung outward 
opening (South) 

1.50 Manually with 
handle 

Library 
(S0R7) 

175 3.36 1 Louvre (North) Above head 
height 

Double-sided at 
2 levels + 
louvre opening 

Manually with 
handle 

3.60 3 Side-hung outward 
opening (North) 

0.64 Manually 

4.90 6 Top-hung outward 
opening (South) 

1.00 Manually 

2.50 4 Top-hung outward 
opening (South) 

1.50 Manually 

1 = Total window area (m2) in each classroom 
2 = Number of windows 
3 = Minimum height of windowsill (m) 
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Figure 3: Design of windows in S0R2 and five other classrooms. 

  
Figure 4:  External door and windows for S0R2 (North) and Top-hung windows for S0R1 

and S0R2 (South).  Same design for five other classrooms. 
 

 
Figure 5:  Louvre window and external double doors for Library/S0R7 (North) 

 
3.4 Data acquisition 

 
Visual observations 

Three days of visual observations were conducted to ascertain the physical characteristics of 
the door/window open/closed status during the school day.  The lead author appreciates that 
three days of a week is not sufficient to establish a comprehensive understanding of normal 
behaviour.  However, due to teaching limitations throughout the semester, this was the only 
timeframe available.  The week in March was selected as it included a day in which one class 

North South 

North South 

North 
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was away on a fieldtrip.  This would provide insight into how the classroom would be 
managed.   
 
An observation form was developed to obtain information on the door/window open status at 
20-minute intervals. By conducting these observational studies, the researcher was able to 
confirm the following:  
 

• Functionality – how individuals interact with the space and whether the classrooms 
were in use or vacant. 

• User functionality – by observing the use of space, it will be possible to identify if 
areas are meeting the ‘fit-for-purpose’ goal. Changes on how to improve can then be 
identified. 

• Digital data – visual observations can provide valuable context and interpretation of 
the data supplied by monitoring systems, helping identify issues, validate data and 
improve the overall effectiveness of the monitoring system. 

 
Visual observations were conducted to provide a general overview of the space and identify 
explanatory predictors influencing operations on windows and external doors.  The lead 
author recorded the reasons for operations and the frequency through visual observations and 
teacher comments (Table 3). 
 

 
Table 3: Observation form for occupancy patterns and window opening behaviour. 

 

S0R3 
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To avoid disruption, the reasons for opening/closing operations were classified into general 
categories such as occupancy patterns, IEQ or external factors such as noise, which were 
obvious to observe without asking questions and intervening.  In cases where the cause was 
unclear, the lead author would ask what the window operation was at the end of the teaching 
period.    
 
Time management and weather conditions were some challenges associated with the visual 
observations.  Due to time restrictions, the lead author could not conduct a week-long 
observation study; thus, the study had to be broken up over a few weeks.  This was further 
exacerbated by a Cyclone and severe flooding, which led to school closures.   
 
Teacher information 

Before the commencement of the observational studies, the lead author was informed by two 
of the teachers that the students manage the opening/closing of the windows during the day 
based on the teacher’s requests. 
 
Window/door sensors 

Window/door sensors, which incorporate Bluetooth LE5.0 technology and internal magnetic 
sensors, were installed on the window frame (Figure 6).  Due to financial limitations, these 
sensors could only be installed in three classrooms.  It was decided to install them in the 
classrooms which would form part of the second phase of the research study. 
 

 

 

Figure 6: Placement of window sensor (a) on window frame and data logger connected to 
sensor through Bluetooth monitoring system (b). 

 
 
These sensors assist the researcher in understanding window/door-opening behaviour by 
providing data on when and how often window/doors are opened and closed.  The internal 
magnetic sensors in the sensor detect changes in the magnetic field when a window/door is 
opened or closed.  This data is transmitted via Bluetooth LE5.0 technology to a centralised 
data logger (Figure 6b) as highlighted by the orange arrow. 
 
By analysing this data, the researcher may gain insight into window/door opening behaviour, 
such as the frequency and duration of the window/door opening and the time of day when the 
window/doors are most often opened.   

a 

b 
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Some of the challenges associated with installing the sensors were related to the time 
management of the lead author and the logistics of working after hours at the school.  The 
school was available for a limited time after hours because the classrooms were used for after-
school workshops and community group events.  Another issue was the actual construction of 
the window/door frame.  The sensors are sensitive to rattles and frames that are not flush.  
Alternative fixing methods had to be developed. 
 
Indoor Air Quality monitors 

A team of researchers from Massey University, collaborating with NIWA, developed a low-
cost monitoring platform, SKOMOBO (Figure 7). SKOMOBO stands for SKOol MOnitoring 
BOx, specifically adapted for the learning environment.  Several units have been installed in 
the pilot study school (S0R1 – S0R3).  However, as previously mentioned the students in 
S0R3 were moved to S0R7 due to the identification of mould.  At the time of writing this 
paper, SKOMOBO units had not been installed in S0R7. 
 
Figure 7a shows the pre-fieldwork co-location testing to check for data drift in the monitoring 
platform (SKOMOBO).  The large orange arrow in Figure 7b point to a SKOMOBO 
monitoring platform installed in either S0R0/S0R1. 
 

  
Figure 7: Pre-fieldwork co-location monitoring device at the lab (a) and Skomobo placed 

on the classroom wall (b) 
 
Using a combination of the window/door sensors with the IEQ monitors it will be possible to 
identify periods of low ventilation, and increased carbon dioxide concentration levels, which 
could negatively impact on student health, learning and cognition.  This data analysis forms 
part of the next phase of the study. 
 

a b 
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Environmental measurements 

External environmental variables impacting window operations were recorded at 3-hourly 
intervals.  This data was obtained from The National Climate Database (CLIFLO), utilising 
the local weather station-based in Albany North Shore (NIWA Cliflow database, 2023). 
 
4 RESULTS 

 
Table 4 shows the descriptive statistics of the indoor and outdoor variables over the three-day 
observation period. The maximum carbon dioxide (CO2) level recorded in a classroom was 
1000 ppm.  The maximum indoor temperature was 26.9 °C, so this is not unexpected for an end 
of March (Autumn) reading. The average (across the three classrooms) CO2 reading for the 
observation period was 508.6 ppm.  There was a spike in the CO2 reading for S0R2 on Day 1, 
the maximum (1000 ppm).  The lead author assumes this is from the extra window operations 
made due to noise created by the swimming classes.  The pool is located directed behind S0R2.  
This was confirmed after a conversation with the teacher (personal communication with 
teacher, 20th March 2023). 
 

Table 4:  Descriptive statistics of indoor and outdoor variables. 

 
 
Figure 8 illustrates outdoor variable conditions at 3-hourly intervals. Over the three days, no 
rain was recorded. On the last day there was low lying cloud, and rain was experienced in the 
neighbourhood, thus increasing the humidity levels at the start of Day 3.  The temperatures rose 
steadily from day two through day three. The wind speed remained below 10km/hr. 
 
Figure 9 details the number of window operations.  Window operations are described as the 
number of times the windows are opened/closed during each school day (09:00 – 15:00), over 
the 3-day observation study.  No operations occurred in S0R2 on the second day as the class 
was on a field trip.  The windows in S0R4 and S0R5 were never opened so have not been 
included in Figure 9. 
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Figure 8: Three-hourly readings of outdoor environmental conditions  

over observation study. 
 
 
 

 
 

Figure 9: Number of window operations made per day over observation study. 
 
Figure 10 shows the reasons for window operations (window opening and closing).  
43% of window operations usually occurred upon teachers’ arrival (usually around 8:30 am) 
and before students arrived in the classroom.  38% of operations occurred because of IEQ.  
10% of operations (window closures) occurred due to noise.  S0R2 closes the windows when 
the Year 1 and Year 2 students are in the pool due to increased noise.       
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Figure 10:  Reasons for window operations based on visual observations. 

 
The caretaker opened the external doors prior to the teacher’s arrival.  These doors were kept 
open during the school’s operating hours.  On no occasion were windows opened by the 
caretaker before the teachers and students’ arrival.  Teachers opened their windows upon 
arrival.  Once the windows were open, they would be kept open unless disturbing factors such 
as noise, rain, cold temperature or unwanted wind made them close the windows.  This 
suggests that opening or closing windows depended on occupancy patterns (upon arrival and 
departure) and environmental variables.  Not all window operations followed this logic; 
however, this closely represents the scenario in most of the classrooms in this study.  
 
 
Figure 11 represents the percentage of window area that was open in each classroom for each 
day over the observation study period.  This is based on the number of windows openable in 
each classroom and operations per hour. 
 

 
Figure 11: Percentage of window area that is open over the school day (by class) 

during the observation study. 
 

 
The front north-facing door was open for each classroom over the three days.  In classrooms 
S0R1 and S0R2, the teachers, consistently keep their windows open, creating well-ventilated 
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classrooms.  The windows in S0R4 are never opened.  S0R5 is combined with S0R6 (flexible 
teaching space with sliding partition wall).  This partition wall was open throughout the 
observation period.  Most of the teaching occurred in S0R6.  The window and door usage 
could be more consistent in these two classrooms.  This may be a result of the team teaching 
that occurs in this venue.  This is something the lead author will investigate further.       
 
A Spearman correlation between window open area (WOA m2) and environmental variables 
was conducted to determine a more detailed analysis of window operations in response to 
IAQ.  Visual observations showed that 38% of the windows were operated due to IAQ; 
therefore, environmental measured variables, including Temp, Humid (%), CO2 (ppm), Tout,  
RHout (%), and Wind Speed, were tested against WOA (m2).  The instances of operations 
unrelated to environmental variables from the observations (closing windows at the end of the 
school day) were excluded from the analysis.  Table 5 shows the results of the Spearman 
correlation. 
 

Table 5: Correlation and regression values between WOA (m2) and environmental variables 

Correlation/Regression of  

WOA with … 

Temp 

(°C) 

Humid 

(%) 

CO2 

(ppm) Tout(°C) 

RHout 

(%) 

Wind 

Speed 

(km/hr) 

Rs value 0.758 -0.341 -0.613 0.893  -0.494 0.479 

P values 0.018 a 0.370 0.079 0.001 a 0.177 0.192 

a Correlation is significant (2-tailed) 

 
Results of the Spearman correlation in Table 5 show that outdoor temperature (Spearman 
correlation coefficients = 0.001, P < 0.001) and indoor temperature (Spearman correlation 
coefficients = 0.018, P < 0.001) have the most robust relationship with WOA (m2).  Window 
area opening (m2) does not correlate with outdoor windspeed.  Results of the Spearman 
correlation in Table 5 show that WOA (m2) negatively correlates to CO2 and internal and 
external humidity levels.  
 
 
 
5 CONCLUSIONS 

The duration of time that external doors and windows are kept open will have an impact on 
the IEQ and ventilation in a classroom.  It is interesting to note the extreme differences in 
practice in window opening behaviour between S0R1/S0R2 and S0R4.  One would anticipate 
this behaviour prior to COVID-19.  However, this behaviour seems unusual after the 
circulation of MoE guidance documents relating to window/door opening best practices. 
 
Also, it is interesting to note the different teacher behaviour in the same school.  All teachers 
are receiving the same information and guidance from the principal, yet their window opening 
behaviours are quite different.   
 
The analysis of Spearman's correlation coefficients revealed significant relationships between 
the variables under investigation.  A strong positive correlation was found between Variable 
A (window openable area) and Variable B (internal classroom temperature) (ρ = 0.758, p < 
0.018), indicating a robust and consistent association between these two factors. Additionally, 
Variable C (Relative Humidity) exhibited a negative correlation with Variable A (ρ = -0.341, 
p = 0.370), suggesting an inverse relationship between these variables.  Furthermore, Variable 
D (Carbon dioxide ppm) also exhibited a negative correlation with Variable A (ρ = -0.613, p 
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= 0.079), suggesting an inverse relationship between these variables. However, Variable E 
(Outdoor temperature) also exhibited strong positive correlation Variable A (ρ = 0.893, p = 
0.001). 
 
These findings demonstrate the presence of statistically significant associations between the 
variables A, B and E, reinforcing the hypotheses proposed in this study. The strength and 
direction of the correlations provide valuable insights into the relationships among the factors 
examined.  
 
Overall, the observed correlations support the notion that changes in Variable A (opening of 
windows) are likely to impact the variations observed in Variable B (indoor temperature) and 
Variable D (carbon dioxide). These findings contribute to our understanding of the complex 
interplay between these variables and lay the foundation for further investigations in this field. 
 
The next research phase will consider how much indoor thermal comfort (temperature and 
relative humidity) and indoor CO2 levels change based on window/door opening behaviour.  
The third phase of the research will evaluate the impact of these changes (thermal comfort and 
CO2 levels) on primary school students learning cognitive abilities. 
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ABSTRACT 
 
Buildings account for 40% of EU energy consumption and 36% of the energy related greenhouse gas emissions at 
present. Consequently, the net zero target set by Energy Performance of Building’s Directive by 2050 for building 
stock is ambitious to achieve. The often default design choice to adopt mechanical cooling in non-domestic 
buildings highlights the lack of robust decision support tools or frameworks available to designers to properly 
evaluate ventilative cooling as a realistic alternative. Recent research suggests that the initial or concept design 
stage of a building project is a high leverage point in the design cycle to properly influence a building’s design to 
avoid ‘locking in’ vulnerability at later stages due to retrospective value engineering efforts. Properly accounting 
for the potential of ventilative cooling solutions to mitigate risks against external disturbances to the indoor thermal 
environment such as heat waves as a result of climate change, as well as other performance limiting factors (i.e. 
air and noise pollution, power outages etc), is important to avoiding the selection of emissions intensive 
alternatives. A critical review of existing design processes followed by architects in practice completed as part of 
this study suggests that the pre-design phase and the schematic design phase of any building are the two crucial 
phases in any architectural design process. In these two stages, the information about a building’s purpose, site, 
local micro-climate, client’s expectations, and local legislations influences the building’s overall shape, internal 
layout and morphology. This paper presents initial findings from a survey of industry experts about their design 
practices and experienced based approaches to designing ventilative cooling in low energy buildings at the concept 
design stages. The survey data was analysed through a mixed-methods approach (quantitative for closed-ended 
questions and qualitative for open-ended questions). This survey informed the ongoing development of the 
conceptual design framework within the Technical committee (TC) within the European Committee for 
Standardization (CEN Technical Bodies - CEN/TC 156/WG 21, n.d.; CEN/TC 156/WG 21 - Revision of Calculation 

Standards EN15241, 15242 and 15243, n.d.) scope. The framework which would be developed as an outcome of 
the completed study would have the potential to significantly improve the operational performance of ventilative 
cooling systems through early-stage interventions in building design that lead to more robust strategies that limit 
the need for mechanical cooling.  
 

KEYWORDS 
 
Design practice, design processes, ventilative cooling, design guidelines, passive cooling, building design 
practitioners, resilience in built environment. 
 
1 INTRODUCTION 

 
In the broader context of climate change and global warming, there is an increased importance 
of energy efficiency in buildings worldwide and a large proportion of a building’s energy 
consumption, comes from heating, ventilation, and air conditioning (HVAC) services to make 
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them comfortable for human living. According to a report by the International Energy Agency 
(2018) focusing on The Future of Cooling (opportunities for energy-efficient air conditioning) 
(The Future of Cooling – Analysis - IEA, 2018.) carbon emissions from buildings have increased 
by 50% in the period between 1990 and 2019. This is partly because of urban densification and 
increased floor area per person caused by building more and more buildings. In addition, the 
global average cooling demand in commercial buildings is likely to be increased by 275% by 
2050 due to rising air conditioning demands (Santamouris, 2016; The Future of Cooling – 

Analysis - IEA, 2018.) Yamina Saheb, one of the authors of the IPCC (Summary for 

Policymakers of IPCC Special Report on Global Warming of 1.5°C Approved by Governments 

— IPCC, n.d.) report claimed our buildings to be wrongly designed (Our Buildings Are 

“Wrongly Designed,” According to IPCC Report Author, n.d.) in the context that many of our 
buildings have active heating, mechanical and cooling systems that consume energy which 
shows a discrepancy in the way buildings are designed. There has been an increasing interest 
in ventilative cooling and resilient cooling concepts in recent literature and standards (Attia et 
al., 2021; Kolokotroni & Heiselberg, n.d.; O’ Donovan et al., 2021; Tavakoli et al., 2022) but 
the implementation of these concepts is still not visible in building design practices. Although, 
the application of ventilative cooling principles and strategies are believed to be a solution 
against threats of heat waves and climate change (Alonso et al., 2015; Breesch et al., 2018; 
Sengupta et al., 2020; Song et al., 2022).  IEA EBC annex 62 State of the Art Review report 
(2018) recently defined VC as, ‘The application of ventilation flow rates to reduce the cooling 

loads in buildings. VC utilizes the cooling and thermal perception potential of outdoor air. The 

air driving force can be natural, mechanical or a combination’ (Kolokotroni & Heiselberg, 
n.d.). 
 
A critical review of building design processes studied in the context of ventilation in the built 
environment reflects a lack of consensus among building design stakeholders in properly 
accounting for the cooling needs of buildings against future climate threats, such as heatwaves, 
at conceptual and pre-design phases, in advance of the detailed design. Participatory methods, 
which offer a better mode of understanding the context of how a building is designed and at 
what stage the decision about “cooling the building” is taken, have received less attention in 
this perspective. For instance, the RIBA Plan of Work (RIBA Plan of Work 2020 Overview 

RIBA Plan of Work, 2020) shows various stages of the Architectural Design Process as pre-
design, schematic design to design development stages but it does not explicitly mention the 
considerations of indoor environmental quality at the initial stages rather sustainability checks 
are considered at final stages of building design such as commissioning, construction and 
building regulations which may include decisions of ventilation and indoor comfort. Likewise, 
Polat Darcin (Darçın, 2020)  developed a conceptual architectural design process for ventilation 
in the built environment from a research perspective but did not apply it to design practice. 
Ahmed A.Y. Freewan (Freewan, 2019) showed an integrated design approach for passive 
cooling devices by a design matrix named SARS (Storing, Allowance, Removal or Slowing) 
but did not demonstrate its application in architectural practices. A brief review of building 
design and airflow modelling tools (Best Directory | Building Energy Software Tools, n.d.) also 
suggests that there is no clear design process developed that can be followed in design practices 
that would improve the performance (and by extension uptake) of ventilative cooling strategies 
from early design stages. Likewise, a brief process of design in general has been presented by 
CIBSE Environmental Design Guide A (CIBSE, 2015). Cevrede et al. 2020 developed a 
conceptual architectural design process for ventilation in built environment (Çevrede et al., 
2020), a simulation based framework was developed Rahif et al. 2022 (Rahif et al., 2022) to 
evaluate resistivity of cooling strategies in buildings against overheating impact of climate 
change, yet it was not well demonstrated by multiple cooling strategies and real multi-zone 
reference buildings modelling. All the processes developed in these studies are not detailed and 

744 | P a g e

Peer Reviewed Paper



not applied in real life scenarios to assess their application and whether they work for the 
industry experts. 
 
2 METHODOLOGY  

 
This paper presents the results from a survey targeted at Building Design Practitioners in the 
United Kingdom and Ireland region with the title; “Perception of Ventilative Cooling in 
Building Design Practices” and links it to the work done so far on ventilative cooling standards 
within the scope of Technical Working Group for Ventilative Cooling Standards (TC/156 
WG21). The survey contains a mix of both open-ended and closed-ended questions. For this 
study, only the results obtained in the first three weeks of running the survey are presented, 
therefore, only completed responses are considered. The survey is aimed to continue for at least 
3-4 months to obtain good quality data and sample size.  The survey is a first step in the planned 
methodology of the full research study; “Development of a building design process for 

improving the thermal resilience of non-domestic buildings using ventilative cooling solutions” 
as is indicated in Figure A1 (Appendix A). 
 
2.1 Development of the survey 

 
The survey was developed to understand the perception of the term “ventilative cooling” in 
architectural and construction practices and was divided into seven parts. The overall hierarchy 
of the parts of the survey can be elaborated by Figure 1. 
 

 
Figure 1: Summary of 57 questions used in the survey  

An engineer, a researcher and a professor were identified from the network of corresponding 
authors of the paper to preliminary test and comment on any technical errors with the survey 
and to point out any issues with consistency and structure of the questionnaire. Respondents 
gave some suggestions about the questions which were incorporated. Overall, they were 
satisfied with the structure and format of the survey. Munster Technological University’s 
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Research Ethics Committee also approved the research in line with all ethical requirements 
(Approval number: MTU-HREC-MR-22-001-A). 
 
2.2 Respondents of the survey 

 
In this study, building design experts such as architects, building service engineers, design 
managers, sustainability experts in the United Kingdom and Ireland region were targeted. 
LinkedIn was used to identify their profiles by searching through their current job description, 
years of experience (more than five) and their current affiliation with an architectural design or 
engineering firm. Many email addresses were collected through the “contact info” section of 
LinkedIn profiles of respondents. In addition, many experts were identified through the 
professional network of the corresponding authors. Moreover, the architectural practice 
directory of The Royal Institute of the Architects of Ireland (https://www.riai.ie/work-with-an-
architect/find-an-architect/practice-directory/) (Practice Directory | RIAI.Ie (The Royal 

Institute of the Architects of Ireland), n.d.) was also used to identify architectural firms in 
Ireland. The response rate was consistently slow at 30% in the first two weeks, however, not 
all respondents answered all the questions completely. The demographics of the respondents 
who completed the survey is presented in Table 1. The online questionnaire was delivered 
through Survey Monkey link (https://www.surveymonkey.com/r/YMNY2VT). 
 

Table 1: Demographics of Respondents 

Demographic Architect Engineer 
Architectural 

Technologist 
Other Total 

Gender      
Male 7 2 1 1 11 (78%) 

Female 2 0 0 0 2 (14.3%) 
Prefer Not to Say 1 0 0 0 1 (7%) 

Age      
35-44 2 0 0 0 2 (14%) 
45-54 4 1 0 1 6 (43%) 
55-64 
65+ 4 1 1 0 6 (43%) 

Highest 

Qualification      

PhD 0 0 0 1 1 (7%) 
Masters or 

Postgraduate 7 1 0 0 8 (57%) 

Bachelors 2 1 0 0 3 (21%) 
Diploma 0 0 1 0 1(7%) 

Other 1 0 0 0 1(7%) 
 
3 RESULTS 

 
The results of four sections of the survey aligning with the themes of the conference are briefly 
presented as follows; 
 
3.1 The Design Process 

 
The first question in this section was about the criteria for designing buildings and if cooling is 
a criterion. The results can be shown by the Table 2 where all respondents agreed that cooling 
is an essential criterion in their respective countries while none of them excluded it as a design 
criteria. 
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Table 2: Responses of Questions related to the term “ventilative cooling” and the “Design Process” in the Survey 

 
Questions Answer  

Option 1 

Answer  

Option 2 

Answer  

Option 3 

Would you identify cooling of the indoor 
environment in buildings an important 
design criteria amongst your profession in 
your particular climate/country? 

Yes, it is an 
important 

criteria(85.71%) 

Yes, it is a 
criteria but it's 
not important 
(14.29%) 

No, it’s not a criteria 
(0%) 

Are you familiar with the term “Ventilative 
Cooling”? 

Yes (71.43%) No (28.57%)  

 
The respondents were also asked whether they were familiar with the term “ventilative cooling” 
and it turned out  a strong majority (71.43%) of the respondents were familiar with the term as 
shown in Table 2. Around 28.57% were not familiar. After a literature survey of the 
architectural design processes (RIBA Plan of Work 2020 Overview RIBA Plan of Work, 2020; 
The 5 Phases Of The Architectural Design Process, Explained, n.d.; The 7 Phases of the 

Architectural Design Process - 2022 - MasterClass, n.d.; Saeid & Mahmoodi, 2001); we 
proposed the initial question to the architects presenting a diagram in front of them where the 
architectural design process consists of 6 stages, i.e. pre-design phase, schematic design phase, 
design development phase, bidding & construction administration, commissioning and post 
occupancy evaluation. The initial hypothesis of this research was stated in this diagram that 
“ventilative cooling decisions are not taken at the early design stages “which we decided to test 
by conducting the survey. To the extent that the respondents agree or disagree with our 
understanding of the building design process and our hypothesis, can be seen in Figure 2, where 
50% of the total respondents agreed with the process diagram presented to them, 43% disagreed 
(14% “strongly disagreed” and 29% “Disagreed”) and 7% had no opinion on the process and 
the hypothesis we stated.  
 

 
Figure 2: The extent to which respondents agreed or disagreed with the building design process diagram 

presented to them.  

3.2 Tools and Methods 

 
Around 21% of the respondents do not use any design tools to make any ventilative cooling 
decision  and around 50% sometimes use a design tool while 29% of the respondents use the 
tool while making a ventilative cooling decision. The most popular software used by the 
respondents is Passive House Planning package (PHPP) with around 50% of the respondents 
using it, and the second most popular tool is Integrated Environmental Solutions (Integrated 

Environmental Solutions | IES, n.d.) with around 33% of the respondents using it in their design 
practices. The respondents who use the tools mostly use them in schematic and design 
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development phases. Finally, some of the respondents do not use any tools, because they do not 
think of themselves as experienced in using these tools and therefore, they rely on the advice 
of engineers on this topic 
 
Around 54% of the respondents are not satisfied with the current tools in the market in terms 
of their ability to suggest ventilative cooling design options. Some of the improvements 
suggested by respondents to make the tools better include ability to include parametric analysis, 
increasing the speed and making them cost effective for use by Architects. Some Architects 
also believe that there is a gap between software simulations and actual performance of the 
building designs which needs to be reduced. Also, the ability to overestimate the mechanical 
cooling demand by the tools in order to follow building regulations is also a problem with the 
current tools highlighted by a respondent. Other than the tools, around 64% of the respondents 
rely on their professional experience and 28% of the respondents highlighted the importance of 
other means e.g. technical guidance documents, advice of engineers, cost implications and user 
comfort to make an efficient ventilative cooling strategy. 
 
 
3.3 Evaluation Criteria for Ventilative Cooling in Building Designs 

 
In this section the respondents were asked if they have any experience in evaluating ventilative 
cooling potential of their building designs and what criteria they use for the purpose. Half of 
the respondents were experienced and the other half were not in evaluating the ventilative 
cooling potential of their designs. In addition, the top two variables that the respondents 
consider at the early design stage for ventilative cooling systems are ventilation rate per 
occupant and percentage of openable area as shown in Figure 3. While evaluating comfort 
performance in their building designs, the majority of respondents selected “% of hours > 25℃” 
as the upper temperature threshold for consideration as shown in Figure 3 below. 
 

 
 
Figure 3: Results of the questions, “Which of the following metrics or variables do you consider at the early 

design stage for ventilative cooling systems?” and “When evaluating comfort performance in your designs, what 

upper temperature thresholds do you consider?” from left to right respectively. 
 
 
3.4 Future Needs and Challenges 
 
Results of some of the questions and their answers; pertaining to future needs and challenges 
faced by built environment professionals in improving the resilience of buildings are presented 
in Table 3. It can be said that the majority of respondents (93%) are familiar with the importance 
of ventilative cooling in delivering a carbon-neutral built environment. However, about 71% of 
the respondents believe that built environment design industry is not ready to design buildings 
for extreme climate events and the buildings of today are not ready for such events in the future. 
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In addition, 57% of the respondents believe that natural ventilation alone does not work 
satisfactorily as a cooling solution against future climate change. 
 

Table 3: Responses of Questions related to Future Needs and Challenges of Ventilative cooling in Building 
Designs 

Questions Answer 

Option 1 

Answer  

Option 2 

Do you think that the built environment design professionals are 
prepared for accounting for extreme future climate events, such as heat 
waves, while designing buildings today that will be used many years 
from now? 

Yes (28.57%) No (71.43%) 

In your experience does Natural Ventilation work satisfactorily as a 
cooling solution against future climate change? 

Yes (42.86%) No (57.14%) 

Can Ventilative Cooling play a role in delivering a carbon neutral built 
environment? 

Yes (92.86%) No (7.14%) 

 
An overall mind map can be generated from the overview of survey results which is represented 
by Figure 4. The gaps in research and future steps pertaining to easy tools or early design stages 
are mentioned and an interconnection between all the stages is presented by the dotted circular 
line. The overall result is that design is an iterative process and the core design team is always 
at the centre of making design decisions as the project progresses. 
 

 
Figure 4: Visualization of the survey responses of how information flows in the design process 

 
4 VENTILATIVE COOLING STANDARDS 

 
Currently work is underway within TC/156 (CEN Technical Bodies - CEN/TC 156/WG 21, n.d.) 
to develop a new design guide to assist with designing ventilative cooling at building design 
practices. The work done by far on Ventilative Cooling standards update (Table A1 in Appendix 
A) was used to develop the survey questions. However, if a comparison is made between the 
results of the survey, the architectural design processes as covered in the section 3 and the work 
on standards by far, it can be inferred that Architects do not use a separate conceptual and basic 
design term, rather the terms used are basic as the simplest stage of design and conceptual or 
schematic phase is the next phase of design. In other words, the ventilative cooling standards 
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are more technical from the perspective of the Architects. Further stages of study would address 
if the Architects can find the ventilative cooling guides useful in any stage of their process and 
if there is a framework that can be developed further that can help in the uptake of ventilative 
cooling standards from the early design stages. 
 
5 CONCLUSIONS 

 
In this paper, only prominent results from four sections of the survey are presented to 
understand the perception of the term “ventilative cooling” in the overall building design 
process used in design practices in the UK and Ireland region. The survey results will be 
analysed in detail over the next few months and a statistical analyses will also be carried out on 
receiving a good quality data. From the results, it is evident that the building design practitioners 
are familiar with the term “ventilative cooling” as the name suggests but they admit the lack of 
decision-making frameworks and tools in promoting the uptake of VC solutions in their 
building designs to make buildings resilient against threats of heat waves. The results are also 
subject to change on receiving more responses from the industry experts in building design. 
This is an ongoing survey which will last for about three months providing a direction to design 
the next stages of the research, i.e. interviews and a possible placement at an architectural design 
practice to validate the design process by a case study building. This study provides an 
opportunity to find a case study building that has adequate ventilative cooling solutions 
designed and that is resistant to the effects of climate change. Identification of the design 
process used in such a building can help in development and verification of the design process 
intended in this research. 
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ABSTRACT 
 
Naturally ventilated (NV) buildings, when well designed and operated, can provide adequate 
indoor environmental quality (IEQ) while reducing the building energy demand. However, in 
dusty outdoor air, this ventilation technique may increase the penetration of outdoor particulate 
matter (PM) indoors, leading to adverse health effects. Given the increasing frequency of 
outdoor dust episodes in Mediterranean climates, an important research question is whether NV 
buildings can provide adequate indoor air quality (IAQ) during increased outdoor air dust 
episodes. We monitored indoor and outdoor concentrations of size-resolved PM for six months 
in an occupant-operated NV low-energy office building in Cyprus, an island with frequent 
episodes of airborne dust. In parallel, the building was monitored for its energy consumption, 
indoor air temperatures, relative humidity, and CO2 concentrations. We also interviewed the 
building occupants regarding their perceived IEQ conditions. The results revealed that the NV 
provided adequate IAQ conditions in 4 out of 5 investigated indoor spaces for PM2.5 and in 2 
out of 5 investigated spaces for PM10. The average indoor concentrations were in the range of 
4.4-5.1 μg/m3 for PM2.5 and 13.8-19.9 μg/m3 for PM10, while the average outdoor 
concentrations for the same period were 7.4 μg/m3 for PM2.5 and 38.1 μg/m3 for PM10. 
Additionally, unlike the outdoor air, the indoor PM concentrations respected the WHO short-
term 24-hour limits, indicating that the building addressed well the dusty days. In terms of other 
IEQ parameters, the CO2 levels remained below 1000 ppm for more than 90% of the time, while 
more than 90% of the occupants were satisfied with the thermal comfort conditions. The final 
actual energy consumption was ~164 kWh/m2/yr, drifting only by 7% from the predicted energy 
use. The results of this case study indicated that well-designed low-energy NV office buildings 
can provide adequate IEQ conditions, even in outdoor environments with dusty air. 
 

KEYWORDS 
 
passive technologies, office buildings, pollution penetration, I/O ratio, climate change  
  
1 INTRODUCTION 

Energy-efficient buildings are necessary to limit the energy demand and reduce greenhouse gas 
emissions globally. Natural ventilation (NV), when adequately designed and operated, can 
contribute to reducing the operational and grey energy demand in buildings while, in parallel, 
improving thermal comfort and indoor air quality (IAQ) (Flourentzou et al., 2017). 
Nevertheless, several studies criticize naturally ventilated buildings for not providing adequate 
protection to their occupants concerning outdoor air pollution, as the higher ventilation rates 
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and the absence of filtration increase the penetration of outdoor air pollutants indoors; hence it 
may lead to a deterioration of the IAQ (Stabile et al., 2017).  
 
Among the various outdoor air pollutants, particulate matter (PM) provokes the most severe 
health impacts at the commonly-observed exposure concentrations (Logue et al., 2012), being 
listed among the top 10 risk factors for human health (Gakidou et al., 2017). Additionally, due 
to climate change, there is an increasing trend in airborne dust levels in the Mediterranean 
regions (Ganor et al., 2010). As humans spend the majority of their time indoors, they could be 
exposed to elevated concentrations of airborne dust if no adequate measures are taken in the 
design and operation of buildings. 
 
Saraga et al. (Saraga et al., 2017) and Katra and Krasnov (Katra & Krasnov, 2020) analyzed 
the impact of dust episodes on the IAQ of office and residential buildings in the middle east 
region. Their results indicated that outdoor air is the primary source of indoor PM. However, 
the existing literature investigating the impact of dusty outdoor environments on IAQ is limited. 
Specifically, we lack knowledge regarding whether NV is appropriate in such outdoor 
environments to provide adequate indoor environmental quality (IEQ) conditions at a minimal 
energy cost. 
 
Given that arid and semi-arid dusty environments cover ~40% of the planet's surface and are 
the home to ~2.1 billion people (Katra & Krasnov, 2020), this study investigated whether an 
energy-efficient NV building can provide adequate IAQ in an environment with elevated 
outdoor air dust levels.  
 
2 METHODS 

2.1 Case study building 

We conducted measurements in a building located in Cyprus, an island situated in the eastern 
Mediterranean, which has a semi-arid Mediterranean climate with very mild winters and hot 
summers (classified as Csa/BSh according to Köppen (Beck et al., 2018)). During the last years 
and due to climate change, dust episodes coming from North African and Middle Eastern 
regions have increased (Achilleos et al., 2014). 
 
The examined building (building number 3, as presented in Figure 1) is one of the four buildings 
of the Nicosia Town Hall complex, which is classified in energy class A according to the local 
energy performance certificate (EPC), and it can be characterized as low-energy, as it was 
designed according to the bioclimatic principles. The building hosts offices for administrative 
employees and is occupied from 7 am to 4 pm on weekdays. The building is not equipped with 
a mechanical ventilation system but relies on the manual opening of the windows by the 
occupants to cover its ventilation needs. For heating and cooling, the building is equipped with 
air conditioning (AC) units in each space that condition the air by recirculating it through the 
heating and cooling coils without outdoor air ventilation. Additionally, each space in the 
building is equipped with a ceiling fan to increase thermal comfort during summertime, and 
there are blinds for solar protection and daylight control. The building users have full control 
over these elements, being able to open/close the windows, activate/deactivate the AC and 
adjust its thermostat setpoints, activate/deactivate the ceiling fan, turn on/off the lights, and 
adjust the solar shading according to their preferences.  
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Figure 1: Nicosia Town Hall building complex. The case study building is illustrated under the number 3.  

 
2.2 Monitoring and survey plan 

Given that IEQ conditions of the passive buildings differ according to the orientation of the 
space, we divided the building into four different zones (North, East, South, and Center), as 
presented in Figure 2, where we placed the IEQ sensors. The monitored parameters were: the 
indoor air temperature, relative humidity (RH), CO2, and size-resolved PM concentration. The 
outdoor environment of the building was also monitored for outdoor air temperatures, RH, and 
size-resolved PM concentrations. The positions of the sensors are equally shown in Figure 2. 
In parallel, the total energy consumption of the building was monitored to reveal its actual 
energy consumption.  
 
The IoT-based NETATMO sensors (Netatmo, 2023) were utilized to measure the indoor and 
outdoor air temperatures and RH as well as the indoor CO2 concentrations, as their accuracy is 
satisfactory compared to high-grade instruments (Demanega et al., 2021). For the PM 
measurements, both indoors and outdoors, it was used the Alphasense OPC-R2 sensors 
("Alphasense," 2023), which were tested in a controlled environment and presented satisfactory 
accuracy for the PM2.5 and PM10 concentration measurements compared to high-grade 
instruments.   
 
To ensure that the sensors monitored the representative IEQ conditions of occupied zones, they 
were placed between 1.1-1.7 m above the floor and at least 1 m away from doors, windows, 
and air supply/exhaust of the recirculated air of the AC unit. A pair of indoor PM sensors was 
placed in the inlet and outlet of an AC unit, which was recirculating the air to condition it in 
order to monitor the particle arrestance efficiency of its filter. The outdoor PM sensors were 
placed close to the operable windows to monitor the PM concentration of the air outside the 
building. The outdoor T and RH sensors were placed under shade on the roof of the building 
and in the atrium to probe the outdoor weather conditions around the building.   
 
The monitoring of T, RH, and CO2 took place between April 2021 and December 2022 with a 
five minutes time step, while the monitoring of indoor and outdoor PM took place between July 
and December 2022 with a one-minute time step. This period was selected in order to capture 
how the building operates in the different outdoor environmental conditions of the hot, mid, 
and cold seasons. All data were post-processed to exclude the non-occupied hours, as our focus 
was on the IEQ conditions to which the occupants were exposed.  
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In order to collect feedback from the building users regarding their perception of the IEQ, we 
interviewed the users by asking them predefined questions, following the procedure described 
in (Flourentzou, 2022). The interviews included questions about thermal comfort satisfaction 
during the different seasons, air quality and ventilation satisfaction, as well as acoustic and 
visual comfort satisfaction to cover the whole spectrum of the IEQ and identify potential 
problems. Additionally, at the end of the interview, the users were asked about their global 
satisfaction with the building in order to record how they overall evaluate their IEQ. In total, 
16 users working in 6 different spaces were interviewed and provided their feedback. 
 

 
Figure 2: Sensor positions according to the buildings' zones.  

 
3 RESULTS AND DISCUSSION  

3.1 Indoor and outdoor PM levels 

As presented in Error! Reference source not found., the 6-month average indoor PM2.5 c
oncentrations during working hours were between 4.4 and 5.1 μg/m3 across different office 
spaces. PM2.5 concentrations were in compliance with the WHO air quality guidelines (World 
Health Organization, 2021) in 4 out of 5 monitored spaces. In the one space where the WHO 
guideline limit (5 μg/m3) was not respected, the indoor average PM2.5 concentration was slightly 
above the threshold (5.1 μg/m3). The average outdoor PM2.5 concentration was 7.4 μg/m3.  
 
The 6-month average indoor PM10 concentrations during working hours were between 13.8 and 
19.9 μg/m3; they presented thus a significant disparity across the different spaces. The PM10 
levels complied with the WHO guidelines in 2 out of 5 monitored spaces, as only two spaces 
respected the annual average concertation limit of 15 μg/m3. However, the average levels 
remained below 20 μg/m3 in all spaces, which was the limit of the previous WHO air quality 
guideline, indicating generally acceptable PM10 levels. The outdoor average PM10 
concentration for the same period was 38.1μg/m3.  
 
The higher indoor PM10 that did not respect the limits could be explained by the composition 
of the outdoor PM, which had high concentrations of coarse particles compared to the fine ones 
(PM2.5/PM10 ratio ~ 0.2). Additionally, the high indoor PM10 concentrations can be explained 
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by the resuspension provoked by the activities of the occupants, as no other significant indoor 
PM source was located in the building. 
 

 
Figure 3: Indoor and outdoor PM2.5 and PM10 concentrations during working hours. Note: Box plots indicate the 

minimum, 1st quartile, mean (black cross), median and 3rd quartile, maximum and outlier values. 

 
Regarding the short-term exposure limits, as presented in Table 1, during the 183 days of 
monitoring, the outdoor concentrations overpassed the average daily exposure limit of PM2.5 
(15 μg/m3) for 14 days and of PM10 (45 μg/m3) for 26 days. Additionally, one severe dust 
episode was observed during the monitored period (daily average PM10 concentration > 100 
μg/m3). For the same period, the indoor daily average concentrations of PM2.5 overpassed the 
limit of 15 μg/m3 only three times, while those of PM10  never overpassed the limit of  45 μg/m3. 
These observations indicate that the building provided satisfactory protection against short-term 
PM exposures for its occupants even during the days with high outdoor PM levels, as WHO air 
quality guidelines permit up to three exceedances of the short-term threshold limits per year 
(World Health Organization, 2021).  

Table 1: Number of exceedance of the short-term exposure limits of the WHO guidelines 
during the 183 days monitoring period. 

 Indoor Outdoor  
PM2.5 PM10 PM2.5 PM10 

# of times exceeded the 24h limit: 3 0 14 26 
 
The recirculation of the air through the filters of the AC units had a minor effect in reducing 
indoor PM, as our measurements revealed that the filters in the AC units had an arrestance 
efficiency of ~19% for PM10, while the arrestance efficiency for PM2.5 was close to 0.  
 
3.2 Hourly PM variation  

As presented in Figure 4, the PM levels were not stable during the day. Regarding indoor PM2.5 
and PM10 concentrations, higher concentrations were observed during working hours (7-16h) 
compared to non-working hours. These higher concentrations can be explained by two 
mechanisms: (1) the infiltration of PM from outdoors via the NV, which was only applied 
during the occupied hours, and (2) the particle resuspension from the occupant activities. 
 
The outdoor PM levels equally presented high variability through the different hours of the day. 
Outdoor PM2.5 and PM10 concentrations were higher during commuting hours (7-9h and 18-
21h), indicating a relationship between outdoor PM levels and traffic. The morning PM2.5 and 
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PM10 concentration peaks are also visible in the indoor concentrations. These higher indoor PM 
concentrations can also be explained by two observations made in situ: (1) the occupants' habit 
of opening the window as soon as they arrive at the office, a time when the outdoor PM2.5 and 
PM10 were high, leading to an increased outdoor PM penetration indoors and (2) the increased 
resuspension of particles due to occupants' movements during the first working hour. More 
efficient ventilation that can economize energy without deteriorating IAQ could be achieved by 
continuously monitoring outdoor air pollution and activating ventilation when indoor and 
outdoor environmental conditions are favorable (Belias & Licina, 2022, 2023).  
 
The indoor-to-outdoor ratio (I/O) of PM2.5 was ~0.4 during unoccupied hours and ~0.7 during 
occupied hours, while the I/O of PM10 was ~0.2 during unoccupied hours and ~0.5 during 
occupied. The low I/O ratios indicate that the primary PM source in the building was the 
outdoor air. 
 

 
Figure 4: Hourly indoor and outdoor PM2.5 and PM10 concentrations as well as hourly indoor to outdoor PM2.5 and 
PM10 ratios.   
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3.3 Indoor CO2 levels  

The continuous indoor CO2 monitoring revealed that its concentrations remained below 1000 
ppm for more than 90% of the occupied time. Figure 5 presents the CO2 levels of a typical 
office, where it can be observed that during the occupied hours, the CO2 concentrations were 
between 450 and 1000 ppm for the majority of the time, while on some days, they overpassed 
the 1000 ppm, but never the 1700 ppm. When the building was unoccupied, CO2 levels dropped 
below 450 ppm. These values indicate that the occupant-controlled NV performed as designed, 
providing sufficient ventilation for the occupants. 
 

 
Figure 5: Indoor CO2 levels in the south zone office. Note: weekends are represented with black on the top of the 
chart, hours of the day on the y-axis, and the days (grouped by months) on the x-axis.  

3.4 Perceived IEQ 

The feedback from the users indicated high satisfaction with the thermal environment except 
for one space, which was located in the northeast corner of the building, where the users 
reported high thermal discomfort during wintertime. This perception of thermal comfort by the 
users was in accordance with the measurements, as the temperatures were between the adaptive 
thermal comfort limits as defined by EN 16798-1 (EN 16798-1, 2019) in all the spaces except 
for the above-mentioned office space.  
 
All users expressed high satisfaction regarding air quality perception, which is also in 
accordance with CO2 measurements, as CO2 concentrations remained below 1000 ppm for 90% 
of the occupied time. Additionally, the users reported that they found the indoor air much 
cleaner than the outdoor concerning the dust.  
 
Additionally, users reported high satisfaction with the visual comfort due to the daylight from 
the large openings. However, the perceived acoustic quality was average, as the users reported 
that the sound privacy between the spaces was ineffective. Overall, more than 90% of the 
interviewed occupants evaluated the IEQ as exceptional and very good.     
 
3.5 Energy consumption 

Figure 6 presents the monthly expected energy consumption according to the EPC and the 
actual measured energy consumption for 2020-2022. The results revealed that in 2020, the 
building presented a significant performance gap, as it consumed more energy than predicted 
for several months due to the inadequate maintenance of the AC units, where the unchanged 
dusty filters led to malfunction and overconsumption (Siegel, 2002). Once the problem was 
identified and solved, the actual energy consumption was at the same levels as the predicted 
one, 153 kWh/m2y ±10%, indicating a class A, energy-efficient building for the Cyprus climate. 
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Figure 6: Monthly expected energy consumption according to the energy performance certificate (EPC) compared 
to the actual energy consumption during 2020-2022 years.  

 
4 CONCLUSIONS 

This study conducted measurements and occupant surveys to reveal if a low-energy, naturally 
ventilated (NV) office building can provide adequate indoor environmental quality (IEQ) 
conditions in a dusty environment characterized by a semi-arid Mediterranean climate with very 
mild winters and hot summers.  
 
The results revealed average indoor concentrations during working hours in the range of 4.4-
5.1 μg/m3 for PM2.5, while the outdoor average PM2.5 concentration was at 7.4 μg/m3. Indoor 
PM10 concentrations ranged from 13.8 to 19.9 μg/m3 for an average outdoor concentration of 
38.1μg/m3. The indoor PM2.5 levels complied with the WHO air quality guideline in 4 out of 5 
monitored spaces, while PM10 levels respected these limits in 2 out of 5 monitored spaces, 
indicating that the indoor PM levels were generally acceptable. Additionally, the indoor CO2 
concentrations remained below the 1000 ppm limit for more than 90% of the time, indicating 
acceptable IAQ. User-perceived IEQ was aligned with the measurements, as more than 90% of 
the interviewed occupants evaluated the IEQ as exceptional or very good, while the building's 
energy use was low, being an energy class A building. These results support that well-designed 
and operated energy-efficient NV buildings can provide high IEQ conditions, even in 
environments with dusty outdoor air.  
 
Further studies are necessary to investigate the impact of different ventilation techniques on the 
IEQ and energy consumption of offices as well as other building types in environments with 
dusty outdoor air. These efforts will generate knowledge that will enable more sustainable 
building design that saves energy while providing high IEQ conditions.  
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ABSTRACT 
 
This study introduces a novel conceptual design of a mobile DV cooling unit that is aimed to support the ventilation 
and reinforce the thermal stratification in DV rooms. Supplying filtered chilled air from at low height, the portable 
DV unit (PDV unit) functions as if it is a typical DV diffuser. Moreover, the PDV unit employs heat exhausted 
from the heat pump to reinforce the temperature gradient by injecting the hot air flow in the upper zone of the 
room. Utilizing the exhaust air makes the PDV unit entirely ductless which adds to its flexibility placed in to 
balance the airflow. In this study, the vertical distribution of particulate matter and temperature stratification were 
examined by zonal model and experimental measurements in room with this novel portable displacement 
ventilation cooling unit. As a conclusion, from the experiment, DV capacity of PDV unit was turned out, and the 
effects of airflow rates of DV and PDV unit on the performance were made clear. 
 

KEYWORDS 
 
displacement ventilation, portable displacement ventilation cooling unit (PDV unit), zonal model, full-scale 
experiment, droplet nuclei 
 
1 INTRODUCTION 

 
Displacement Ventilation (DV) system (Nielsen, 1993) is an energy efficient ventilation 

system that can achieve a cleaner occupied zone compared to the regular Mixing 
Ventilation(MV). DV depends mainly on temperature stratification to clarify the lower 
occupied zone from contaminants, thus, increasing the temperature gradient results in a more 
efficient system. However, since DV relies on buoyancy and low velocity supply, any 
disturbance in the slow air flow reduces its efficiency. For example, obstacles blocking the 
flow can cause dead-zones of low-quality unchanged air. Another issue that can affect the 
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local air quality of certain zones in the room is the unbalanced heat load. These problems 
hinder DV system from being adopted widely despite its advantages.  

In this study, the effectivity of the novel PDV unit was assessed in terms of temperature 
and PM distribution. Zonal model calculation and experimental measurements were carried 
out for this purpose. First, in the zonal model, only the thermal effect of the PDV unit was 
formulated. A parametric study exploring the effect of multiple variables was carried out. 
Secondly, field measurement was performed in which a prototype model of the PDV unit was 
built and operated. In the experimental measurements, the effect of various parameters was 
assessed by monitoring both temperature and particulate matter concentration distribution. 
Based on the zonal model calculations, the PDV unit’s settings in the experiment were set. 
 
2 CONCEPT OF PDV UNIT 

 
To enhance the performance of DV system, this study addresses three points discussed by 

the aforementioned literature: 1- Diffusers positioning, to overcome unbalanced supply due to 
room shape, size or occupants seating pattern. 2- Strengthening the temperature stratification 
to improve the air quality and comfort of the occupied zone. 3- Integrating portable air 
purifiers. 

To tackle the potential enhancement points, a novel air purifier unit that functions as a 
portable DV system is proposed. Although close ideas of merging portable air-conditioning 
units and air purifiers have investigated in some studies (Zhang, 2010), no similar one unit 
has been proposed so far, especially in DV system. The proposed machine should function as 
a mobile DV diffuser. It consists of a heat pump with no ducts to be connected to outdoor. 
Being ductless, the exhaust heat is discharged in the room to act as an additional heat source 
to enhance the temperature vertical stratification. Mimicking a typical DV system, supply 
diffuser is in the lower section of the unit while the suction port in the top section as shown in 
Fig. 1a. The suction port provides air for both function, cooling and exhaust heat. Moreover, 
to function as standalone DV system, air filters such HEPA filters function should be added to 
purify the return air. Placement and functioning method of the portable DV unit (PDV unit) 
are illustrated in Fig. 1b.  

The concept of the PDV unit is examined using zonal model calculations and 
experimental measurements. In the following sections both methods’ details and results are 
discussed. 

  
(a) Prototype of PDV unit (b) Layout of PDV unit in room 

Figure 1: Outline of PDV unit 

3 ZONAL MODEL 

3.1 Outline of zonal model of the room with DV and PDV unit 
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Zonal model calculations were used in various studies to predict the thermal as well as 
contaminant environment in DV and other ventilation systems. 

In this calculation, the basic two-layer model illustrated in Fig. 2 was adopted and the 
PDV unit effect was formulated in the adapted zonal model. The model assumes stratification 
in two layers and neglects radiation from the different surfaces as shown in Fig. 2. The 
thermal balance for the upper and lower zones is given by equations (1)-(2). 
 

 
Figure 2: Zonal Model of DV room with PDV unit 

 
For upper zone, the following balance equation of the heat can be written : 

 (n+1) I + ηHs + Cpρ (qs+qsm) Tl – CpρqsTu – CpρqsmTu = 0 (1) 
 

For lower zone, the following equation can be written :  
 CpρqsmTu - nI + (1-η) Hs + CpρqsTs – Cpρ (qs+qsm) Tl = 0 (2) 
 

PDV unit’s cooling capacity and exhaust heat generation are shown in equations (3) and 
(4) respectively. 
 
 nI – Cpρqsm (Tu-Tsm) = 0 (3) 
 
 (n+1) I – Cpρqhm (Thm-Tu) = 0 (4) 
 
where for the DV system, qs is the supply flowrate and Ts is the supply temperature. For the 
room, Tu and Tl are the air temperature of upper and lower sections respectively. Cp stands for 
specific heat of air (1004 J/K.kg) while ρ is the air density (1.2 kg/m3). Representing heat 
sources in the room, human and computer devices, Hs is the heat load generated and η is the 
ratio of the heat that ascends to the upper part of the room assumed to be 1. Regarding the 
PDV unit, n is the unit’s coefficient of performance (COP), I is the input power (W), qsm and 
qhm are the machine’s supply flowrate and hot air flow rate respectively. Tsm and Thm are the 
supply temperature and hot-air temperature respectively. 
 

3.2 Parametric analysis 

 
In this single-factor analysis, some of the DV system and PDV unit specifications were 

changed to study the effect of each variable on the unit’s performance and the room 
temperatures. In all cases, the assumed values are input to equations (1)-(3) to be solved 
simultaneously, then the resultants were used to calculate the hot air temperature using 
equation (4). Table 1 summarizes the set of values used in the study. The factors studied in 
this section are:  
Cases-A: PDV unit’s COP, varying from 3.0 to 4.0,  
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Cases-B: PDV unit supply flowrate, varying from 100 m3/h to 300 m3/h, at fixed DV flowrate,  
Cases-C: DV supply flowrate, varying from 100 m3/h to 300 m3/h, at a fixed PDV unit 
flowrate, 
Cases-D: PDV unit hot air flowrate, varying from 100 m3/h to 300 m3/h. 
 

Table 1: Cases of parametric study by zonal model 

 

 Cases-A Cases-B Cases-C Cases-D 

D
V

 

qs (m3/h) 200 200 300 -100 200 

Ts  (°C) 20 

      

P
D

V
 u

n
it 

COP, n 3.0 – 4.0 3.5 3.5 3.5 

I   (W) Dependant 

qsm (m3/h) 200 100 – 300 200 200 

qhm(m3/h) =qsm =qsm =qsm 100 – 300 

Tsm  (°C) 20 

Thm  (°C) Dependant 

 
The results of the zonal model calculation of Cases A-D are plotted in this section. It 

should be noted that in all cases, since the idea situation ofη=1 is assumed, the occupied 
zone temperature, Tl, is constant at 20 °C, equal to the supply temperature. 
 
1) PDV unit Coefficient of performance 

Calculations of increasing the unit’s COP from 3 to 4 at constant supply flowrate and 
temperature were carried out, Cases-A. From Fig. 3a, the increase in COP is seen to enhance 
the performance by decreasing the exhausted heat as can be. Increasing the COP from 3 to 4 
reduces the required input power by a third to provide a fixed flow rate at a fixed supply 
temperature, as shown in Fig. 3b. 
 
 2) PDV unit supply flowrate at fixed DV flowrate 

As shown in Fig. 3c and Fig. 3d, calculations with qsm varying from 100 m3/h to 300 m3/h 
were performed, Cases-B. The 100 m3/h case requires a relatively small wattage of around 20 
W. It can be observed as well that increasing the flow volume requires a steep increase in the 
input power of the machine. Increasing I, thus, results in exhausting air at higher temperature 
(Thm).  
 
3) DV flowrate at fixed PDV unit supply flowrate 

Decreasing the DV supply flowrate is intended to investigate the PDV unit input power 
needed to compensate. As shown in Fig. 3e, the relation is exponential. At qs 100 m3/h where 
the DV supply flowrate was lowest, the input power required for the PDV unit to compensate 
was more than 3 times that of qs 200 m3/h. This increase in I was reflected in the hot air 
temperature and upper zone temperature as shown in Fig. 3f. Since Tu increased to 40 °C 
making the difference between the upper and lower zone temperatures 20 °C, this shows that 
the PDV unit compensation capacity is bound by the temperature difference comfort between 
head and feet height. However, the PDV unit location, although not represented in the zonal 
model, might be a major factor in this aspect.  
 
4) PDV unit hot air exhaust flow rate 

The relation between hot air flow rate and temperature is given by equation (4). For a 
fixed case-D, qhm varying were used to calculate the hot air temperature. Fig. 3g shows that 
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increasing the flow rate from 100 to 300 m3/h can decrease the temperature by 10 °C. 
However, the effect of this variable especially, needs to be investigated using CFD analysis or 
experiment measurements as the flowrate of hot air can highly affect the temperature 
horizontal distribution and generally the DV induced stratification. 
 

   

a. Cases-A: COP vs temperatures c. Cases-B: PDV unit supply 
flowrate vs temperatures 

e. Cases-C: DV supply flowrate 
vs temperature 

   
b. Cases-A: COP vs required input 

power 
d. Cases-B: PDV unit supply 

flowrate vs required input power 
f. Cases-C: DV supply flowrate 

vs PDV unit required input power 

 

 

 

g. Cases-D: PDV unit hot air flowrate vs hot air temperature 

Figure 3: Relationship between PDV unit parameters (COP, PDV unit supply airflow rate, DV supply airflow 
rate, PDV unit hor airflow rate) and temperatures, required input power etc. 
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4 EXPERIMENT 

4.1 Experiment room 

 
The measurements were carried out in the period of January 26 – February 7, 2023 in a 

full-scaled experimental chamber made in Osaka University. This experimental room was 
built of insulated wooden boards. As annotated in Fig. 4, the room dimensions are 2.84 mm * 
2.34 m * 3.00 m, which is relatively small. 
 

 
a. Plan       b. Longitudinal section          c. Cross section           d. System components 

Figure 4: Experiment room and measurement points 

 
4.2 Equipment 

 
The PDV unit was not built as an intact one unit as designed, but broken down into its 

basic components with the same function as PDV unit as shown in Fig. 4d. All equipment was 
placed outside the room, only the diffusers, suction port, and hot-air inlet were placed inside 
the room.  

The PDV unit components were fixed into a 2.7 m high metal frame. The suction port is 
0.3 m size cube intaking air from three sides, top and bottom sides are solid while the 
remaining face is where the ducts were connected. The suction port is connected by 12.5 cm 
wide ducts to two paths; cooling and heating. The cooling and filtration function was 
achieved using air processor (AP-750M-C, Orion Machinery Co., Ltd.) connected to HEPA 
filter. Chilled and filtered air flow through the inlet duct was connected to a fabric duct to act 
as a circular diffuser for DV, 0.6 m high and 0.3 m in diameter. A similar arrangement was 
used for the room’s DV system. As for the heating function, duct fan (FY-23DZ4, Panasonic) 
and duct heater (DM-11N, Nippon Heater Co., Ltd.) were used. The heated air flows through 
a 0.3 m * 0.3 m cylindrical fabric duct. The supply air flow from both DV and PDV unit are 
controlled by Iris dampers and monitored by low differential pressure transducer (DP-45, 
Validyne Engineering). The hot-air flow was monitored by ultrasonic flow meter (TRZ150D-
C, Aichi Tokei Denki) connected to current data logger (RTR-505, T&D Co., Ltd.). All ducts 
of the system were glass fibre insulated, and the openings in the walls were tightly sealed. 

Representing seated occupants as heat source, two cylindrical person simulators were 
operated at 100 W each, controlled by voltage regulators and monitored by watt meters. Each 
person simulators is 1.00 m high and of a diameter of 0.40 m. They were placed over an 
insulative-5 cm-foam disc in locations indicated in Fig. 4a.  

Temperature was measured using T-type thermal couples connected to CADAC-3 data 
logger (Eto Electric Co.). The measurement points are indicated in Fig. 4a and Fig. 4b. For 
surface temperature, Wa1~Wh3 stand for walls inner surface points, Wo1~4 stand for the 
outer surface points, and R stands for the roof surface point. To measure the vertical 
temperature distribution in the experiment room, 22 points at each pole, Pa-c were measured. 
The floor and ceiling surface temperature was measured at the same poles. The surface 
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temperature of one heat simulator was measured as well. In addition, the air temperature of 
the PDV unit’s supply diffuser, hot air diffuser, and suction port were measured as well as the 
DV supply and the exhaust temperatures. The temperature outside the experimental chamber 
and inside the experiment building was monitored at point To. 

The contaminant simulated in this experiment was coughing droplets. Artificial saliva 
was prepared with 12 g salt (NaCl) and 76 g glycerine for 1 litre of distilled water. The 
droplets were produced by nebulizer (NE-C801, OMRON Healthcare, Inc.) and the emission 
rate was controlled by setting the gas flow to 2 NL/min. N2 gas was chosen as its density is 
almost the same as  that of air. In order to have a distributed emission, rather than a stream of 
droplets, the nebulizer was covered by a plastic bottle made of PET that has many holes with 
0.5 mm diameter in its upper part. The bottle was heated by a bottle warmer (12.3 W) 
wrapped around it in order to prevent condensation and to raise the temperature of the droplet 
emission.  

The droplets were measured using handheld particle counters (RION and Kanomax) fixed 
at Pd at heights 0.9 m, 1.1 m, and 1.7 m. In addition to 2.45 m which matches the suction port 
height. Measurements of the exhaust opening were taken as well. In addition, to confirm the 
supply air filters, particles count at both supply diffusers and hot-air supply were monitored. 
 

4.3 Cases and parameters 

 
The parameters investigated in this study were the supply flowrate of  DV and PDV unit. 

The supply flowrate of both DV and PDV unit was tried with three variations 200 m3/h, 
which is 100 m3/h for one person, and one lower and one higher flowrate, 100 m3/h and 300 
m3/h. The hot air flowrate was set constant to 200 m3/h regardless of the supply flowrate. 

A total of 7 cases carried out are summarized in Table 2. The cases can be divided into 3 
groups according to the comparative parameter. Group 1 shows the effect of changing PDV 
unit supply flowrate at a constant DV unit flowrate. Group 2 is a comparison between 
different DV supply flowrate at a constant PDV unit supply of 200 m3/h. Viewing the PDV 
unit as a complementary ventilation system, Group 3 compares all cases with a total supply 
flow rate of 200 m3/h.   

As shown in Table 2, the case naming includes the system running, DV for the 
displacement ventilation supply, and PU is short for the PDV unit. Each system abbreviation 
is followed by the supply flowrate value. Here Ex1 is the name of exhaust position on the 
ceiling as shown in Fig.4a as Exhaust 1. (Ex2 is not listed.) 

Table 2: Experiment cases 

Case number Case name* DV supply flow 

rate 

qs [m3/s] 

PDV unit supply 

flow rate 

qsm [m3/s] 

DV supply flow 

rate 

qs [m3/s] 

1 DV200 200 0 200 
2 
3 

DV200_PU100 
DV200_PU200 

200 
200 

100 
200 

200 
200 

4 
5 
6 
7 

DV200_PU300 
DV100_PU200 
DV100_PU100 

PU200_EX1 

200 
100 
100 

0 (No ventilation) 

300 
200 
100 
200 

200 
100 
100 

0 (No ventilation) 
*DV means Displacement Ventilation and PU means PDV unit 

 
4.4 Measurement method 

 
Data recordings were taken at a one-minute interval. The timeline of the measurement is 

illustrated in Fig. 5. The ventilation system was switched on and the temperature recordings 
were continued until steady state was reached, which took about 2.5 hours. Afterwards, the 
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nebulizer was turned on for one hour. After stopping the emission, the particles count at the 
exhaust was monitored until it decreased back to the background count. The emission stage 
was run for 2 rounds with the particle counters fixed at different heights. Finally, the 
ventilation system was switched off. A sample of 30 minutes in which both temperature and 
particles distribution were at steady state was taken for data analysis. Variation in the rounds 
particle count is shown in Fig.5 in the case 2 (DV200_PU200). The count variation of the 
exhaust air shows the unstable emission rate of nebulizer. It can be said that the absolute 
value of the concentration data could have deviation due to time variation of emission rate of 
the nebulizer. 

 

 
Figure 5: Variation of droplet count (Case 2 : DV200 - PU200) 

 
5 RESULTS AND DISCUSSION 

5.1 Temperature stratification 

 
Group 1: Varying PDV unit’s supply flowrate (qsm )(Fig.6a) 

To investigate the effect of operating the PDV unit in the room, cases of varying PDV 
unit supply flowrate 0 ~ 300 m3/h at constant DV flowrate are compared in Fig.6a. Comparing 
the cases, it can be observed that cases with PDV unit have a stronger temperature 
stratification. The larger PDV unit flowrate is the lower the overall temperature and especially 
the upper temperature peak becomes. 
Group 2: Varying DV supply flow rate (qs ) (Fig.6b) 

Decreasing the DV supply flowrate from 200 m3/h to 100 m3/h did not cause a major shift 
in the temperature curve. However, since these cases had the PDV unit in operation, it can be 
assumed that the PDV unit mitigated the decrease effect. Turning the DV off on the other 
hand, caused an increase in temperature ranging from 1 to 2°C with a stronger temperature 
stratification. 
Group 3 Varying total flowrate (qs+ qsm )(Fig.6c) 

DV200 case displayed the lowest temperature in the upper zone. PU200 case and 
DV100_PU100 case showed very close results.  

 
5.2 Particles distribution 

The vertical distributions of particle concentrations in each case are shown in Fig.7. The 
data connected by lines are at the point of Cp in Fig.4a, and the isolated plot at the height of 
1.9 m shows the concentration at the hot air supply port. This hot air is originaly extracted at 
2.45m+FL and heated but not filtered by HEPA. In the case of DV only (Case 1), data is not 
plotted, as this PDV unit is not operating. 
Group 1: Varying PDV unit’s supply flowrate (qsm)(Fig.7a) 

Although increasing the unit’s flowrate from 100-200 m3/h caused a matching reduction 
of the particle count, but increasing the supply airflow rate of PUV unit has no essential effect 
on the particulate concentrations. 
Group 2: Varying DV supply flow rate (qs) (Fig.7b) 
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Decreasing the DV airflow rate had the foreseen effect of increasing the particle count 
and volume concentration. The increase was not confined to the higher heights and extended 
to the 1700 mm height. Lower heights had almost no particles even with the DV turned off, so 
the PDV unit has the distinct effect on the cleaning air in occupant zone and advantage of 
stability caused by the strong temperature stratification. 
Group 3: Varying total flowrate (qs+ qsm)(Fig.7c) 

Agreeing with the temperature profiles, the effect of compensating the reduction in DV 
airflow rate by the PDV unit airflow rate was dependent on the total airflow rate value. As 
shown in Fig. 7c, reducing DV airflow rate at the qtotal=200 m3/h causes an increase in the top 
zone particle count and volume. It can be said that DV is more effective than the PDV unit if 
the airflow rate is the same, but PDV unit has high capacity of air purification of the air in the 
occupancy zone. 

 
a.Group-1 (varied PDV unit supply)     b.Group-2 (varied DV supply)  c. Group-3 (varied supply combination) 

Figure 6: Temperature Stratifications in each Group of cases 

 
a. Group-1 (varied PDV unit supply) 

 

 
b. Group-2 (varied DV supply) 
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c. Group-3 (varied supply combination) 

Figure 7: Vertical distributions of particle concentration (Total Volume, Total Count, Count of each particle size) 

 
5.3 PDV unit capacity 

 
Since the PDV unit was operated using separate systems, the heating and cooling 

capacities at each case were calculated using equations  (3) and (4). The results are in Table 3. 
Qsm is the cooling capacity, and Qhm is the heating capacity. 

The calculation shows that despite setting the heater’s power Qhm to 450W and 
monitoring it using the watt meter, the actual heat gain was not constant in all cases. Most of 
the cases had a lower heating capacity. Reviewing the temperature readings in Table 3, it can 
be noticed that the outside temperature To was below the supply air temperature which means 
that given the long ducts connections, heat seems to have been lost before arriving at the hot 
air supply port. 

Table 3: Temperature, flowrates and PDV unit capacity by case (unit: [°C], [m3/h], [W]) 

 
 
6 CONCLUSION 

 
From the experiment, DV capacity of PDV unit was turned out, and the effects of airflow 

rates of DV and PDV unit on the performance were made clear, and the zonal model is quite 
useful to know the mutual effect of various parameters. 
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which both temperature and particles distribution were at steady 
state was taken for data analysis. Variation in the rounds particle 
count is shown in Fig.3 in the case 2 (DV200_PU200). The 
count variation of the exhaust air shows the unstable emission 
rate of nebulizer. It can be said that the absolute value of the 
concentration data could have deviation due to time variation of 
emission rate of the nebulizer.
4. Results and discussion

4.1 Temperature stratific

a

t ion

Group 1: Varying PDV unit’s supply flo

w

r at e (q sm )(Fig.4a)

To investigate the effect of operating the PDV unit in the 
room , cases of varying PD V  unit supply flow r ate 0 ~ 300 m 3/
h at constant D V  flow r ate are com pared in Fig. 3a. C om paring 

the cases, it can be observed that cases with PDV unit have a 
stronger tem perature stratifica tion. The larger PD V  unit flow r ate 

is the lower the overall temperature and especially the upper 
temperature peak becomes.
Group 2: Varying DV supply flo

w

 rat e (q s ) (Fig.4b)

D ecreasing the D V  supply flow r ate from  200 m 3/h to 100 m3/
h did not cause a major shift in the temperature curve. However, 
since these cases had the PDV unit in operation, it can be 
assum ed that the PD V  unit m itigated the decrease effe

c

t. Turning 

the D V  off on the other hand, caused an increase in tem perature 

ranging from  1 to 2℃ w ith a stronger tem perature stratific

a

tion.

Group 3 Varying total flo

w

r at e (q s+ qsm )(Fig.4c)

DV200 case displayed the lowest temperature in the upper 
zone. PU200 case and DV100_PU100 case showed very close 
results. 
4.2. Particles distribution

The vertical distributions of particle concentrations  in each 
case are shown in Fig.4. The data conected by lines are at the 
point of C p in Fig.1a, and the isolated plot at the height of 1.9 m  

shows the concentration at the hot air supply port. This hot air 
is originaly extracted at 2.45m +FL and heated but not filt ed by 

HEPA. In the case of DV only (Case 1), data is not plotted, as 
this PDV unit is not operating.
Group 1: Varying PDV unit’s supply flo

w

r at e (qsm) (Fi g. 5a)

Although increasing the unit’s flowrate from 100-200 m3/h 
caused a matching reduction of the particle count, but increasing 
the supply airflow  rate of PU V  unit has no essential effec t on the 

particulate concentrations.

Group 2: Varying DV supply flo

w

 rat e (qs) (Fi g. 5b)

Decreasing the DV airflow rate had the foreseen effect of 
increasing the particle count and volume concentration. The 
increase w as not confine d to the higher heights and extended to 

the 1700 mm height. Lower heights had almost no particles even 
w ith the D V  turned off, so the PD V  unit has the distinct effec t 

on the cleaning air in occupant zone and advantage of stability 
caused by the strong tem perature stratific

a

tion.

Group 3: Varying total flo

w

r at e (qs+ qsm) (Fi g. 5c)

Agreeing with the temperature profiles, the effect of 
com pensating the reduction in D V  airflow  rate by the PD V  unit 

airflow rate was dependent on the total airflow rate value. As 
show n in Fig. 4c, reducing D V  airflow  rate at the qtotal=200 m3/
h causes an increase in the top zone particle count and volume. 
It can be said that D V  is m ore effec tive than the PD V  unit if the 

airflo

w

 rate is the sam e, but PD V  unit has high capacity of air 

purific

a

tion of the air in the occupancy zone. 

4.3. PDV unit capacity

Since the PDV unit was operated using separate systems, the 
heating and cooling capacities at each case were calculated using  
equations  (1) and (2). (see part 2 for the meaning of variables) 

Qsm= Cp ρ qsm (Tu-Tsm)     (1)
Qhm = Cp ρ qhm (Thm-Tu)   (2)

Here,  Qsm is the cooling capacity, and Qhm is the heating 
capacity. The results are in Table 2.

The calculation shows that despite setting the heater’s power 
Qhm to 450W and monitoring it using the watt meter, the actual 
heat gain was not constant in all cases. Most of the cases had a 
lower heating capacity. Reviewing the temperature readings in 
Table 2, it can be noticed that the outside temperature To was 
below the supply air temperature which means that given the 
long ducts connections, heat seems to have been lost before 
arriving at the hot air supply port.
Conclusion

From the experiment, DV capacity of PDV unit was turned 
out, and the effec ts of airflow  rates of D V  and PD V  unit on the 

performance were made clear.
Reference

1) Aya ESSA  et al.,Effe

c

t of D isplacem ent Ventilation by a N ovel Portable 
Cooling Unit With Air Purification (Part 2) Parametric Study for PM 
Concentration and Temperature Distribution using Zonal Model and CFD 
A nalysis, Sum m aries of Technical Papers of A nnual M eeting, A IJ, 2023.9

Cases To Ts Tsm Thm Tu Tex THs Tl qs qsm qhm Qsm Qhm
equation (3) equation(4)

DV200_ -1.05 0 - - 2.89 2.77 9.66 2.68 198 0 0
DV300_ 0.34 0 - - 2.89 2.77 9.3 2.54 309 0 0

DV200_ PU100 -1.08 0 -0.21 12.19 6.03 3.94 9.37 2.13 194 104 200 217 411
DV200_ PU200 -3.37 0 -0.46 10.3 5.4 1.88 8.95 1.75 193 193 201 379 329

DV200_ PU300 -1.97 0 -0.54 10.07 3.9 1.18 8.35 1.31 189 288 197 428 407
DV100_ PU200 -0.76 0 -0.56 11.05 4.15 3.35 9.13 2.04 119 200 196 316 454
DV100_ PU100 -1.43 0 -0.35 12.83 6.62 5.54 9.38 2.73 108 98 201 228 417

PU200 2.02 - 0 13.36 7.63 - 9.86 3 0 199 201 507 385

Table 2 Temperature, flow r at es and PDV  unit capacity by case (unit: [°C], [m3/h], [W])(see part 2 for meaning of variables)
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ABSTRACT 
The majority of research and hence the assessment methods and tools for thermal comfort assessment of 
ventilation systems are not based on findings for natural ventilation solutions and do not take into account the 
specific characteristics of natural ventilation. This has created a lack of suitable methods for the assessment and 
performance evaluation of natural ventilation. This paper will focus on the evaluation of assessment methods 
related to estimating the risk of draught for natural ventilation systems. The key objectives and questions to be 
addressed are: 1) Is the current Draught Rate method suitable for the evaluation of natural ventilation and are 
there currently other more appropriate methods for assessing the risk of draught? 2) What are the main findings 
and experiences until now and to what extent can we use these? Furthermore, examples of solutions for ensuring 
thermal comfort in cold periods will be presented and their performance discussed based on different 
performance assessment methods used. This paper will conclude on the status of natural ventilation comfort 
performance assessment in relation to thermal comfort and the risk of draught. 
 

KEYWORDS 
Natural ventilation, air movement, draught (draft) risk, Thermal comfort, window opening. 
 
1 INTRODUCTION 

The usage of natural ventilation is now, more than ever, being pushed forward due to agendas 
like: reduction in CO2 emissions including operational energy and materials as well as 
resiliency including focus on buildings' ability to e.g., increase the airflow rates during peak 
load periods and unexpected events. However, there is a risk that the current assessment 
methods are overestimating the risk of draught for natural ventilation systems. This is 
typically the case when openings directly to the outside are being used for ventilation and the 
temperature difference between inside and outside is more than 5K.  
 
Draught is, in the literature and standards, defined as “the unwanted local cooling of the body 
caused by air movement” (Fanger 1977; ASHRAE 55; EN/TR 16798-2). Several studies have 
been conducted to address the main factors influencing the risk of draught like air 
temperature, velocity, air turbulence, exposed body parts, clothing insulation level, and 
overall thermal comfort (Fanger 1977; Fanger et al 1988; Houghten et al 1938; McIntyre 
1979; Toftum et al 2003; Schiavon et al 2016; Liu et al 2017).  
 
This paper evaluates the risk of draught for natural ventilation systems and compares different 
assessment methods used in current standards. The paper first includes a description of 
different draught assessment methods, then describes experiences and findings related to 
airflow patterns, temperatures and velocities in naturally ventilated spaces and finally 
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compares the estimated risk of draught by different methods and suggests technical solutions 
to reduce it. 
 
2 ASSESSMENT METHODS 

2.1 Overall  

Most of the research conducted on thermal comfort and assessment of the draught risk of 
ventilation systems focuses on mechanical ventilation solutions and fails to consider the 
specific characteristics of natural ventilation. This has created a lack of suitable methods for 
assessment and evaluation of the draught risk performance of natural ventilation. 
 
Key aspects and considerations when evaluating a natural ventilation system in terms of 
draught, include:  

- High degree of user control: influence on the perceived indoor environmental quality.  
- Visual openings/ventilation: this might lead to greater acceptance.  
- Air distribution patterns: displacement or mixing depending on driving forces.  
- Operation strategy: continuous or intermittent operation. 

 
It should be noted that fulfilling the given criteria of thermal comfort and draught does not 
mean 100% acceptance of all occupants. Individual preferences and differences in activity and 
clothing levels make it difficult to satisfy everyone in space. Individual control of the thermal 
environment or individual adaptation (clothing, activity) increases the level of acceptance. 
 
2.2 Risk of draught  

The risk of draught is expressed in various present thermal comfort standards ISO 7730:2005, 
EN 16798-1:2019 and ASHRAE 55-2020. EN 16798-1 and ISO 7730 are both based on the 
widely used and recognised model for assessing the risk of draught developed by Fanger et al 
(1988). The risk of draught is evaluated by the draught rate (DR), which expresses the 
percentage of people dissatisfied due to draught. DR is not only determined by the local air 
velocity, but also influenced by air temperature and turbulence intensity, as presented in Eq. 
(1).  

𝐷𝑅 = (34 − 𝑡𝑎,𝑙)(�̅�𝑎,𝑙 − 0.05)0.62(0.37 ∙ �̅�𝑎,𝑙 ∙ 𝑇𝑢+3.14)   (1) 
Where: 

DR is the predicted percentage dissatisfied, % 

ta,l is the local air temperature, in degrees Celsius, 20 °C to 26 °C;  

�̅�a,𝑙 is the local mean air velocity, in metres per second, < 0,5 m/s;  

Tu is the local turbulence intensity, in percent, 10 % to 60 %  

 
This model applies to people with sedentary activity and with a neutral thermal sensation for 
the whole body. In addition, the model is designed to predict the draught rate at the neck 
level, and an overestimation is expected when predicting the draught at the arm or feet level. 
The expected overestimation of draught at arm and feet level by Fanger et al (1988) is 
illustrated in Figure 1, where the dissatisfaction with draught modelled by Eq. (1) developed 
for neck level is compared with the measured number of dissatisfied with draught rate at feet 
level. There is an almost linear correlation, meaning that it is possible based on the figure and 
measurements to calculate both the expected draught levels at the neck, arm and feet level. 
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Figure 1. Comparison of predicted and measured percentages of draught risk for arms and feet (Fanger et al, 
1988). 

Based on a recent study from Berkeley (Schiavon et al 2016; Liu et al 2017) a new draught 
risk assessment method has been added in the recent ASHRAE 55-2020. The method assesses 
the risk of draught at the ankle region, 0.1m above floor level, valid for clo < 0.7 and met < 
1.3. This method can be applied in buildings with thermally stratified systems, such as 
displacement ventilation and underfloor air distribution. The maximum air speed at ankle 
level can be derived using Eq. 2:  
 
     Vankle < 0.35 ∙ TS + 0.39    (2) 
Where: 
Vankle air speed at 0.1m above floor, m/s 

TS whole body thermal sensation; Equal to PMV calculated using the input air temperature and speed averaged 

over two heights: 0.6m and 1.1m for seated occupants and 1.1m and 1.7m for standing occupants. 

 
Based on eq. (2) a maximum air speed of 0.39 m/s can be applied if the whole-body thermal 
sensation is neutral (TS=0). The online CBE Thermal Comfort Tool (Tartarini et al., 2020) 
can be used to assess the risk of draught at the ankle level.  
 
3 FINDINGS AND EXPERIENCES  

 
3.1 Assessing the airflow pattern  

Openings for natural ventilation are often placed either close to the ceiling or close to the 
occupied zone, and the characteristics of the airflow from the openings play a crucial role in 
ensuring comfortable conditions. Hence, one important aspect when evaluating and improving 
the concept (e.g. due to draught) is to be aware of the different air distribution regimes that 
can occur with the chosen design. Figure 2 shows the typical air distribution conditions in a 
room with high positioned openings. The airflow will assume one of three primary patterns 
and will be dependent on the opening area as well as indoor/outdoor temperature and pressure 
difference. 
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Figure 2. Typical air distribution conditions in a room with high-positioned openings (Heiselberg, 2006) 

 
Table 1 explains when the air distribution conditions shown in Figure 2 typically occur. This 
explanation is found in Heiselberg (2006), which is based on several studies (Bjorn et al., 
2000; Heiselberg et al., 2001 and 2002). 
Table 1. Explanation of air distribution conditions in  a room with high-positioned openings (Heiselberg, 2006). 

Flow regime Typically occurring Flow pattern 

1 Small driving forces (0.2 – 0.4 Pa) or low 
outdoor temperature supply air (high 
indoor/outdoor temperature difference). 

Air distribution in the room will follow the 
displacement principle and the draught risk 
will be highest along the floor. 

2 & 3 Driving forces (p > 4-6 Pa) or higher 
outdoor temperatures (t < 5 K) 
 

Air distribution in the room will act as a 
thermal jet and traditional jet theory can be 
used to predict airflow path and draught risk 
will typically be highest at neck level. 

4 For bottom-hung windows close to the 
ceiling during warmer outdoor temperatures 

Air distribution in the room will act as an 
isothermal jet. 

 
For low-positioned openings in the façade the aim is to distribute air to the room according to 
the displacement principle to achieve a high ventilation efficiency and the highest draught risk 
will always be close to the floor. 
 
3.2 Risk of draught evaluation for natural ventilation 

Several laboratory measurements and Computational Fluid Dynamic (CFD) simulations were 
carried out during the research project ‘‘Natural cooling and ventilation through diffuse 
ceiling supply and thermally activated building constructions” (Zhang, C. et al, 2015 and 
2016). The measurement and assessment of draught risk included both a natural ventilation 
setup with high positioned façade openings and a setup based on diffuse ceiling supply. 
 
Figure 3 illustrates a 2-person office room test setup and measuring positions in the room. 
Three bottom-hung high level inward façade openings with a dimension of 350x800mm 
(HxW) was located about 2.4m above floor level. The test included two heat load scenarios of 
around 30 W/m2 and 60 W/m2 with an air change rate of 2 (85,5 m3/h) and 4 (171 m3/h), 
respectively. Air was continuously being supplied to the room. Temperature difference 
(indoor/outdoor air) varied from 0-32K. 
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Figure 3. Test setup, measuring positions in the room and on the columns (Zhang, C. et al, 2015). 

 
Extended results from the work are displayed in this paper, by going even further in depth 
with the results for the natural ventilation with high level façade openings compared to earlier 
shown results. It should be noted that the turbulence intensity in the study was set to 40% - for 
some tests some could argue to use 20% instead.  
 
Gunnar et al (2017) conducted several experiments in a thermally insulated test room and 
assessed the risk of draught in a room with a high-level façade opening with a supply air flow 
rate of 14 and 29 l/s with an inlet temperature of around 0 oC. It should be noted that the 
turbulence intensity in the study was selected to be 10%, however for the current study the 
draught rate was re-calculated based on a turbulence intensity of 20% in order to compare 
results from the different studies. Figure 4 shows the test setup.  
 

 
Figure 4. View inside the test room (left) and section of the opening vent (right) (Gunnar et al, 2017).  
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Figure 5. Calculated draught rates using Fanger’s equation.  

The maximum draught rates in both studies are calculated by different assessment methods as 
introduced in Section 2.2. Figure 5 illustrates the draught rates calculated by Fanger’s 
equation (eq. 1). It shows, as expected, that the risk of draught increases as the temperature 
differences between indoor and outdoor increases. A draught rate < 20% can be achieved at a 
temperature difference below 6 K and 22K for 4 and 2 air changes, respectively.  
 

 
Figure 6. Calculated draught rates using adjusted Fanger’s equation at the feet level. 

Figure 6 shows the adjusted draught rates at the feet level based on Fanger’s equation. A 
correlation coefficient of 0.82 is applied to the feet level, as shown in Figure 1. The reason for 
the lower draught rate at the feet level is that people are less draught sensitive at the feet than 
the head. In addition, clothing plays an important role.  Normally, people have their feet and 
ankles covered, and the clothing layer will damp the thermal impact on the skin. The Fanger’s 
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equation is designed to predict the draught rate at the neck level, and an overestimation is 
expected when predicting the draught at ankle level. 
 

 
Figure 7. Calculated draught rates using CBE equation.  

Figure 7 presents the draught rates calculated by the CBE equation, with an assumption of 
relative humidity 50%, clothing level 0.7 clo and metabolic rate 1.2 met. It could be observed 
that the draught rates calculated by the CBE method are much lower compared to the other 
two methods. The highest DR is 24% by CBE method, while the values by Fanger’s method 
and adjusted Fanger’s method are 45% and 37%, respectively. 
This is because CBE method considers both whole body thermal sensation and air speed at 
ankles as key parameters affecting draught, while Fanger’s method assumes people with a 
neutral thermal sensation and focuses on the importance of local air conditions, such as air 
speed, temperature, and turbulence intensity.  
 
4 SOLUTIONS COPING WITH DRAUGHT  

There are different design solutions that can be used in order to minimise the risk of draught. 
Table 2 gives design recommendations depending on the specific goal.  

Table 2. Design options to reduce draught risk for natural ventilation. 

Goal  Solution 
Higher air inlet temperature ▪ Double skin façade solutions  
Lowered air velocities  ▪ Diffuse ceiling supply  

▪ Obstacles e.g. a perforated plate like a 
window sill.  

▪ Radiator below incoming air. 
Higher air inlet temperature and lowered air 
velocities 

▪ Diffuse ceiling supply  
 

 
Zhang et al. (2015 and 2016) developed a novel air distribution concept for air intake from the 
façade at the ceiling level. Outdoor air is supplied to the space between the suspended ceiling 
and the ceiling slab and supplied to the room through diffuse ceiling panels. Due to the large 
inlet opening area, the ventilated air is supplied into the room with very low velocity. The 
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measured results indicated that even at supply air temperatures of -7 °C, the draught rate was 
below 10 %, as shown in Figure 8.  
 
Gunnar et al (2017) investigated if different types of obstacles, below a high-level opening, 
could minimize the risk of draught. Two different windowsills were tested one was solid and 
the other was a perforated plate, both were located 75cm above floor level. A 30cm high 
vertical shelf placed on the floor approx. 30 cm from the outer wall was also tested to see if 
this could minimize the risk of draught. Figure 8 illustrates the flow patterns with different 
types of obstacles. Figure 9 shows that by introducing different obstacles below the façade 
openings can potentially minimise the draught rate by more than 10% points.  
 

   
Obstacle 1 Obstacle 2 Obstacle 3 

 
Figure 8. Qualitative visualization of the flow pattern with different types of obstacles (Gunnar et al, 2017)  

 

 
Figure 9. Risk of draught using diffuse ceiling supply (DCV) and various obstacles with Fanger’s equation 

 

5 DISSUSSION AND CONCLUSIONS 

This study compared various methods proposed in current standards and literature for 
assessing draught rate, including Fanger’s method, Fanger’s method adjusted for draught risk 
at feet level and the CBE method. The results indicate significant deviations in predicted 
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draught rate when different methods are utilized. The commonly used Fanger’s method tends 
to overestimate the draught risk associated with natural ventilation, especially in systems 
using displacement air distribution patterns. Further investigation is needed to identify the 
most suitable method for evaluating draught risk in natural ventilation systems. 
On the other hand, elevated air speeds do not always result in unpleasant draught. In some 
situations, increased air speed could enhance perceived comfort. Whether air movements lead 
to draught, or enhance perceived comfort depends on factors like activity level, thermal 
environment, overall thermal sensation, clothing, ability to personally adjust air velocities etc. 
Further studies are recommended to explore methods of increasing personal control on the 
assessment of draught risk of natural ventilation. 
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ABSTRACT 
 
Indoor air quality in residential buildings has been attracting more attention from the public. Many portable air 
cleaner products have been developed and are available in the market. Manufactures generally claim that those 
portable air cleaners can efficiently remove PM2.5 and/or TVOC and can also remove virus from the indoor air. 
However, no standards are available to have the claimed efficiency comparable and thus unclear effect in 
applications at homes. This study tested four air cleaners with embedded sensors by using pollutant sources of 
smoking and burning candles, which exist widely at homes, in a climate chamber (20 m3) without turning on the 
mechanical ventilation system, respectively. The concentrations of PM2.5 and TVOC measured by the embedded 
sensors were compared with the recorded data by instruments with high accuracy such as DustTrak (8533), SMPS 
(scanning mobility particle sizer, 3910), OPS (optical particle sizer, 3330) and Ion Science Tiger TVOC gas 
detector. The results showed that the embedded sensors generally underestimated the PM2.5 mass concentration 
and thus influenced the regulation of fan speeds of air cleaners. Only the embedded sensor of one air cleaner could 
provide comparable PM2.5 mass concentration with the data measured by DustTrak when the concentration was 
within the detected range of the embedded sensor (< 1000 µg/m3). The underestimated PM2.5 mass concentrations 
led to the air cleaners to quickly switch to the lowest fan speed although the PM2.5 mass concentration was still far 
too high. The embedded sensors cannot properly detect the mass concentrations of ultrafine particles released from 
burning candles. The air cleaners do not regulate its fan speeds based on TVOC concentrations measured by the 
embedded TVOC sensors. The obtained results highlighted the limited accuracy of the embedded low-cost sensors. 
It is imperative to issue standards to guide manufacturer to properly report the efficiency of their products and to 
clearly claim the performance of air cleaners. 
 

KEYWORDS 

 
Burning candles, Efficiency, PM2.5, Portable sensor-based air cleaner, Smoking  
 
1 INTRODUCTION 

 
Nowadays people spend over 90 % of their time indoors. Ensuring indoor air quality (IAQ) is 
thus imperative. However, many pollutant sources exist in indoor environments, especially at 
home where the house owners can conduct any activities they want. Various studies have 
been conducted to identify the pollutant sources behind daily household activities and which 
ones had large impact on IAQ. One activity, which has a major influence on the emission of 
particles, is smoking cigarettes (Suryawanshi et al., 2016). The major pollutants from 
smoking are particulate matters (PM). PM2.5 has a harmful impact on human’s health and a 
long-term exposure to PM2.5 negatively affects the lungs (Yang et al., 2021). The 
concentration of PM2.5 can be around 91 % higher in the home of smoker compared to the 
residence of a non-smoker (Daher et al., 2011, McCormack et al., 2008, Abdel-Salam, 2021). 
Smoke from tobacco have also been proven to emit VOCs, some of which have been 
identified to have a negative effect on people’s health and can cause illnesses such as allergies 
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and asthma (Wang et al., 2012). Another common indoor activity is burning candles, which is 
the largest indoor source of ultrafine particles in Denmark (Bek.  et al., 2013). Ultrafine 
particles have also been discovered to have a harmful impact on human’s health 
(Schraufnagel, 2020). During the burning of candles, a large amount of ultrafine particles are 
emitted while PM2.5 concentration is quite low (Hansen et al., 2018). However, when candles 
are lit, certain VOCs can be emitted as a by-product of the burning (Bari et al., 2015). The 
extinguishing of candles causes the black carbon concentration to rise, which is a by-product 
of soot and the largest concentration is emitted when a candle is blown out (Hegde et al., 
2020).  
 
Recently, people have become more aware of the importance of IAQ. This increased 
awareness has amplified the market for air-cleaning technologies. One of the popular products 
to improve IAQ is portable air cleaners. Besides the main filtration system, many air cleaners 
have additional cleaning techniques, which have been claimed to speed up the removal rate of 
pollutants in the air (Luengas et al., 2015). For example, it was acclaimed that virus e.g. 
COVID-19 and VOCs/TVOCs can also be removed from the air besides PM2.5 (Liu et al., 
2022, Chen et al., 2005). However, the removal efficiency of PM2.5 and VOCs/TVOCs varied 
significantly. Besides, many test methods and standards used to quantify the portable air 
cleaner’s efficiency are available. One study showed that the obtained efficiencies of air 
cleaner tested by different methods were often incomparable and could be misleading 
(Harriman et al., 2019). The air cleaners are also evaluated based on different performance 
indices, which makes it further difficult to compare results obtained from different air 
cleaners.  Almost every test monitored different size intervals of PMs and used different 
pollutant sources (Afshari et al., 2022). The typical pollutant source used in those tests was 
cigarette smoking, road dust or pollen. The performance of the air cleaner was often evaluated 
based on the amount of time needed for air cleaner to clean the polluted air (Chan and Cheng, 
2006). However, none of these studies have focused on pollutant sources, which could emit 
mostly ultrafine particles such as burning candles.  
 
To control the portable air cleaner, embedded low-cost sensors are implemented to simplify 
the regulations of air cleaner by consumers (Koust and Rydahl, 2022). The most commonly 
used type of low-cost sensors are optical sensors, which are based on light scattering(Alfano 
et al., 2021), but it is not clear if the same principle has been used for those embedded 
sensors. The circulated ventilation rate is regulated by fan speeds based on the measured 
concentrations of pollutants e.g. PMs and TVOCs by embedded sensors. The accuracy of 
sensors and their interaction with fan auto-mode is a concern and hardly studied. The ability 
to measure PM2.5 of two embedded sensors in air cleaners was investigated under two 
different conditions (He et al., 2020) by using a nano-sliver based surface cleaner as a 
pollutant source in a test chamber, and in a residential house with the pollutant source of 
cooking. However, the pollutant source smoking, a standardised tests of air cleaner, was not 
tested. The fan speed regulation under auto-mode was investigated in another study (Huang et 
al., 2021). The results showed that the auto-mode could be the most effective in removing 
particles compared to manual regulation unless a sudden high concentration arose. None of 
the residents in these apartments were smokers and the concentration of ultrafine particles 
was not monitored and analysed. The accuracy of the sensors was not investigated either.  
 
The objectives of this study were (1) to investigate the accuracy of the embedded sensors of 
four selected air cleaner when pollutant sources were smoking and burning candles, 
respectively; (2) to study the regulation of fan speeds at auto-mode per the measured 
concentration of PM2.5 and/or TVOC of the four selected air cleaner.   

783 | P a g e

Peer Reviewed Paper | Student Competition Paper



2 METHODOLOGY  

Four air cleaner with embedded sensors to measure concentrations of PM2.5/TVOC were 
tested with pollutant sources of smoking and burning candles in a climate chamber (20 m3) 
without turning mechanical ventilation system on. The surfaces of the chamber were covered 
by inert FEP to ensure that none of the particles could attach to the chamber wall surfaces.  
 
The concentrations of PM2.5 and TVOC measured by the embedded sensors were compared 
with the recorded data by advanced instruments. The DustTrak (8533) measures the mass 
concentration of particles with size ranging between 0.1 µm to 2.5 µm, logs the data with a 
sampling frequency of 60 s and a time constant of 1 s. The SMPS (scanning mobility particle 
sizer, 3910) connected to a UCPC (Ultrafine Condensation Particle Counter, 3776) was used 
to measure the total number of ultrafine particles. The measured size was between 6.04 nm 
and up till 220.7 nm. To monitor the TVOC concentration, the Tiger (Ion Science Tiger 
TVOC gas detector) was employed. To ascertain similar test conditions in all measurements, 
the C.A 1510 was used to monitor the temperature and relative humidity in the chamber.  
 
2.1 The selected four air cleaners 

Four air cleaners were selected by using the criteria that it is possible to register the 
concentration of PM2.5 from the embedded sensors and to control the air cleaner from outside 
of the test chamber. Air cleaner selected in this study have been anonymised and assigned a 
number from 1 to 4. More information can be found in Table 1. The pre-filter is used to catch 
the coarse particles and activated carbon is used to remove both particles and TVOCs. The 
lowest level of fan speed of air cleaner 3 is only used for fan start. The sensor of air cleaner 3 
can measure concentrations of PM1 and PM10 besides PM2.5. Although the TVOC 
concentration was measured for air cleaner 4, no data could be extracted.  

Table 1 Summary of four selected air cleaner 

Air cleaner 1 2 3 4 

Filters/cleaning 
technology 

Pre-filter/EPA 12 
combination 
filter/UV-C light 

Pre-filter/HEPA 
filter/activated 
carbon filter 

Pre-filter/EPA 12 
filter/E12 
filter/ionizer 

Fiber mesh pre-
filter/activated 
carbon/UV-C light 

     
Fan speed level 
 

4 3 5 
 

4 

TVOC sensor? No No Yes Yes*  
Placement of 
sensors 

N/A At the back On the top Center of lateral 
side 

Type of sensors N/A N/A  N/A N/A 
* No data can be extracted from air cleaner 4.  
 
2.2 The experimental design 

Two types of experiments were conducted and referred as type 1 and type 2, respectively. The 

type 1 smoking tests were conducted based on the standard ANSI/AHAM AC-1, while the 

type 2 smoking tests were a modified version of this standard, which was introduced later. 

The placement of air cleaner, pollutant source, standing fan and sampling points is shown in 

Figure 1. The same set-ups were followed for all measurements, namely: (1) placing the air 

cleaner in the centre of the test chamber, around 1.0 – 1.5 m away from the pollutant source; 

(2) using three identical cigarettes via smoking robots; (3) instruments such as SMPS and 

DustTrak were located outside the chamber, while instruments e.g. Tiger and C.A 1510 were 

placed on the top of the chamber, near the measuring ports; (4) before each individual 

measurement, the chamber were thoroughly ventilated to minimize the influence of previous 

measurements. This was ascertained by continuous monitoring of ultranet fine particle and 

PM2.5 concentrations until they reached the concentration of background; (5) all instruments 
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were zero calibrated. A mixing (standing) fan was placed next to the smoke robots in type 1 

smoking tests to assist achieving a homogenized pollutant concentration in the chamber.  

 

Figure 1 Sketch of placement of air cleaner, pollutant source, standing fan and sampling points in test chamber 

and a photo representing an example of facilities placement in a smoking test. 

 
In smoking type 1 tests, the background concentration in the chamber was monitored for 10 
minutes after the chamber was thoroughly ventilated and before the cigarettes were lit via the 
smoking robots which were automatically turned on from outside. When the entire cigarette 
was burnt out down to the white head, the smoking robots were turned off. The standing fan 
in the chamber was turned on for 10 minutes after no smoking was released from cigarettes. 
Last, the air cleaner was turned on at auto mode via APP installed in smart phone. The 
measured concentrations such as PM2.5 and TOVC (if possible) by embedded sensors were 
recorded for minimum 30 minutes. However, there are two differences in smoking type 2 
tests.  The mixing fan was not used, and the air cleaner was turned on simultaneously when 
the cigarettes were lit. The overview of experimental cases is shown in Table 2. 

Table 2 Overview of experimental cases 

Air cleaner cases Air cleaner cases Air cleaner cases 

Air cleaner 1 Smoking, type 1 Air cleaner 3 Smoking, type 1 Air cleaner 1 Candles  
 Smoking, type 1  Smoking, type 1 Air cleaner 2 Candles 
 Smoking, type 2  Smoking, type 2 Air cleaner 3 Candles 
Air cleaner 2 Smoking, type 1 Air cleaner 4 Smoking, type 1 Air cleaner 4 Candles 
 Smoking, type 1  Smoking, type 1   
 Smoking, type 2  Smoking, type 2   

 
The set-ups of candle measurements were similar with those in smoking type 1 tests. The 
difference was that candles were lit manually after the concentration of the chamber 
background was monitored for 10 minutes. The concentrations of PM2.5 and ultrafine particles 
were observed to be stabilized after 40 – 45 minutes. Then the air cleaner was turned on at 
auto mode for 30 minutes before it was switched to highest level of fan speed manually for 
another 30 minutes. Afterwards, the fan speed was switched back to auto mode again and the 
concentration of particles was monitored for another 30 minutes. Last, the candle was 
extinguished via blowing and the air cleaner was still on for 30 minutes, and the data of 
concentrations were kept logging, which are shown in section 3.  
 
3 RESULTS & DISCUSSION 
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3.1 Comparison of PM2.5 concentration between embedded sensors and DustTrak 

Figure 2 and Figure 3 display the comparison of PM2.5 concentrations measured by embedded 
sensor of air cleaner 1 and air cleaner 3, respectively, to those by DustTrak as examples of 
smoking type 1 tests. The results obtained from air cleaner 2 and air cleaner 4 were not shown 
because they have similar trends to results achieved from air cleaner 1 and air cleaner 3, 
respectively. The PM2.5 concentrations measured by the embedded sensor were under-
estimated for both air cleaner 1 and air cleaner 3 compared to the values measured by 
DustTrak. The embedded sensor could only detect the PM2.5 concentration at maximum 500 
µg m-3 and the concentration of PM2.5 decayed immediately when air cleaner 1 was turned on. 
The embedded sensor of air cleaner 3 has detected PM2.5 concentration at 1000 µg m-3 and 
PM2.5 concentration was maintained at 1000 µg m-3 for a few minutes when it was higher than 
1000 µg m-3 as indicated by DustTrak, shown in Figure 3. 
 

 
Figure 2 PM2.5 concentrations of smoking type 1 test conducted with air cleaner 1. The abbreviations represent 
the changes through the experiment. C LIT: The cigarettes were lit, C OUT: no more smoke was observed from 
the cigarettes, AC ON: Air cleaner turned on, AC OFF: Air cleaner was turned off, V ON: the ventilation was 
turned on.  

 
Figure 3 PM2.5 concentrations of smoking type 1 conducted with air cleaner 3. The abbreviations represent the 
changes through the experiment. C LIT: The cigarettes were lit, C OUT: no more smoke was observed from the 
cigarettes, AC ON: Air cleaner turned on, AC OFF: Air cleaner was turned off, V ON: the ventilation was turned 
on.  
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These results indicate that the four air cleaner were able to remove PM2.5 after they were 
turned on as the PM2.5 concentrations were decayed, and they reached to a low level after 30 
min for air cleaner 1 and after 15 min for air cleaner 3.    
 
Smoking type 1 tests for each air cleaner were repeated, shown in Figure 4 for air cleaner 2 as 
an example. The recorded PM2.5 concentrations were similar in two identical repeated 
measurements but slightly different during the period when PM2.5 concentration declined. The 
fan speed changed at almost the same timestamps for air cleaner 1, 3 and 4 in the repeated 
tests. However, there was a 6 min delay for air cleaner 2 and the fan speed was changed to a 
low level at an almost identical PM2.5 concentration measured by the embedded sensor in the 
two repeated measurements. A noticeable difference of PM2.5 concentrations measured by 
DustTrak was observed when the fan speed of air cleaner 2 was changed. It seems that the 
PM2.5 concentration measured by the embedded sensor of air cleaner 2 was not as stable as the 
other three air cleaner. 

 
Figure 4 Comparison of PM2.5 concentrations between two repeated measurements for air cleaner 2. The 

abbreviations stand for the level of fan speed (FS) that the air cleaner regulates. 
 

 
Figure 5 PM2.5 concentrations of smoking type 2 test conducted with air cleaner 1. The abbreviations represent 
the changes through the experiment. C LIT: The cigarettes were lit, C OUT: no more smoke was observed from 
the cigarettes, AC ON: Air cleaner was turned on, AC OFF: Air cleaner was turned off, V ON: the ventilation 
was turned on. 
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Figure 6 PM2.5 concentrations of smoking type 2 tests conducted with air cleaner 3. The abbreviations represent 
the changes through the experiment. C LIT: the cigarettes were lit, C OUT: no more smoke was observed from 
the cigarettes, AC ON: air cleaner was turned on, AC OFF: air cleaner was turned off, V ON: the ventilation was 
turned on. 

Figure 5 and Figure 6 show the comparison of PM2.5 concentrations measured by the 
embedded sensors to those by DustTrak for smoking type 2 tests of air cleaner 1 and 3, 
respectively, when they were turned on simultaneously as the cigarettes were lit. Compared to 
PM2.5 concentrations in Figure 2 and Figure 3, they were significantly lower in smoking type 
2 tests. Turning on the air cleaner during the smoking is recommended per those results. 
Again, the PM2.5 concentrations measured by embedded sensors were under-estimated for 
both air cleaner 1 and 3. The air cleaner 3 reduced the PM2.5 concentration much faster than 
air cleaner 1 and the embedded sensor of air cleaner 3 seems also performing better than that 
of air cleaner 1. This could be an advantage in terms of exposure to relatively high level of 
PM2.5 concentration in a short period.  
 
3.2 Comparison of TVOC concentrations  

 
Figure 7 Variation of TVOC concentration for smoking type 1 test with air cleaner 3. The abbreviations 
represent the operation changes through the experiment. AC ON: air cleaner was turned on, AC OFF: air cleaner 
was turned off. 

Figure 7 shows the variation of TVOC concentrations measured by embedded sensor and 
instrument Tiger in smoking type 1 tests for air cleaner 3. The measured TVOC 
concentrations by embedded sensor agreed well with those measured by Tiger and decayed 
when air cleaner 3 was turned on. The TVOC concentrations did not decay when air cleaner 1 
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and air cleaner 2 were turned on. But the TVOC concentrations measured by Tiger decreased 
as the air cleaner 3 and air cleaner 4 were turned on. Although the air cleaner 3 and air cleaner 
4 did remove TVOC, the change of TVOC concentrations had little influence in regulating 
fan speeds.  
 
3.3 Comparison of PM2.5 concentrations in tests of candle burning 

Figure 8 and Figure 9 show the variation of PM2.5 mass concentrations and the total number 
concentration of ultrafine particles (total number concentration hereinafter) for air cleaner 1 
and 4, respectively. The PM2.5 concentration was relatively low in tests of burning candle, so 
the air cleaner was run at a low fan speed. The total number concentration was maintained at a 
stable level. After the fan speed was switched to the maximum level, the total number 
concentration was reduced significantly. A couple of fluctuations were observed when fan 
was run at the maximum speed. This could be explained by the fact that the maximum fan 
speed disturbed the candle flames and caused unstable burning of candles. After the fan speed 
was switched back to the auto-mode, the fan speed was switched to the low level and the total 
number concentration increased again as burning candle continuously released the ultrafine 
particles. The changes of fan speeds hardly impacted the PM2.5 concentration. The extinguish 
of burning candle released particles with sizes larger than ultrafine particles size range so the 
mass concentration of PM2.5 significantly increased. The air cleaner 1 reduced both PM2.5 
mass concentration and total number concentration. However, the fan speed was regulated 
mainly based on the PM2.5 mass concentration. If total number concentration of ultrafine 
particles was critical under certain circumstances, auto mode of fan regulation is not preferred 
because it does not react to high total number concentrations. 

 
Figure 8 Total number concentration and PM2.5 concentration with burning candles for air cleaner 1. The 
abbreviations represent the changes through the experiment. Candles Lit: The candles were lit, AC ON: air 
cleaner was turned on, Max FS: maximum fan speed level was employed, AM: auto mode was employed, 
Candles ex.: candles were extinguished, AC OFF: air cleaner was turned off.  

When candles were extinguished, air cleaner 1 and 2 only perceived a small change in PM2.5 
concentration. Consequently, the fan speeds were not adjusted. Air cleaner 3 and 4 did 
register the change in PM2.5 mass concentration, as seen in Figure 9, and adjusted their fan 
speeds accordingly. The PM2.5 mass concentration and the total number concentration were 
reduced quickly. This resulted in the PM2.5 mass concentration in 10 µg m-3 after the candles 
were blown out for 15 – 20 min. For air cleaner 1 and 2, it took about 40 minutes before the 
PM2.5 mass concentration reached 10 µg m-3. This extended time entail that the users of air 
cleaner 1 and 2 can be exposed to a higher level of particles for longer time, which is a risk of 
their health. Another observation from burning candle tests was that none of the air cleaner 
turned off automatically when the embedded sensors did not register PM2.5 concentration. 
This could raise the concern to employ an air cleaner, which essentially consume electricity 
for no reasons. 
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Figure 9 The result of the candles experiment conducted with air cleaner 4. The abbreviations represent the 
changes through the experiment. Candles Lit: The candles were lit, AC ON: Air cleaner turned on, Max FS: 
maximum fan speed level was employed, AM: auto mode was employed, Candles ex. Candles were 
extinguished, AC OFF: Air cleaner was turned off. 

 
4 CONCLUSIONS 

This study conducted experimental measurements in a climate chamber to assess the accuracy 
of embedded sensors of air cleaner and their influence on regulating fan speeds. Generally, the 
PM2.5 concentrations were under-estimated by embedded sensors of air cleaner. The air cleaner 
can remove PM2.5 when they were turned on in smoking tests and can also remove total particle 
concentration in burning candles tests with highest fan speed. It is recommended to turn on the 
air cleaner when the pollutant source of smoking is available instead of turning on the air cleaner 
after smoking. The customer should be reminded that the fan speed is not able to be regulated 
when the pollutant source is burning candles. The air cleaner being able to measure TVOC 
concentration cannot change its fan speed per TVOC concentration. This complete information 
might be suggested to be provided or the manufactory can add the feedback of TVOC 
concentration to fan speed regulation. It is also noticed that the embedded sensors of different 
air cleaner could perform diversely so standards to guide the test of air cleaner are beneficial in 
this industry. One of the limitations of this study is that the concentrations measured by the 
embedded sensors were recorded manually every 30 s. This should be improved in future 
studies. Little information of the embedded sensors such as the principles and types is provided, 
which makes more difficult to compare and discuss the results.  
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ABSTRACT 
 
The existing standards for testing gas-phase air cleaners are based on challenging them with gaseous substances. 
They do not describe air quality measurement using perception, and human emissions (bioeffluents) are not used 
as challenge pollutants. The present work examines the method that can be used as an alternative or together with 
other methods used for testing gas-phase air cleaners. The work is a part of the IEA's Annex 78. Three gas-phase 
air cleaners were tested in the Technical University of Denmark labs. Testing was conducted in rooms adapted for 
laboratory experiments ventilated with different outdoor air supply rates; emissions from typical building materials 
and people were used as challenge pollutants. The effects of using air cleaners were examined by rating the air 
quality's acceptability and odor intensity. For this purpose, participants (subjects) were recruited. The rating was 
made by entering the rooms or on the air extracted from the rooms; in both cases, the subjects were blind to 
exposure conditions. The air was sampled at the lowest ventilation rate for the subsequent GC/MS analysis. The 
results showed that air cleaners using activated carbon performed better than the ones using ion generators. The 
former improved perceived air quality when challenged with emissions from building materials but not when 
human emissions were present. The experience gained will allow for developing the standard for gas-phase air 
cleaners that can be compatible with the requirements for ventilation in the current standards based on sensory 
ratings and considering emissions from building materials and people. 
 

KEYWORDS 
Gas-phase air cleaners, Perceived air quality, Volatile organic compounds, Activated carbon, Human bio-effluents.  
  
1 INTRODUCTION 

The existing standards for testing gas-phase air cleaners use a single or mixture of selected 
volatile organic compounds or other pollutants to test the efficiency of air cleaners. None of 
them includes how air quality is tested using sensory perception. Consequently, there is an 
incompatibility between standards for ventilation, where requirements are mainly based on 
sensory perception and the performance of gas-phase air cleaners. Besides, the methods 
proposed in the standards do not account for the potential by-products generated in the air 
cleaning process that may cause air quality to be poorer than without air cleaners. This work 
aimed to examine the performance of various air cleaners using sensory perception of air quality 
and use the experience for developing the method that can be implemented in future standards 
for air cleaners. 
 
2 METHODS  

The experiment was conducted in March 2022 at the Technical University of Denmark. A two-
stage test was carried out. In Stage 1, we examined whether the air cleaners negatively affect 
indoor air quality. Those who passed this stage were examined in Stage 2, comparing their 
performance against improved ventilation with outdoor air. We examined four portable air 
cleaners (PACs): PAC1a used an ion generator, PAC2p, PAC4p used activated carbon, and 
PAC3a used a UV/ozone reaction. They were operated at average speed (neither turbo nor 
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sleep). Emissions from building materials and humans (human bio-effluents) were used as a 
challenge pollution. We recruited eight people to source as a source of human bio-effluents. 
Thirty subjects were recruited during Stage 1, and thirty-one during Stage 2. They performed 
sensory evaluations of air quality using the scale of acceptability and odor intensity. Different 
experimental conditions were created in rooms adapted for experimental purposes. The volume 
of the experimental room was 55.7 m3: the air temperature was 23oC, and the relative humidity 
was 30%. The conditions were created by changing ventilation rates, setting different sources 
of pollution, and running or idling air cleaners. Ventilation rates (outdoor air supply rates) were 
set at 7.5, 12, 21 and 30 L/s. The sensory assessments were made by entering the room and on 
air extracted from the rooms into diffusers. The first assessment was used to rate air quality. 
The subjects were blind to exposure conditions. Results were analyzed using the Wilcoxon 
Signed Rank Test. At the lowest ventilation rates, the air was sampled on Tenax and DNPH for 
the subsequent chemical analyses performed by the commercial laboratory.   
 
3 RESULTS  

Figure 1 shows the selected results of the experiment from Stage 2. The sum of VOC 
concentrations with the PAC1a was almost the same as those without air cleaner when the 
pollution source was building materials or human bio-effluents. The sum of VOC 
concentrations with PAC2p was lower than those without air cleaners when the pollution source 
was building materials, human bio-effluents, and a mixture of both. Acceptability of air quality 
rated by the subjects with PAC1a was not significantly different when the pollution source was 
building materials or human bio-effluents compared with no air cleaner. It was significantly 
improved with PAC2p when the pollution source was building materials compared with no air 
cleaner; no change was seen when sources were human bio-effluents or a mixture of building 
materials and human bio-effluents. Similar results were seen for PAC4a. These results 
suggested activated carbon type air cleaners effectively reduced the VOCs regardless of 
pollution source and improved perceived air quality when the pollution source was building 
materials. However, when the pollution source included human bio-effluent, perceived air 
quality was not improved. 
 

Figure 1: Results of chemical measurements (summed concentrations of VOCs) and perceived air quality 
(acceptability). 
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4 CONCLUSIONS 

Present results suggest better performance of air cleaners using activated carbon but not for all 
pollutants. Using two two-stage assessment procedures and sensory ratings of air quality 
allowed for identifying air cleaners that performed poorly and even aggravated air quality. 
Present results require confirmation by other groups, but the experience gained can be used to 
develop the methodology that can be implemented in future revisions of standards that examine 
the performance of gas-phase air cleaners.  
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ABSTRACT 
 
The scientific community has been aware of the importance of indoor air quality (IAQ) for many decades, but the 
COVID-19 pandemic has brought a significantly higher level of attention from the general public and 
governmental entities to this theme. However, IAQ comprises hundreds of other parameters besides infectious 
pathogens, many of which can equally impact the health, comfort and well-being of occupants. In this context, an 
intervention study was conducted in Flanders (Belgium) with the aim of investigating the potential impact of 
ventilation and air cleaning on the IAQ, comfort and infection risk control in Flemish public spaces. This paper 
describes part of this study, focusing on the IAQ assessments carried out in four daycare facilities for infants in 
the province of Antwerp. The two first facilities were assessed simultaneously in March 2022, while the two last 
ones were assessed simultaneously in September 2022. At each facility, CO₂ concentration, different size fractions 
of particulate matter (PMx) concentration, temperature and relative humidity (RH) were continuously monitored 
in selected indoor spaces and one outdoor site for 2 consecutive weeks. Average ventilation rates were measured 
in each facility under different airing scenarios. Biological air samples were also collected 2 days per week, in the 
same spaces at each facility, for in-lab qPCR analysis of over 20 genetic markers of respiratory pathogens. Results 
generally highlighted the positive impact of efficient ventilation on IAQ, while the effects of air cleaning were not 
as prominent in each room. CO₂ concentrations up to 4200 ppm were measured in the facilities without mechanical 
ventilation, while they remained consistently below 800 ppm in the facility with the most effective mechanical 
ventilation system. SARS-CoV-2 was detected more frequently and in larger quantities in the facilities with lower 
ventilation rates. The variety of other pathogens was also higher in these less-ventilated facilities. The effectiveness 
of air cleaners in reducing airborne pathogens could not be clearly established at each location. In the sites where 
air cleaning clearly affected indoor PMx, the same effect was also noticeable in the indoor pathogen levels and 
their variety. 
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1 INTRODUCTION 

 
The COVID-19 pandemic has considerably increased the public attention to ventilation and 
CO2 (as an indicator of ventilation) and aerosol concentrations, since it is now widely known 
that the SARS-CoV-2 virus spreads mainly through the air in indoor environments (Morawska 
and Cao, 2020; Randall et al., 2021). However, the quality of the indoor air (IAQ), and by 
extension of the indoor environment (IEQ), is determined by many different parameters of 
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varied natures (i.e. physiochemical, biological, thermal, acoustic and lighting). Similarly, the 
potential impact of inadequate IEQ on the health, behaviour, comfort and well-being of 
occupants can be very diverse. Thus, IAQ is only one of four main parameters that determine 
how an indoor space is experienced by its occupants. Consequently, it is perfectly possible to 
experience discomfort or health complaints in a room with low concentrations of typical IAQ 
pollutants. When evaluating strategies for improving IAQ, such as air cleaning and ventilation 
enhancements, it is therefore important to also consider more parameters than exclusively IAQ. 
 
In this context, a large study was conducted in Flanders (Belgium), at the request of the Flemish 
Government, with the aim of investigating the potential impact of different ventilation and air 
cleaning strategies on the IEQ and infection risk control in Flemish public spaces, thus enabling 
an objective evaluation of the effectiveness and impact of such risk reduction methods. Three 
different types of public spaces were selected for analysis, due to their major potential for 
spreading infectious diseases among sizeable communities: Schools, daycare for infants and 
elderly care facilities. The assessments included the continuous monitoring of temperature (T), 
relative humidity (RH), CO2 and particulate matter (PMx) concentrations, the measurement of 
average ventilation rates (ACHs) and sound pressure levels, the application of occupant comfort 
surveys and the collection of bioaerosols for analysis of respiratory pathogens. The ultimate 
goal of this study was to substantiate selection criteria and points of attention for ventilation 
and air purification with objective data, and to offer actors from the respective settings a 
workable, low-threshold strategy to select the most suitable risk mitigation technology for a 
specific context. The present paper describes part of this larger Flemish study, focusing on the 
measurements of T, RH, ACHs and CO2, PMx and pathogens concentrations carried out in four 
daycare facilities in the province of Antwerp and the effects of air cleaning strategies over 
infection risk control. The assessments carried out in the other facilities, as well as the acoustic 
measurements and comfort surveys assessments, are to be reported elsewhere. 
 
2 MATERIALS AND METHODS  

 
2.1 Sampling sites 

IEQ assessments were carried out during normal working-hours at four different daycare 
facilities in the province of Antwerp, Belgium, in a few selected locations per facility 
(playrooms, sleeping rooms and outdoors). The two first facilities (henceforth called C1 and 
C2) were assessed simultaneously during two consecutive weeks in March 2022, while the two 
last ones (henceforth called C3 and C4) were assessed simultaneously during two consecutive 
weeks in September 2022. Mobile air cleaners were placed in selected rooms. Figure 1 shows 
a sketch of each of the four selected facilities, with the placement of each air cleaner. Table 1 
presents the main specifications of the installed air cleaners. 
 
C1 was a naturally ventilated ground-floor space, which had formerly been a retail store, located 
in a residential area. A total of 13 babies and toddlers were cared for at the time of the 
experiment. The building featured large front windows of the unopenable shopping window 
type. Additionally, it had an exterior door that led to an enclosed (fenced) outdoor playground 
situated on the street side. Behind the indoor playroom of the toddlers (aged > 18 months), there 
was a kitchen with an openable window. At the back of the daycare center there was a bedroom 
for the children’s naptime. Measurements were performed in the toddler’s playroom (C1K1) 
and bedroom (C1K2). 
 
C2 consisted of a terraced building located in an urban environment and had a mechanical 
ventilation system (based on mechanical air extraction and natural air supply). The facility 
provided care for 70 children in total at the time of the experiment, who were divided in groups 
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by age. Two rooms in the toddlers’ building were selected for sampling, one on the ground floor 
(C2K1) and the other on the first floor (C2K2). In both rooms, there was also a duplex-style 
sleeping area integrated within the space (playing and sleeping areas could not be closed off 
from each other). Both rooms shared identical dimensions and spatial arrangements. 
 

 
Figure 1: Sketches of each daycare facility assessed in this study (not to scale) 

 
Table 1: Specifications of the air cleaners installed in the daycare facilities. 

Facility 
Basic 

Technology 
Supplement 

Airflow rate 

(m³ h-1) 

CADR* 

(m³ h-1) 

Noise level 

(dB) 

Energy 

consumption 

(W) 

C1 / C2 
HEPA filter Pre-filter and 

charcoal filter 

736 - 28 - 58 dB 4-90 W 

C3 / C4 - 735 (pollen, smoke) 
>675 (dust) 27 - 55 dB 9-72 W 

*CADR = Clean air delivery rate 
 
C3 was a mechanically ventilated (with a controlled air intake and exhaust), ground-floor 
detached building in a residential area. A total of 101 children were cared for in the facility as 
a whole (considering all the available rooms), divided into 2 age groups: babies (≤ 18 months 
old) and toddlers (>18 months and < 3 years old). The facility consisted of a less recent building 
(completed in 2017, vent. sys. with heat recovery with a supply of 100% fresh air per room at 
design flow rate = 8.35 m³ h-1 per person supply air purified with an F7 panel filter) and a more 
recent extension (completed in 2021, vent. sys. with heating coil, design supply air at flow rate 
= 30.2 m³ h-1 person-1 filtered with an F7 bag filter). In both older and newer constructions, 
every room had glass doors that can be slide opened. Two rooms were selected for air sampling 
in each part of the facility: Playroom for toddlers in older building (C3K1) and its adjacent 
sleeping room (C3K3) and playroom for babies in the newer building (C3K2) and its adjacent 
sleeping room (C3K4). One air cleaner was installed in C3K1. 
 
Lastly, C4 consisted of a previously terraced house located in an urban environment and 
counted only on natural ventilation (door opening and infiltration). It provided care for 20 
children in total (15 children > 18 months and 5 children < 18 months old), not separated by 
age since the facility only counts with one large playroom (C4K1) and bedroom (C4K2). 
Measurements were performed in both spaces, which were on ground floor and could not be 
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closed off from each other (the facility is one large open space, acting as a single-zone). There 
was a kitchen/service area in between C4K1 and C4K2, where the air cleaner was placed. 
 
2.2 Measurement methods 

In each sampling location, monitoring of T, RH, CO2 and PMx was carried out by stationary 
equipment, while the measurements of ACHs and bioaerosols were performed at specific 
moments according to the specific air cleaning schedules. Installations of the stationary 
equipment were done following the ISO 16000-1 recommendations (height of 1 to 1.5 m in the 
room, away from openable doors and windows or heating) as well as possible, since all areas 
selected for the measurements were in use and thus the devices’ location should be safe for the 
occupants and avoid hindering daily activities. For outdoor measurements, all stationary 
devices were placed in a cage so that they could not be reached by the children. 
 
The concentrations of PM1, PM2.5, PM10 and TSP fractions of PMx were measured at a 1min 
frequency via optical detection using GRIMM 1.108 Dust Monitors placed inside weatherproof 
housing. Measurements of CO2, T and RH were performed with HUMILOG20 devices (E+E 
Elektronik, Austria), also at a 1min frequency, via optical detection, negative temperature 
coefficient and capacitive principle, respectively. Average ACHs were inferred in each assessed 
room via a tracer gas decay test, using CO2 artificially injected from a pressurized cylinder as 
a tracer gas and several automatic CO2 loggers scattered around the assessed room to check for 
air mixing (Paralovo et al., 2021). Each decay test was performed during several hours either 
before or after the other IEQ assessments, preferably during unoccupied hours. In each test, a 
few different scenarios leading from lowest to highest ventilation rates were tested (e.g. all 
doors and windows closed vs. all doors and windows opened), depending on the room, to 
provide a more comprehensive overview of the ventilation potential in each space. Air tightness 
of the assessed rooms was measured via standard pressurization tests (blower door test). Where 
available, inlet and outlet airflows from mechanical ventilation systems were measured with a 
FlowFinder-mk2® device (ACIN instruments, The Netherlands). 
 
Bioaerosols were sampled using a Coriolis µ device (Bertin Technologies, St-Berthely, France), 
which collects aerosols with aerodynamic diameters between 0.5 and 20 µm via cyclonic liquid 
impingement (Bertin, 2012). Biological samples were collected twice per week in each daycare 
facility (on the same days for C1/C2 and C3/C4), aiming at collecting one sample per bedroom 
and two samples per playroom (one with the air cleaner active, and another with it inactive) 
during each sampling day (specific sampling schedules were adapted onsite depending on the 
facility’s practicalities). Each sample was collected for 30min into 3ml of lysis buffer, at an air 
flow rate of 100 l min-1. After sampling, the biological samples were sent to the Jessa Hospital 
lab (Hasselt, Belgium) for qPCR analysis. In this analysis, the following genetic markers for 
infectious agents were included as targets: SARS-CoV-2 RNA, Adenovirus DNA, Bocavirus 
DNA, Coronavirus 229E, NL63, OC43 and HKU1 RNA, Enterovirus RNA, hMPV RNA, 
Influenza A and B RNA, Parainfluenza 1-4 RNA, Rhinovirus RNA, RSV-A and B RNA, 
Herpes simplex and Varicella-zoster virus DNA, Bordetella pertussis DNA, Bordetella 

parapertussis DNA, Bordetella holmesii DNA, Chlamydophila pneumoniae DNA, Legionella 

pneumophila DNA, Mycoplasma pneumoniae DNA and streptococcus pneumoniae DNA. 
 
3 RESULTS AND DISCUSSION 

 
3.1 Ventilation characterization  

In C1 and C4, no ventilation system was present. In C2, a mechanical ventilation system was 
present but after assessing its vent holes, it was learnt that this system provided no measurable 
airflow, which was confirmed by the tracer gas decay test. C2 should thus be regarded as 
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without ventilation system. C3 was equipped with two separate mechanical balanced ventilation 
systems. All facilities enabled incrementing the ACHs by opening windows and/or doors. The 
average ventilation rates measured in the four daycare facilities are summarized in Table 2. 

Table 2: Average ventilation rates measured in the four assessed daycare facilities under different scenarios. 

C1 

Air 

tightness 
‘Normal’ scenario 
(window tilted in room next to the assessed room) 

‘Summer’ scenario 
('Normal' + door to outdoor playground open)  

n50 ACH Vol. flow ACH Vol. flow 
(h-1 50Pa) (h-1) (m³ h-1) (h-1) (m³ h-1) 

K1 8.7 1.10 75.6 5.40 372 

C2 

Air 

tightness 
All doors and 

windows closed 

‘Winter’  
(Front door open, door to 
playground slightly open, 
storage room door closed) 

‘Enhanced winter’ 
(‘Winter’ + storage 
room door open with 
window tilted) 

‘Summer’ 
(Sliding windows to playground 
open) 

n50 ACH Vol. flow ACH Vol. flow ACH Vol. flow ACH Vol. flow 

(h-1 50Pa) (h-1) (m³ h-1) (h-1) (m³ h-1) (h-1) (m³ h-1) (h-1) (m³ h-1) 

K1/K2 3.1 0.18 38.0 0.82 174 3.61 768 13.2 2807 

C3 

Air 

tightness 

All doors and 

windows closed 
Door to corridor open 

Sliding window 

open   (to width of 
mosquito screen) 

Door + sliding window 

open   (to width of mosquito 
screen) 

n50 ACH Vol. flow ACH Vol. flow ACH Vol. flow ACH Vol. flow 

(h-1 50Pa) (h-1) (m³ h-1) (h-1) (m³ h-1) (h-1) (m³ h-1) (h-1) (m³ h-1) 

K1 - 0.67 167 1.20 299 2.01 501 1.80 449 

K2  1.82 363 2.93 585 2.30 458 4.44 886 
K3 - 1.23 50.0 2.57 104 - - - - 
K4 - 5.34 138 12.0 310 - - - - 

C4 

Air 

tightness 

All doors and 

windows closed 
Door to backyard open 

Window to the 

street side open 

Door to backyard + 

window to street side open 

n50 ACH Vol. flow ACH Vol. flow ACH Vol. flow ACH Vol. flow 

(h-1 50Pa) (h-1) (m³ h-1) (h-1) (m³ h-1) (h-1) (m³ h-1) (h-1) (m³ h-1) 

K1 - <1 <140 3.33 465 1.11 155 12.0 1669 

 
In C1, the ‘normal’ scenario led to an ACH of 1.1, which corresponds to an air supply of approx. 
5 m³ h-1 per person (average occupancy of 15 persons: children + staff). By warmer weather, 
the door to the playground is kept open and approx. 25 m³ h-1 per person can be achieved. 
However, both scenarios are well below the guideline formulated by the Belgian Task Force 
Ventilation of the Corona Commissioner's Office, which recommends an air supply rate of 40 
m³ h-1 per person in any indoor environment (Flemish Government, 2022). In C2, the ‘winter’ 
scenario led to a ventilation rate of 8.3 m³ h-1 per person (average occupancy of 21 persons in 
C2K1). In the ‘enhanced winter’ scenario, some cross-ventilation is created through the room, 
increasing the flow rate to 36 m³ h-1 per person. But only in the ‘summer’ scenario the 
ventilation rate is above the recommended guideline (approx. 134 m³ h-1 per person). 
 
In C4, it was not possible to perform measurements during unoccupied hours. An exact 
ventilation rate for the scenario with all doors and windows closed could not be determined, but 
approximate values were theoretically calculated, resulting in a value of approx. 6.1 m³ h-1 per 
person (average of 23 occupants: children + staff). Both scenarios with one-sided ventilation 
were also insufficient to achieve the recommended 40 m³ h-1 per person. Opening windows on 
both sides (i.e. providing cross-ventilation) resulted in a flow rate of 72.5 m³ h-1 per person. 
 
In C3, a better situation was expected due to the functional mechanical ventilation system. 
However, the mechanical system alone was not enough to provide the minimum recommended 
guideline of 40 m³ h-1 per person in neither of the playrooms (in the first scenario C3K1 reaches 
8.4 m³ h-1 per person for 20 occupants, and C3K2 reaches 30 m³ h-1 per person for 12 occupants). 
In C3K2, opening the door to the corridor is sufficient to reach the recommended guideline, but 
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in C3K1 the guideline is not reached even with both sliding door and door to the corridor 
simultaneously open. Although this difference is mostly due to the lower occupancy in C3K2, 
there was also an imbalance in the airflows provided by the mechanical ventilation system (the 
newer part of the building received more airflow than the design airflow, while the older 
received less). This issue affected the ventilation in both bedrooms (C3K3 and K4) similarly, 
with the aggravation that no immediate measures can be taken to supplement the airflows (i.e. 
there are no windows and the doors must remain closed for the children’s sleep quality). 
 
3.2 Measurements of T and RH 

According to the advice of the Flemish Indoor Environment Decree, the temperature should 
stay between 20-24°C during the cold season and between 22 and 26°C in the warm season. In 
C2, C3 and C4, the P75-values were in accordance with these recommendations, while C1 
presented P-75 values < 20°C in both assessed rooms. C1 and C2 were assessed simultaneously 
during the cold season, but the median temperatures of both facilities differed by up to 6 
degrees. C1’s bedroom was significantly cooler than the playroom, while C2’s bedroom was 
significantly warmer than the playroom. In C3 and C4, assessed during the warm season, 
temperatures only occasionally exceeded the maximum recommendation of 26°C. 
 
In C3 and C4 the RH values were at least 75% of the time (i.e. P75-value) measured at 
acceptable levels according to the Flemish Indoor Environment Decree (40% < RH < 60% in 
cold season, 30% < RH < 70% in warm seasons). In C1 and C4, RH was higher in the bedrooms 
than in the playrooms. On the other hand, in C1’s playroom the median RH was below the 
recommended level for the cold season (when the assessment took place). In C2 the air was 
remarkably dry, with RH medians < 25% in all assessed rooms, and no clear reason could be 
found. RH is an important comfort parameter, but more importantly a point of attention to limit 
the transmission of viruses indoors. Evidence shows that RH influences both evaporation 
kinematics and particle growth, thus in dry indoor spaces (< 40% RH) the risk of airborne 
transmission of SARS-CoV-2 is higher than that of humid spaces (Ahlawat et al., 2020). Recent 
research points to a strong negative relationship between relative humidity and the transmission 
of both SARS-CoV-2 and influenza (Keetels et al., 2022), partly due to the greater sensitivity 
of airways at lower humidity levels. 
 
3.3 Measurements of CO2 

Figure 2 summarizes the CO2 measurements during occupied hours at each of the assessed 
rooms in all 4 daycare facilities. Although C1 had the smallest group (13 children + 2 
supervisors) of all facilities, the highest CO2 concentrations were consistently measured in 
there, both in the playroom and bedroom, with an average peak concentration in the bedroom 
over the entire 2-week period of 3740 ± 360 ppm (highest peak 4250 ppm). The playroom was 
ventilated through a tilt window in the kitchen which remains open 90% of the day. Another 
possibility to boost ventilation in this room is opening the door to the playground, which is 
usually done for 20 minutes in the morning and in the afternoon (longer in good weather). The 
openable window in the bedroom is usually closed for more than half of the day. In C2, the CO2 
concentrations were generally lower than in C1, but the recommended value of 900 ppm was 
exceeded daily. Both C2K1 and C2K2 showed similar CO2 profiles during the experiment. 
Although the ventilation characterization pointed to a non-functioning ventilation system, the 
concentrations also did not exceed 1500 ppm, indicating that aeration through opening windows 
and/or doors was reasonably effective. 
 
C3 had generally the lowest CO2 concentrations. However, a clear difference was noticed 
between the two parts of the facility. In C3K1 (18 children + 2 supervisors), the recommended 
value of 900 ppm CO2 is (slightly) exceeded every day. The exceedances are more frequent and 
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larger in the bedroom (C3K3), where the highest measured concentration was 1150 ppm, and 
the ventilation rate is entirely dependent on the ventilation system. In C3K2, with 10 children 
+ 2 supervisors and located in the newest part of the facility, with a different ventilation system, 
the CO2 concentration never surpassed 800 ppm (neither in the playroom nor bedroom). 
 

 
Figure 2: CO2 measurements per concentration range during occupied hours at each assessed room. 

 
In C4, the single-zone aspect was clearly reflected in the almost parallel CO2 profiles in the 
bedroom and playroom during the measurement period (the only difference were the 
consistently higher peaks in the bedroom when the children were asleep). Although C1 
presented the highest CO2 peaks of all the facilities, in C4 the CO2 concentrations were the most 
frequently above the 900ppm recommendation (>60% of the time in C4K2 and >45% of the 
time in C4K1). The 900ppm limit was exceeded daily, with greater exceedances in the second 
sampling week. During the first week, the good weather allowed to ventilate by opening 
windows and backyard door (highest concentration = 1300 ppm), but in the second week the 
temperature dropped, and the space was less aerated (highest concentration = 2390 ppm). On 
the last sampling day, the heating was switched on and all the windows/doors remained closed, 
and then the CO2 concentrations rose to almost 3200 ppm. Although the construction of C4 
allowed a high ACH to be achieved thanks to the possibility of cross ventilation, these 
measurements show that this is usually not applied in this facility. 
 
3.4 Measurements of PMx 

The concentration of PMx is one of the parameters by which the efficiency of air cleaning can 
be evaluated, since most air cleaners focus primarily on the removal of PMx from the indoor 
air. In this study, the concentration of PMx is presented in the form of indoor/outdoor ratios 
(I/O), which “normalize” the absolute concentrations and already account for potential outdoor 
environment influence indoors. I/O ratios >1 can indicate either indoor sources of PM or an 
accumulation of outdoor PM in the indoor environment. Table 3 summarizes the median and 
P-75 I/O ratios for different fractions of the PMx calculated for each of the four facilities, 
considering only the rooms with air cleaners installed and only data from the days when the air 
cleaners were operated by the research team (i.e. intervention days, which happened 2x/week 
in each facility: air cleaners were switched off in the mornings and back on in the afternoons). 
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A consistent reduction of the different PMx fractions due to switching on the air cleaners cannot 
be established in every facility. In C1, although a slightly lower I/O ratio is observed for PM1 
with the air cleaner switched on compared to the situation with air cleaner off, the I/O ratios for 
the larger particle fractions (TSP, PM10 and PM2.5) are either the same or higher with the air 
cleaner switched on. Similarly, in C2 the I/O ratios for all PMx fractions in the playroom are 
slightly higher with the air cleaner switched on. 
 

Table 3: Overview of the median and P-75 I/O ratios of different PMx fractions in the four daycare facilities, 
with air cleaning on and off. 

 C1 C2 C3 C4 

 Air cleaner status Air cleaner status Air cleaner status Air cleaner status 
 OFF ON OFF ON OFF ON OFF ON 
 Median (P-75) 
I/O TSP 0,6 (1,2) 1,0 (2,0) 0,3 (0,6) 0,4 (1,0) 2,8 (5,5) 2,7 (5,8) 2,9 (5,1) 2,6 (4,8) 
I/O PM10 0,8 (1,1) 1,2 (1,9) 0,9 (1,6) 1,3 (1,8) 1,5 (2,3) 1,4 (1,9) 1,5 (2,0) 1,1 (1,5) 
I/O PM2.5 0,8 (1,0) 0,9 (1,1) 0,8 (1,1) 0,9 (1,0) 0,6 (0,8) 0,6 (0,8) 1,5 (1,8) 0,9 (1,1) 
I/O PM1 0,7 (0,9) 0,6 (0,8) 0,7 (0,8) 0,8 (0,9) 0,5 (0,6) 0,5 (0,6) 1,9 (2,4) 1,1 (1,5) 

 
Potential reasons for this could be: inadequate configuration or location of the air cleaner in the 
room (in relation to PMx sources), different activities in the facility in the morning and in the 
afternoon that generate different levels of particles resuspension and possibly different 
ventilation/airing during morning and afternoon. The latter seems to have been particularly the 
case for C2, which was assessed in early spring (colder mornings and warmer afternoons). Thus, 
the playroom door was closed in the morning with the air purifier switched on, while it was 
open in the afternoon with the air purifier switched off. This provided extra airing during the 
afternoon, possibly resulting in a reduction of the indoor PMx concentrations unrelated to air 
cleaning itself.  
 
In C3, air cleaning seems to have had virtually no effect over the I/O ratios of the measured 
PMx in the playroom during the intervention days. On the other hand, in C4 a consistent 
decrease is observed in the I/O ratios of all PMx fractions when the air cleaner is on, especially 
for PM10, PM2.5 and PM1. The I/O ratios of PM2.5 and PM1 were reduced by 40% when air 
cleaning was active. 
 
3.5 Measurements of pathogens in air 

Figure 3 summarizes the results obtained after qPCR analysis of the biological air samples 
collected at the four daycare facilities. Cells are coloured according to the detection of SARS-
CoV-2 in each sample. For the non-negative samples, the cycle threshold value (CT) is 
indicated. Results with a CT-value > 35.0 were considered as “limit-value”, indicating a very 
low viral load. For these samples, there is a higher chance of configuring a false positive result 
due to analytical issues or contamination during the preanalytical or analytical phase.  
 
C1 and C2 were assessed simultaneously in March 2022, when the official daily COVID-19 
incidence in Belgium was about 60/100k inhabitants, while C3 and C4 were assessed 
simultaneously in September 2022, when the incidence was about 15/100k inhabitants 
(Sciensano, 2023). Although the groups of children were different in each of the assessed rooms 
of each facility, it was assumed that the incidence of respiratory infections among sizeable 
groups of children in the same age group would be comparable in the same neighbourhood in 
each period, following the regional COVID-19 incidence pattern. Therefore, it was assumed 
that the pairs C1/C2 and C3/C4 would be comparable between themselves in terms of average 
emission of SARS-CoV-2, so the difference in analytical results between C1 and C2 could be 
attributed to the removal strategies. Moreover, it was expected that such emission would be 
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higher in C1/C2 than in C3/C4 due to the difference in national incidence. However, as shown 
in Figure 3, the facility with the most positive samples was C4, suggesting that the influence of 
the national incidence over the presence of pathogen (potentially infective) genetic material in 
the bioaerosol was smaller than initially thought. 
 

 
Figure 3: Results of qPCR analysis from the biological air samples collected at the four daycare facilities. 

 
First comparing C1 and C2, in 37% of samples in C2 at least one pathogen was detected, while 
in C1 this rate was 67%, suggesting that the air in C2 had an overall lower infective potential 
than C1. While it is possible that this is due to the presence of more numerous infectious 
children in C1 than in C2, it is also expected to be a reflection of the better ventilation in C2 
(see Table 2). Also, air cleaning did not seem to influence the presence of pathogens in the 
bioaerosol in either facility. In the second week, SARS-CoV-2 was detected in C1K1, C2K2 
and twice in C2K1 when the air cleaner was switched on, but the subsequent samples collected 
in the same spaces but with the air cleaners off were negative. In all these cases, the first sample 
was collected earlier in the morning, when doors and windows were kept closed for thermal 
comfort, and the second one later in the afternoon, after the children had their outdoor playing 
time, during which the doors remained open, a common practice in both facilities when the 
weather is sunny. These results seem to suggest that a better ventilation, especially when 
combined with lengthier periods of airing, could be efficient in diminishing the presence of 
different airborne pathogens in daycare facilities, and consequently in reducing the risk of 
airborne pathogens transmission in these spaces. 
 
Comparison between C3 and C4 provide a stronger indication that, in this study, a better 
ventilation was possibly more efficient in reducing the presence of airborne pathogens than the 
use of air cleaning. All samples collected at C4, arguably the less ventilated facility (according 
to the CO2 measurements), were highly positive for SARS-CoV-2 (plus several other target 
pathogens, especially in the last week). In C3, the best ventilated of all four facilities, only 27% 
of the samples were non-negative for SARS-CoV-2, the lowest rate of all facilities. The 
presence of other targeted pathogens was also generally lower in C3 when compared to C4. 
 
On the other hand, air cleaning did seem to have an impact, albeit less prominent, in the 
presence of pathogenic aerosols in the indoor air at C4. In this facility, except for day 3, the 
samples collected when the air cleaner was off had a higher viral load and lower CT-values 
than the samples collected in the same day/location when the air cleaner was on. Unlike what 
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happened in C1 and C2, during the C4 assessment the weather was warmer all throughout the 
day, and therefore there were no big changes in airing from morning to afternoon. This indicates 
that the different qPCR results in C4 were due to air cleaning, suggesting thus that air cleaning 
may be an appropriate alternative strategy when proper ventilation levels cannot be achieved. 
However, this alternate solution should be well-researched and adapted to the intended location, 
in order to provide a sufficient CADR. Moreover, attention should also be paid to the practical 
aspects of the installation and use of such air cleaners. Especially in C3K1, the research team 
had difficulties in finding an adequate location for the device, and the children interfered with 
it on a few occasions (i.e. shutting it on or off when not supposed to). 
 
4 CONCLUSIONS 

 
This paper focused on part of a larger Flemish study on IEQ in public spaces. Four daycare 
facilities were assessed via measurements of T, RH, ACH and CO₂ and PMx concentrations and 
collection of biological air samples for in-lab qPCR analysis of over 20 respiratory pathogens. 
Ventilation measurements showed that most of the time the airflow rates per person were below 
the recommended in Belgium regarding COVID-19 spread prevention, but could generally be 
improved by airing. Higher CO₂ concentrations were measured in the facilities without 
mechanical ventilation, while they remained consistently below 800 ppm in C3, the facility 
with the most effective mechanical ventilation system. SARS-CoV-2 and other pathogens were 
detected more frequently and in larger quantities in the bioaerosol of C4, arguably the less 
ventilated facility (according to the CO2 measurements). In the rooms where indoor PMx 
concentrations correlated well with the air cleaning schedules, the same effect was also 
noticeable in the pathogen concentrations and variety. These results seem to corroborate the 
expected positive impact of ventilation over IAQ, while the impact of air cleaning was not as 
consistent in all facilities. 
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ABSTRACT 
This project aims to enhance the odor environment in laundry and linen rooms in nursing homes. The problem 
arises from the storage of soiled laundry in these rooms for several days before it is collected or washed, leading 
to the release of odorants. This often causes discomfort for both staff and residents, as the odors can spread to 
hallways and adjacent spaces. Aarhus Municipality intends to investigate whether this issue can be fully or partially 
resolved by installing air purifiers in the rooms. 
 
Adsorption, specifically activated carbon, was selected as the primary technology for odor removal among the 
technologies utilized in air purifiers. Photocatalytic oxidation (PCO) was selected as a secondary focus area. Seven 
different air purifiers (6 with active carbon, 1 PCO) were selected for further testing in the laboratory. These tests 
were performed using acetaldehyde, as an indicator of odor, and a reduction in concentration ranging from 19% 
to 83% after 20 minutes was measured for the six products utilizing activated carbon. However, the product solely 
relying on PCO did not show a significant effect. 
 
Degassing from the air purifiers with activated carbon filters was also examined in the laboratory and here it was 
found that all six products re-emitted acetaldehyde after the efficiency test. The degassing of captured acetaldehyde 
into the surrounding environment counteracts the intended effect and is, therefore, important to investigate. 
Additionally, five out of seven tested air purifiers emitted traces of other gases, characterized as byproducts, which 
were identified by an increase in the concentration of specific substances during testing compared to the reference 
experiment without an air purifier turned on. These byproducts may result from the conversion of one gas to 
another potentially more harmful substance. However, the concentrations of all identified byproducts were 
significantly lower than the instated guidelines.  
 
Four nursing homes were chosen to have an air purifier installed in one of their linen/laundry rooms. The 
concentration of total volatile organic compounds (TVOC) was continuously measured throughout the project 
period using air quality sensors in laundry rooms at each of the four selected nursing homes. TVOCs are used here 
as an indicator of odor concentration. 
 
It has been challenging to draw a conclusive statement about the effectiveness of air purifiers on odors, as 
numerous peaks in TVOC concentration occurred frequently, probably due to the presence of ethanol in the air, 
caused using hand sanitizers. This significantly influenced the sensor data, potentially overshadowing the 
contribution from odor compounds in the measurements that often smell even in very low concentrations.  
 
Overall, the project has indicated that the used air purifiers can reduce the concentration of odor compounds, in 
the form of TVOC, at the four selected locations. The results show the most apparent effect during periods when 
the average TVOC concentration was highest. In these time periods, the TVOC concentration generally became 
lower than in the period without the air purifier. However, the average TVOC concentration is not consistently 
lower at the four nursing homes during the period with an air purifier installed compared to the period without.  
 

KEYWORDS 
 
Keywords: odor environment, air purifiers, activated carbon, VOC concentrations, indoor air pollution. 
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1 INTRODUCTION 

 
Indoor air quality plays a vital role in maintaining a healthy and comfortable living environment. In recent years, 
there has been a growing concern regarding the adverse effects of airborne pollutants, such as odor, smoke, pollen, 
and infectious agents on human health. These pollutants not only cause discomfort but also pose serious health 
risks, ranging from respiratory diseases to the spread of pathogens. In response to this challenge, the 
implementation of air purifiers has emerged as a promising approach to reduce the burden of these airborne 
contaminants and promote a safer indoor environmenti,ii.  
 
Issues related to odors have become a growing concern, particularly with respect to the working environment in 
eldercare. Odors and volatile organic compounds (VOCs) are closely interconnected. VOCs refer to chemical 
compounds that can evaporate at room temperature, thus affecting air quality. A significant portion of odors, such 
as those emanating from urine, are VOCs (e.g., acetone and acetaldehydeiii), while certain other odors, such as 
ammonia and hydrogen sulfide, cannot be classified as VOCs. The odor burden from urine and other sources of 
human odors consists of hundreds of different chemical compounds, making it a complex quantity to quantify. 
 
In this project, measurements of the concentration of Total VOCs (TVOC) are used as a direct indicator of the 
concentration of odorous compounds. However, this approach has two main uncertainties. Firstly, as written 
above, not all odorants can be characterized as VOC. Secondly, the measurements will include VOCs that may not 
necessarily contribute to the odor issues in the specific laundry rooms under consideration. For example, ethanol 
from hand sanitizers is not expected to be part of the odor issues related to urine and similar sources but will show 
up in the measurements of TVOC. Nonetheless, both ethanol and VOCs, in general, should be minimized in terms 
of occupational exposure, as a wide range of VOCs can be harmful to health. 
 
Air purifiers have gained popularity as effective devices for improving indoor air quality (IAQ) by reducing 
airborne pollutants. These devices utilize various technologies to capture and eliminate contaminants, providing 
cleaner and healthier air for occupants. However, the market for air purifiers is characterized by a significant lack 
of harmonized standards for testing performance. This entails that the acclaimed performance varies greatly 
between products, and endorsements can be misleading. This is especially the case for air purifiers utilizing filters 
with activated carboniv. Activated carbon is considered the main technology for eliminating gaseous contaminants 
such as VOCs and odorants from airstreamsv.  
 
Low-cost sensors have gained significant attention as valuable tools for monitoring and assessing the quality of 
indoor air. These sensors provide real-time data on various pollutants, such as particulate matter, TVOC, CO2, and 
environmental parameters that contribute to IAQ, enabling proactive measures to improve occupant health and 
well-being. However, like any technology, IAQ sensors possess advantages and disadvantages that need to be 
carefully considered for their effective implementation. IAQ sensors require regular calibration and maintenance, 
and failure to do so can lead to inaccurate measurements. Different sensors may vary in accuracy and have 
limitations in detecting certain pollutants or be sensitive to interference.  
 
 
2 METHODOLOGY 

2.1 Efficiency of air purifiers against odorants through laboratory test 
A total of seven air purifiers were tested in the laboratory to demonstrate a documented effect on a specific VOC. 
The selected VOC was acetaldehyde, as it is often used as a surrogate for the carcinogenic substance formaldehyde 
in testing air purification solutions. Acetaldehyde can cause unpleasant odor issues at sufficiently high 
concentrations but can be perceived as fruity at low concentrations. It is well known that acetaldehyde is a 
significant component of odors emitted from urineiii. Acetaldehyde is also included in the Occupational Health and 
Safety Authority's threshold limit value for air pollution.  
 
The testing of the seven air purifiers was conducted at the Danish Technological Institute in an airtight 20 m3 
chamber. The test chamber is coated with Teflon to minimize the adsorption of gases and particles on the walls, 
making it highly suitable for testing of air purifiers. The protocol for the test was as follows: 
 

• Prior to each test, the test chamber is thoroughly ventilated until the concentration of acetaldehyde reaches 
background levels. 

• Acetaldehyde is dosed into the chamber until a concentration of 15-20 ppm is achieved. 
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• A fan in the room further mixes the air in the test chamber for an additional 5 minutes before being turned 
off. 

• The air purifier is turned on at the highest level and runs for a period of 40 minutes, after which it is 
turned off. 

• The test chamber is ventilated for 10-15 minutes until low VOC concentrations are reached. 
• The air purifier is then turned on again, and measurements for off-gassing are taken for 15 minutes. 

 
Throughout the entire test, the concentration of acetaldehyde is continuously measured, and air samples are 
collected for subsequent analysis of byproducts at the 0, 20, and 40-minute marks. Both acetaldehyde and 
respective byproducts are measured using a PTR-MS (Proton Transfer Reaction – Mass Spectrometry) instrument 
with a time resolution of 1 second. 
 

2.2 Measurements at nursing homes 

A total of 4 nursing homes at different locations were selected for this project.  
 
Nursing home 1: The examined room is a square linen room where soiled linens (typically 3-4 carts) are stored 
until they are picked up for laundry. Some other items are also stored in the room. The room is enclosed with a 
sliding door leading to the front room where clean laundry is stored. The staff describes the room as having a foul 
odor, so the sliding door to the front room is usually closed. The room has no windows. Air purifier 5 is used in 
this room. 
 
Nursing home 2: The examined room is a square laundry room that contains a washing machine and a dryer. Bags 
and baskets with dirty laundry are stored in the room. The room has no windows, and the door is often left open 
as it becomes hot inside when the dryer is running. This results in the odors often spreading to the hallways. Air 

purifier 3 is used in this room. 
 
Nursing home 3: The examined room is a long, narrow laundry room that contains two washing machines and 
two dryers. Carts and baskets with dirty laundry are stored in the room. Additionally, clean laundry is folded and 
stored on table surfaces in the room. The room has the option for ventilation by opening windows. The door to the 
room is often closed as it is located right next to the dining area. Air purifier 6 is used in this room. 
 
Nursing home 4: The examined room is a square laundry room that contains a washing machine and a dryer. Carts 
and baskets with dirty laundry are stored in the room. The room has no windows, and the door is often closed as 
it is located right next to the dining area. During the project, the sensor and air purifier were moved from the 
originally selected room to an identical room on the floor above due to issues with the electrical network in the 
room. Air purifier 7 is used in this room. 
 
The indoor air quality was measured throughout a period of 18 weeks, which includes 7 weeks before installing 
air purifiers and 10 weeks with air purifiers installed. The measurements were performed with Airthings Space 
Pro IAQ sensors, which continuously measure the following parameters every fifth minute.  

• Particulate Matter (PM1 and PM2.5) [µg/m3] 
• TVOC [ppb] 
• CO2 [ppm] 
• Relative humidity [%] and temperature [oC] 
• Noise [dBA] and relative light [%] 

 
The sensors were placed at head height and with unrestricted airflow around them, as much as possible. When 
positioning the sensors, considerations were made for access to power and the staff's workflow. Similarly for the 
installation of air purifiers, considerations were made for airflow, access to power, and the staff’s workflow. 
Additionally, the fan speed level was adjusted with respect to the noise level in the room. The noise from the air 
purifier was supposed to be equal to or less than other appliances inside the laundry rooms.  
 
3 RESULTS 

3.1 Efficiency in laboratory test 

 
The efficiency of each of the seven air purifiers was examined in the laboratory. The reduction of acetaldehyde 
from the chamber has been calculated as the relative difference in concentration between the starting time of the 
test and after 20 and 40 minutes, respectively, with the air purifier running at the highest speed. The results are 
shown in the table below and presented in Figure 1. 

807 | P a g e



Table 1: Overview of results from laboratory test of the 7 air purifiers.  

Product Technology Reduction 

(20 min) 

Reduction 

(40 min) 

Degassing? 

1 Active Carbon filter, EPA-filter, Ionization 32% 44% Yes 
2 Active Carbon filter, HEPA-filter, Ionization 19% 31% Yes 
3 Active Carbon filter, HEPA-filter 57% 73% Yes 
4 Photocatalytic Oxidation (PCO) 6% 8% No 
5 Active Carbon Filter, HEPA-filter 82% 86% Yes 

6 Active Carbon Filter, HEPA-filter, Ionization, 
PCO 83% 97% Yes 

7 Active Carbon filter and zeolite, HEPA-filter 82% 96% Yes 
 
Products 5, 6, and 7 have the highest reduction in acetaldehyde after 20 minutes. These three products also have 
the highest airflow; however, high airflow does not necessarily result in a large reduction of acetaldehyde. For 
example, product 5 has an airflow that is almost twice as high as product 7, but the reduction after 40 minutes for 
these two is 86% and 96% respectively. The reason for this is the fact that the quality and quantity of activated 
carbon plays a significant role in the effectiveness against acetaldehyde and other VOCs. Information about the 
quality and quantity of activated carbon used in air purifiers is rarely available and it has therefore not been possible 
to obtain for the examined air purifiers. 
 
Furthermore, products 4, 6, and 7 also use alternative technologies (PCO and zeolite), which potentially can 
influence the efficiency against VOCs. Note that HEPA/EPA filters and ionization technologies are not expected 
to have an impact on gases, including VOCs and odors, but are very effective against particles. For products 6 and 
7, it is not possible to separate and evaluate the effect of these alternative technologies since the air purifiers were 
tested with all technologies in place/turned on. For product 4, which exclusively uses PCO, a low reduction was 
measured compared to the other products that use activated carbon.  
 
The test also shows the known fact that the effectiveness of activated carbon depends on the concentration of the 
gaseous pollutant. This means that the air purifiers remove acetaldehyde at a higher rate at the beginning of the 
experiment when the concentration is high, compared to the end of the experiment when the concentration is low. 
The half-life during the test thus changes continuously, which is not observed, when testing air purifiers with 
HEPA filters against particles. This can imply that the air purifiers can more effectively reduce peak loads (short-
term high concentrations) of VOC pollution, but not to the same extent lower the background levels significantly. 
 
 

 
Figure 1: Concentration of acetaldehyde measured for each of the seven air purifiers and the reference in the 
laboratory test. The time (t=0) is defined as the starting time where the air purifier is turned on. 

Off-gassing: Off-gassing was investigated by turning on the air purifiers in a clean test chamber shortly after 
completing the reduction test. If off-gassing occurs, it means that a portion of the captured acetaldehyde is released 
from the air purifier into the surrounding environment. The results from the test can be seen in Figure 2.  
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The test reveals that all products, except for product 4, release acetaldehyde after the reduction test is completed. 
This test is qualitative as the amount of off-gassing partially depends on the efficiency of the air purifier. For 
example, products 3 and 5 have captured significantly more acetaldehyde, and therefore, have the ability to release 
more acetaldehyde, whereas product 2 has captured less acetaldehyde, and therefore, cannot release as much. 
However, it can be observed that products 6 and 7, which have the highest reduction, also exhibit relatively low 
off-gassing. This may be due to the high quality of activated carbon used in these products.  
 
 

 
Figure 2: Concentration of acetaldehyde during off-gassing test. Reference and air purifier 4 is omitted from this 
graph as no adsorption occurs.  

Byproducts: For products 1, 2, 3, 5, and 6, small traces of other gases, characterized as byproducts, were detected. 
The byproducts were identified by an increase in concentrations of specific substances in the air during the test 
period, which did not similarly increase during the reference test without an air purifier. Byproducts can result 
from the chemical transformation of gases or off-gassing from components in the air purifier (e.g., heating of 
plastics during operation). However, the concentrations of all identified byproducts were significantly lower than 
applicable guidelines (e.g., from occupational health authoritiesvi and NIOSHvii) for the respective substances. 
Therefore, the byproducts formed during the specific test with acetaldehyde were not considered harmful and were 
not a reason for the elimination of a product for further use in this project. 
 
All air purifiers were tested for ozone emissions by measuring directly at their air outlets. None of the seven air 
purifiers emitted ozone. 
 

3.2 Sensor 
The total VOC concentration was measured at the 4 nursing homes with indoor air quality sensors for the entire 
test period and is shown in Figure 3. Data for nursing homes 1 and 2 are available for the entire period, while data 
for nursing homes 3 and 4 have periods excluded where the air purifier has been turned off (nursing home 4) or 
unexpectedly adjusted by the staff (nursing home 3). The graphs display numerous short-term high concentrations 
of TVOC for all nursing homes, both during periods with and without the air purifier. The exact cause of these 
peaks is unknown, but it is presumed that the use of hand sanitizers, which result in ethanol in the air, is a significant 
contributor.  
 
For nursing homes 1, 2, and 3 there is no measured reduction in the average TVOC concentration between the 
periods with and without the air purifier. For nursing home 4 a reduction of 30% in average TVOC concentration 
was observed. However, this air purifier was only turned on for a shorter period than the other, which give rise to 
some uncertainty. 
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Figure 3: Measurements of TVOC concentration [ppb] for the 4 nursing homes. The vertical black line indicates 
the time of air purifier installation. The dark blue line running horizontally represents the rolling average. Data is 
available for the entire period for nursing homes 1 and 2. Data is missing for nursing homes 3 and 4 due to periods 
when the air purifier was set to a lower fan speed or turned off. 

Table 2: Average TVOC concentration from sensor data 

Average TVOC 

concentration 

Nursing Home 1 Nursing Home 2 Nursing Home 3 Nursing Home 4 

without Air Purifier 138 ppb 244 ppb 223 ppb 232 ppb 
with Air Purifier 142 ppb 310 ppb 222 ppb 163 ppb 

 
To examine any potential effect of the air purifiers, a detailed analysis of the TVOC sensor data (see Table 3) has 
been conducted for each of the 4 locations, which includes the following TVOC parameters for the periods with 
and without the air purifier: 

• Maximum concentration 
• Hourly average 
• Number of peaks above 250 ppbviii per day 
• The relative amount of data points above 250 ppb 

 
The last two parameters have been selected to investigate whether the air purifiers can limit the times when very 
high concentrations of TVOC are present or rapidly reduce the TVOC concentration during these periods of high 
air pollution. 
 
Furthermore, the remaining measured parameters from the sensor have been qualitatively analyzed. Specifically, 
CO2 and light data have been used to estimate whether the conditions regarding the use of the selected rooms were 
comparable in the two periods. The results show consistent CO2 and light data for the two periods, indicating that 
the human activity in the rooms is comparable. 
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Table 3: Summary of analysis results for TVOC sensor data collected at the 4 nursing homes. Each period is 
indicated as a without/with air purifier turned off/on respectively and with a final difference between the two. 

Parameter Air Purifier? 
Nursing Home 

1 2 3 4 

Maximum concentration [ppb] Without 1,963 3,607 2,364 5,796 
With 946 2,515 1,866 2,667 

 Difference 52% 30% 21% 54% 
Number of peaks above 250 
ppb per day 

Without 8.1 19.8 26.4 17.6 
With 6.3 36.0 23.0 9.2 

 Difference 22% -82% 13% 48% 
Relative amount of data points 
above 250 ppb [%] 

Without 8.6 33.2 35.7 27.3 
With 6.8 52.4 32.6 13.0 

 Difference 21% -58% 9% 52% 
 
For nursing home 1, all three parameters are lower during the period with the air purifier installed. The most 
significant difference was measured for the maximum TVOC concentration. The number of peaks and relative 
amount of data points above 250 ppb are similar, but still, a reduction is measured for the period with the air 
purifier turned on.  
 
The hourly average of TVOC from nursing home 1 is presented in Figure 4. The average TVOC concentration is 
quite similar throughout all time intervals when comparing periods with and without the air purifier installed. It 
can be observed that there is a daily increase in TVOC concentration in the room around 08:00. This could be 
attributed to the staff arriving and initiating activities in the room around this time. The TVOC concentration 
during these hours was on average slightly higher with the air purifier installed. Only the period between 03:00 
and 06:00 has a significantly lower average TVOC concentration with the air purifier turned on.  
 
 

 
Figure 4: Hourly average of TVOC in nursing home 1. 

 
For nursing home 2, higher average values for all parameters, except the maximum concentration, were measured 
during the period when the air purifier was turned on. Based on the available data, a clear explanation cannot be 
provided. Possible explanations could be the possibility of the room experiencing an increase in human activity 
and/or load during the period with the air purifier turned on. However, CO2 and light data (not shown in this report) 
from the room suggest relatively similar activity levels in the two periods. Another explanation could be that the 
airflow from the air purifier results in better mixing of air in the room, leading to a higher, overall concentration 
observed by the sensor. Referring to the initial laboratory tests conducted on this air purifier, it is assessed that the 
increased concentrations are not due to the formation of byproducts from the air purifier. 
 
The hourly average of TVOC from nursing home 2 is presented in Figure 5. It can be observed that in the period 
without the air purifier, the highest concentrations occur between 11:00 and 14:00. In the period with the air 
purifier turned on, the average TVOC concentrations measured during this period are lower. However, for most 
other time intervals, the TVOC concentration is higher, which may be attributed to the improved mixing of air 
caused by the air purifier. The air purifier is placed on a table, which could contribute to increased air mixing in 
the room and result in higher average concentrations measured by the sensor.  
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Figure 5: Hourly average of TVOC in nursing home 2. 

 
For nursing home 3, the values of all three parameters during the period with the air purifier turned on were 
slightly lower than the period without the air purifier. This suggests a potential effect of the air purifier on reducing 
TVOC pollution.  
 
The hourly average TVOC concentration for nursing home 3 is shown in Figure 6. It can be observed that there is 
a daily increase in TVOC concentration in the room around 06:00 lasting for approximately 3 hours. This could 
be attributed to the staff arriving and initiating activities in the room around this time. During the period with the 
air purifier turned on, the average concentrations between 06:00 and 11:00 are lower compared to the period 
without the air purifier. Like nursing home 2, this could indicate that the air purifier is capable of mitigating some 
of the peak loads during this specific period but is unable to reduce the average background level in the room. 
 

 
Figure 6: Hourly average of TVOC in nursing home 3. 

 
For nursing home 4, it should be emphasized that the measurements during the periods with and without the air 
purifier were conducted in two different rooms. This introduces a significant source of error, as the human activity 
and load in the two rooms can be markedly different. However, considering this limitation, the average values 
show a significant decrease during the period with the air purifier turned on, indicating a positive effect of the air 
purifier.  
 
The hourly average concentration presented in Figure 7 shows a notable decrease in TVOC concentration, 
particularly in the time interval from 07:00 to 11:00. This time corresponds to the period with the highest 
concentration during the time without the air purifier being turned on. 
 

 
Figure 7: Hourly average of TVOC in nursing home 4. 

 

4 CONCLUSION  
Six out of the seven selected air purifiers were able to significantly reduce the concentration of acetaldehyde in 
the laboratory. A common feature among the six of them was the use of activated carbon filters, in addition to 
other air purification technologies for addressing different air pollution issues. Among these, the reduction in 
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acetaldehyde concentration after 20 minutes ranged from 19% to 83%. It was not possible to measure a significant 
effect from the product that solely utilized photocatalytic oxidation (PCO). 
 
For all six products using activated carbon filters, the off-gassing of acetaldehyde from the product was measured. 
Off-gassing is defined as releasing acetaldehyde from the air purifier into the surrounding environment, thus 
counteracting its effect. Off-gassing should be a point of attention for future investigations into the use of air 
purifiers, as this was observed for all products utilizing activated carbon filters. 
 
Additionally, for five out of the seven examined air purifiers, small traces of other gases (so-called byproducts) 
were detected apart from acetaldehyde. It is worth noting that byproducts are a significant point of attention for 
the future use of air purifiers with relevant technologies.  
 
In this project, measurements of total volatile organic compounds (TVOCs) are performed with indoor air quality 
sensors at four selected nursing homes and are assumed to be a direct indicator of odor concentration. Overall, it 
is challenging to draw a definitive conclusion on the effectiveness of the air purifiers in mitigating odorants, as the 
TVOC concentration varies significantly in the sensor data analyzed during the project period. Additionally, 
ethanol in the air, likely from hand sanitizers, significantly affects the sensor data, which overshadows the 
contribution of odorants in the measurements. 
 
For the average TVOC concentration, there is an indication of a positive effect of the air purifier in nursing home 
4 (30% reduction), while nursing home 2 shows, on average, a higher TVOC concentration in the room during the 
period with the air purifier. For all four nursing homes, a lower maximum TVOC concentration is measured during 
the period with the air purifier turned on compared to the period without. Sensor data also shows that, during the 
period when the air purifiers were installed, there were fewer periods with a TVOC concentration above 250 ppb 
for nursing homes 1, 2, and 4. Particularly, a reduction in the TVOC concentration during the periods when the 
rooms experience a high average load is observed. The TVOC data thus suggest that air purifiers using filters with 
activated carbon can mitigate some of the odor peak loads during specific periods with high concentrations but is 
unable to reduce the average background level in the room. 
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ABSTRACT 
 
Indoor air quality in schools is of critical importance for the health and well-being of pupils and staff. The COVID-
19 pandemic highlighted the essential role that ventilation systems play in limiting the spread of airborne diseases 
and consumer CO2 monitors were deployed in UK classrooms as a cost-effective tool to help manage the 
ventilation supply. In such settings, which are occupied for long periods by the same group of people, CO2 
measurements have also been used to infer the risk of far-field airborne infection. Often, only a single point 
measurement is available and so it is crucial to understand how exposure might differ depending on the infector 
location and/or sensor position. This is particularly important in UK classrooms which are typically naturally 
ventilated, and where spatial variations in the concentration of CO2 and infected breath can be expected. 
CO2 data gathered across 5 years prior to the pandemic from 45 classrooms in 11 different schools were first 
analysed and estimates of the likelihood of airborne infection were calculated. Even without accounting for the 
variation in disease prevalence, the data highlight significant variation in infection risk between the seasons, with 
January being nearly twice as risky as July. Results also show that the risk can vary widely between classrooms of 
the same school despite similar ventilation provisions. The second part of this work provides a detailed 
examination of the validity of using CO2 as a proxy for far-field exposure. For this, a generic naturally ventilated 
UK classroom in wintertime was simulated using computational fluid dynamics (CFD). The ratio between actual 
exposure arising from a single infected individual and proxy exposure calculated from point measurements of CO2 
was also analysed. In doing so, the proxy exposure is found to be within a factor of two of the actual far-field 
exposure. While this factor of two might appear large, it is small relative to the typical uncertainties associated 
with airborne disease modelling. 
 

KEYWORDS 
 
CO₂ measurements; classrooms; natural ventilation; CFD;  
  
1 INTRODUCTION 

 
Schools are an important setting for indoor air quality. In the UK alone, 11 million pupils and 
staff regularly attend schools, with the majority of the time spent in classrooms. This came to 
the forefront of public attention during the COVID-19 pandemic. During this time, the use of 
carbon dioxide (CO₂) sensors became widespread in classrooms to help manage ventilation 
provision. In addition, CO₂ sensors have also been shown to be cheap and effective tools to 
assess the risk of far-field airborne infection to respiratory diseases such as COVID-19, 
following for instance the work of Rudnick and Milton (2003). However, in existing studies, 
only a limited number of measurement locations have been considered (ASHRAE, 2022) and 
for practical reasons often single-point measurements are available in classrooms. In naturally 
ventilated spaces (which includes the majority of classrooms in the UK) this can be problematic 
as the indoor spaces are rarely well-mixed.  If CO₂ sensors are to achieve widespread success 
in managing indoor air quality and limiting the spread of airborne diseases, then these 
limitations need to be addressed. 
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2 METHODOLOGY  

 
This work uses both CO₂ measurements in operational classrooms and Computational Fluid 
Dynamics (CFD) simulations to determine how CO₂ measurements can be used to assess the 
ventilation provision and airborne infection risk in UK classrooms.  
 
2.1 CO₂ measurements in schools 

 
A dataset of CO₂ concentration in UK schools spanning 5 years before the pandemic (2015-
2020) is obtained and analysed. Measurements are made in 45 classrooms from 11 different 
schools across the UK in both primary and secondary schools. Following the work of Rudnick 
and Milton (2003), the CO₂ concentration is used to assess the rebreathed fraction and the 
resulting risk of airborne infection for the 32 occupants if one infector is to attend regularly 
the classroom for a pre- or asymptomatic period of 5 days.  
 
2.2 CFD simulations  

 
Simulations of a generic naturally ventilated classroom are performed using OpenFOAM. A 
wintertime scenario is considered where ventilation is solely buoyancy driven. The heat input 
(both from occupants and the heating provision) is input uniformly across the floor and drives 
the ventilating flow through high- and low-level vents. The presence of occupants is modelled 
via the addition of passive scalars at breathing height representing both the overall CO₂ output 
and tracers representing a potentially infected breath. This allows the comparison of both 
distributions to determine how exposure estimates are affected by the use of CO₂ as a proxy.  
 
3 CONCLUSIONS 

 
Historical measurements of CO₂ spanning 5 years in UK schools highlight the seasonal 
variations in ventilation provisions and resulting impact on airborne infection: notably the risk 
doubles in January when compared to July (the least risky month). Numerical simulations allow 
the measurement of the uncertainty introduced by the use of a single measurement in a naturally 
ventilated classroom. Although the CO₂ distribution is shown to vary spatially, point 
measurements are shown to be good indicators of the ventilation provision, especially when 
compared to other sources of uncertainties such as knowledge of the number of occupants and 
their activity levels. When used to assess the risk of airborne infection, using CO₂ as a proxy 
leads to exposure within a factor of two of exposure to infected breath. This uncertainty is lower 
in magnitude relative to that from other sources including estimates of the quanta generation 
rates which can vary by three orders of magnitude.  
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ABSTRACT 
 
Sufficient ventilation in clinics is critical for diluting virus concentrations and lowering subsequent doses inhaled 
by the occupants. Several advanced simulation methods and tools for building physics and indoor air fluid 
dynamics are currently available in research and industry. However, in naturally ventilated buildings, indoor air 
distribution depends strongly on local and dynamically changing conditions, e.g., opening sizes and time, exhaust 
shaft location, and climatic and weather conditions. Therefore, considering the physical complexity of air and 
temperature distribution in natural ventilation rooms, new reliable and handy modelling techniques are required to 
predict infection risks of COVID-19 in typical naturally ventilated spaces. 
This study includes field measurements and simulations of indoor air quality and building performance in a 
naturally ventilated hospital building. The indoor air model is built into the building energy simulation tool IDA-
ICE to calculate air change rates in a naturally ventilated patient room. An initial data set was collected from the 
presurvey, architectural plans, and observations. The model was calibrated against indoor air measurements. Then, 
simulated air changes and room conditions were used for infection risk calculation. The virus-specific parameters 
of the infection risk model and human activity values are estimated separately using scientific literature studies. 
According to measurements and simulations, natural ventilation is insufficient to dilute airborne impurities in this 
case study. Additionally, the infection risk analysis indicated that the infection emission rate had a significant 
impact on the results of different ventilation strategies. The combination of controlled ventilation and air 
purification reflects a comprehensive and proactive approach to managing infection risks in patient rooms and 
healthcare settings. The simulation tool can help engineers and designers explore different ventilation strategies 
and infection control measures. 
 

KEYWORDS 
 
Natural ventilation, infection risk assessment, patient room, COVID-19, dynamic simulation 
  
1 INTRODUCTION 

 
The COVID-19 pandemic has sparked extensive research on airborne transmission of diseases, 
virus properties, risk assessment and the role of ventilation technology and air purification in 
preventing airborne transmission in various indoor spaces. Hospitals and healthcare facilities, 
being high-risk environments, have been of particular interest in these studies. Multiple case 
studies have demonstrated that SARS-CoV-2 can remain viable in aerosols for several hours, 
further emphasising the significance of proper ventilation and air filtration in healthcare 
facilities (Izadyar and Miller, 2022; Zhao et al., 2022). 
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Ventilation systems in modern hospitals are designed to reduce airborne infection risks and 
prevent cross-infections. To ensure proper dilution of airborne viruses, patient rooms in hospital 
facilities must have 4-12 air exchanges per hour (ACH), as specified by corresponding 
standards and regulations (Lancet COVID-19 Commission, 2022). The COVID-19 pandemic 
has highlighted the limitations of natural ventilation in maintaining precise control over indoor 
air quality and airflow rates. In high-risk environments, mechanical ventilation with controlled 
airflow rates and appropriate filtration is often preferred to ensure infection control measures 
(WHO, 2021). 
Despite the challenges brought to light during the COVID-19 pandemic, natural ventilation 
remains a common practice in hospitals, particularly in regions with warmer climates where it 
can be more easily implemented due to favourable weather conditions (Abbas and Dino, 2022; 
Fageha and Alaidroos, 2022). In addition, many hospitals, especially older ones, were designed 
with architectural features that promote natural ventilation, such as large windows, high 
ceilings, rooms and corridors aligned to facilitate cross-ventilation (WHO, 2009). Upgrading 
or retrofitting these healthcare facilities with mechanical ventilation might require significant 
structural modifications and compliance adjustments, which can be challenging for older 
facilities (Gilkeson et al., 2013). If upgrading the existing ventilation system is not immediately 
feasible, a combination of strategies may be needed to enhance ventilation and indoor air quality 
in healthcare facilities. This might involve optimising natural ventilation where feasible, 
implementing air purification technologies in specific areas, and considering mechanical 
ventilation for high-risk spaces (Fennelly et al., 2023). The design of such spaces requires 
careful consideration and planning to ensure that the combination of different options 
effectively promotes airflow and maintains a safe environment. 
Virus risk assessment in naturally-ventilated indoor spaces is a complex and multifaceted 
problem that involves various aspects of building physics and understanding the characteristics 
of the specific virus in question. The transient nature of natural ventilation, combined with 
fluctuating outdoor and indoor conditions, makes simulation of these spaces computationally 
intensive and requires advanced modelling techniques. In engineering applications, it is critical 
to balance the level of detail in the simulation model with computational resources to meet the 
simulation goal. To overcome these challenges, researchers and engineers often adopt a 
combination of simplified modelling techniques, empirical correlations, and advanced indoor 
air simulation tools (Moghadam et al., 2023). When assessing virus risk in naturally ventilated 
settings, researchers often use a combination of building energy simulation, fluid dynamics, 
and contaminant transportation to determine optimal ventilation design. The design scenarios 
calculated by such models typically represent the effect of different building types and climate 
zones (Tognon et al., 2023), positions of inlet and outlet (Abbas and Dino, 2022), optimised 
window opening control (Grygierek et al., 2022) and occupancy scenarios (Fageha and 
Alaidroos, 2022) on airborne infection risk. In such design models, Wells-Riley models are 
commonly used to assess the impact of ventilation strategies, filtration systems, occupancy 
patterns, and other controls on the risk of infection transmission (Kurnitski et al., 2023). 
The case studies in simulation research on virus risk with natural ventilation are usually made 
for educational buildings, offices, and commercial and residential buildings (Moghadam et al., 
2023). However, there is a lack of evidence-based studies in hospital facilities that are 
strategically important and may not be closed in case of a pandemic. 
This research aims to develop a straightforward engineering methodology to evaluate virus risk 
in naturally vented healthcare facilities. It will also provide options for possible ventilation and 
air purification strategies. The following sections present an infection risk assessment case 
study in a naturally ventilated patient room. This case study utilised measurements of indoor 
air parameters, dynamic simulation of natural ventilation performance and virus risk 
assessment. Finally, infection risk-based solutions are described using ventilation strategies and 
air purification combinations. 
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2 CASE STUDY 

 
This case study is based on an analysis of ventilation and air purification solutions in the Matei 
Bals Hospital patient room in Romania, Bucharest. Background information about the case 
building was collected during the pre-study phase of the research (Figure 1). The hospital 
building has brick walls and large windows. A closed hallway separates the patient rooms on 
opposite sides of the building. The studied patient room is located on the second floor of a four-
storey Covid Ward building. The patient room is designed for two patients. The building is 
ventilated only by natural ventilation, with fresh outdoor air supplied by infiltration and 
openings and exhaust air removed by an exhaust shaft. The patient's room is heated by a water 
radiator under the window connected to the district heating system. 
The pre-study survey provided information about building use, approximate window opening 
schedules and occupancy in the patient room. In addition, information on possible diseases of 
patients and disinfection methods and other measures to prevent disease spread were revealed. 
The window opening schedule was claimed to be every two hours for fifteen minutes. A face 
mask is required for all hospital personnel and patients. In the infection isolation rooms, 
personnel wear protective suits. Hospital spaces can spread viruses due to the absence of a 
controlled ventilation system and air purification. Thus, further research included fresh air 
exchange and virus risk analysis in dynamic conditions. In addition to the survey, cloud-based 
indoor air quality (IAQ) monitoring was performed in the pre-study phase. Indoor air 
parameters fluctuated highly during the measurements. Also, measurement data quality was 
highly dependent on the internet connection. Therefore, further research included on-site indoor 
air measurements to check the quality of the data loggers. 
The possible technological solutions applied in the study included the combination of portable 
air purifiers with existing natural ventilation. Mechanical ventilation option was also checked 
in the infection risk calculation. 
 

 
Figure 1: Case study algorithm and methods 
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3 METHODS 

 
The methods applied in this section describe the research methods that followed the pre-study 
phase, including measurements of indoor air parameters, dynamic building simulation and 
infection risk calculation. 
 
3.1 Indoor air measurements 

 
The indoor air temperatures and CO2 levels were measured with the cloud-based IAQ 
monitoring service SmartWatcher® and data loggers Onset HOBO®. The cloud-based IAQ 
monitoring portable device SmartWatcher® was located on the internal wall at a height of 2 
meters. Three data loggers Onset HOBO® were placed on the tripod at three heights 0.5 m, 1.0 
m and 1.5 m (Figure 2). In addition, during the measuring campaign the air purifier ISEC 
Kullas® was installed between the patient beds. The air purifier was working at 60% power, 
providing CADR 192 m3/h. 
 

 
Figure 2: Patient room layout and location of the measuring devices 

 
The SmartWatcher® IAQ Monitoring Service is a cloud-based indoor air quality monitoring 
service showing real-time values for the investigated parameters. The monitoring service 
collects data every 1 minute and stores it in the cloud every 10 minutes. The data loggers Onset 
HOBO® were also configured with a one-minute measurement interval. The logger's built-in 
memory was used to store data, which was later retrieved via USB. The outdoor air 
measurements were taken from the local meteorological institute, National Air Quality 
Monitoring Network in Bucharest. The measuring devices were validated at VTT Technical 
Research Centre of Finland Ltd. (https://www.vttresearch.com/en). Table 1 shows the technical 
parameters of the temperature and carbon dioxide sensors of the measuring devices. 
 

Table 1: Measuring devices 

 SmartWatcher® Onset HOBO® 

 Air temperature 

°C 

CO2 

ppm 

Air temperature 

°C 

CO2 

ppm 

Range -10 to 50 °C 0 – 10000 ppm 0 to 50 °C 0 – 5000 ppm 
Accuracy ±0.1 °C ±3% of reading,  

±30 ppm 
±0.21°C ±50 ppm ±5% of 

reading at 25°C 
Resolution 0.1 °C 1 ppm 0.024°C at 25°C 1 ppm 
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3.2 Dynamic building simulation 

 
This section describes the initial data for dynamic simulation and the methodology for 
calculating the dynamic airflow rates in a naturally ventilated patient room. Figure 3 presents 
the initial simulation data in IDA ICE building simulation tool (Bring et al., 2000). The model 
utilised measured climate data to simulate the outdoor conditions. The room layout and outdoor 
climate parameters were measured during the measurement campaign. The parameters of the 
building envelope, exhaust shaft, and heat gain from lighting and equipment were estimated 
based on visual observation. In the building simulation, the air purifier acts as a source of 
recirculating air and heat gain from equipment. A zone heat balance was calculated in order to 
reach an average indoor air temperature of 21 °C to determine the heating power of the water 
radiator. Since the control and power of the heater were unknown, circuit water temperatures 
of 70°C at the inlet and 40°C at return were chosen based on average engineering practice. As 
it was not possible to observe and detect window opening times in hospital facilities, window 
openings were not considered in the current simulation. In addition, possible window openings 
didn't affect indoor air measurements, which indicates short window opening times. 
 

 
Figure 3: Initial values for dynamic simulation 

 
Air supply was estimated through wind-driven infiltration and air leakage due to pressure 
differences. The infiltration rate was estimated based on measurement in a building with similar 
year of construction in Romania (Iordache and Catalina, 2012). In the model, the combined 
envelope leak area is distributed on all external walls, at zin = 1 m above floor level. The wind 
pressure variation across the building's surfaces was estimated using wind pressure coefficients 
Cd,wind, calculated for the city centre location. The pressure difference through the leakages 
dpout-in was defined as: 
 
 dpout−in = (Pin − ρin ∙ g ∙ zin) − (Pair + 0.5 ∙ Cd,wind ∙ ρout ∙ vwind

2 − ρout ∙ g ∙ zout) (1) 
 

where: Pin [Pa] is the static pressure of indoor, ρin [kg/m3] is indoor air density; Pair [Pa] is the 
atmospheric air pressure; ρout [kg/m3] is indoor air density. 
The local wind velocity at the roof height vwind was calculated with the Eq. 2. Wind profile 
exponents a0 and aexp are used for wind speed correction from the reference height Href.  
 

 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 

Outdoor climate: 
̶ Measured outdoor climate data Bucharest, Romania: 

Outdoor temperature Tout, relative humidity Hout, solar radiation, 
wind speed vref at reference level (Href = 10m) and wind direction 

Building constructions: 
̶ outdoor walls, brick 

U-value = 0.95 W/(m
2
K) 

̶ windows: 2-plane glazing, no 

shading, U-value = 2.9 W/(m
2
K)

 

g-value = 0.7, area = 3.6 m
2
 

Air exhaust through 
 ventilation shaft 
̶ shaft length dzshaft = 7m 

̶ shaft area Ash = 0.023 m
2
 

̶ roughness ε = 0.003 m 
̶ Pressure loss coef.  

ζ
 term,out

 = 0.6 

̶ shaft top height  
dzout = 12.9 m 

 

Zone outlet: 
ζ 

term,in
 = 1  

Zexh = 2.9 m 

 
Infiltration: 
̶ Building leakage rate n

50 
= 4 ACH 

̶ Equivalent Leakage Area at  

ΔP4 = 4 Pa, Cd =1: ELA = 0.004 m
2
  

̶ Height from the ground zout  = 4 m 
̶ Height from the floor zin = 1m Indoor heat gains:  

̶ Lighting: 164 W 
̶ People:  

1 patient (constant): 
0.8 MET and 0.61 clo 
1 personnel (periodic): 
1.2 MET and 0.8 clo 

̶ Air purifier: 51 W 

Wind pressure: 
For city centre location: 
̶ Wind profile coefficient: a0 = 0.47 
̶ Wind profile exponent: aexp = 0.35 
̶ Wind surface pressure coef. Cd,wind Heating, water radiator 

Q
heat

 = 60 W/m
2
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 vwind = a0 ∙ vref(Hbuild./Href)
aexp (1) 

 
where Href  [m] is height of meteorological wind measurements, Href = 10 m; Hbuild is the height 
of the building, m. 
The mass flow mout-in  [kg/s] through the infiltration was calculated with the power law equation: 
 
 mout−in = c ∙ dpout−in

n (3) 
 
where n [-] is the flow exponent, which is a dimensionless parameter representing the non-
linearity of the airflow regime, n = 0.6; c [kg/(s Pan)] is the power-law coefficient, which is 
calculated from the equivalent leakage area (ELA) as: 
 

 c = ELA
√2∆P4∙ρ20°C

∆P4
0.6 ≈ 1.35 ∙ ELA (4) 

 
The pressure differences from the indoor air through the exhaust shaft consist of the components 
related to buoyancy flows from the floor to outlet terminal dpin-shaft, airflow inside the shaft 
dpshaft the air outlet from the shaft towards the outdoor air dpshaft-out (Eq. 5-7): 
 
 dpin−shaft = (Pin_floor − ρin ∙ g ∙ zexh) − Pterm,in (5) 
 dpshaft = P shaft1– Pshaft2 −  dzshaft ∙ g ∙ ρshaft (6) 
 dpshaft−out = Pterm,out − (Pout,roof −  ρout ∙ g ∙ dzout) (7) 
 
where Pin_floor [Pa] is the static pressure at the floor level; Pterm,in [Pa] is the static pressure at the 
outlet terminal in the room; Pshaft1 and Pshaft2 [Pa] are the static pressures on the bottom and top 
of the shaft respectively; Pterm,out [Pa] is the static pressure at the terminal on the top of the 
exhaust shaft; Pout,roof [Pa] is the outdoor air pressure at the roof level.  
The equation Eq.8 defines the mass flow min-out  [kg/s] through the exhaust shaft from indoor 
air, taking into account head pressure losses at the outlet terminal ζterm,in and exhaust grill 
ζterm,out, as well as friction losses inside the shaft. Based on the flow regime depending on 
Reynolds number Re, surface roughness ε, and shaft dimensions Ash, friction losses are 
presented within the combined coefficient Ctot (ASHRAE, 2017). 
 

 min−out =  Ash√2 ∙ ρ20°C ∙ (√
dpin−outlet

ζ term,in
+ √

dpshaft−out

ζ term,out
) + Ctot√dpshaft (8) 

 
Ctot = f(Re, ε, Ash) 

 
Therefore, the ventilation rate calculation involves estimating the infiltration rate into a room 
due to buoyancy (stack effect) and wind-driven forces in IDA ICE building simulation software. 
The software uses wind profile equations and wind pressure coefficients to estimate outdoor 
wind speed at varying heights relevant to the building's characteristics. The stack effect takes 
into account differences in temperature between indoor and outdoor air, as well as pressure 
losses in the exhaust shaft. The calculated ventilation rates are used in the infection risk 
estimation described in the following Section 3.3. 
 
3.3 Infection risk model 

 
Infection risk calculations were conducted using the Wells-Riley model (Eq.9), which is widely 
used in ventilation design and indoor air quality studies to estimate infection risk, especially in 
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the context of infectious respiratory diseases such as influenza and COVID-19. The model 
parameters were chosen from the latest literature (Kurnitski et al., 2023).  
 

 𝑝 =  1 −  𝑒
−

(1−𝜂𝑖)∙𝐼∙𝑞∙𝑄𝑏∙(1−𝜂𝑠)∙𝐷

(𝑁+𝜆𝑑𝑒𝑝+𝑘+𝑘𝑓)∙𝑉  (9) 
 
Due to the sensitivity of the Wells-Riley model to quanta emission rates, the study examined 
the effects of different emission rates on the probability of infection transmission in indoor 
spaces in the absence of facial masks (ηs =0 and ηi = 0) using a range of quanta emission rates 
from 2 to 10 quanta/hour per person (Table 2). Simulations were conducted under conditions 
in which one infectious (I =1) and one susceptible person were constantly present. 
A dynamic airflow calculation was used to simulate infection risk in natural ventilated 
conditions with and without the air purifier (ISEC Kullas). In addition, the mechanical 
ventilation cases without air purifiers were calculated with the recommended minimum (4 
ACH) and maximum (12 ACH) air exchanges for patient rooms (Lancet COVID-19 
Commission, 2022).  
 

Table 2: Infection risk model parameters 

Parameter Unit Value 

Quanta generation rate per infectious person q quanta/(h pers) 2 – 10 
Breathing rate for resting people Qb m3/h 0.5 
Surfaces deposition loss rate λdep 1/h 0.6 
Filtration removal rate from portable air purifier kf 1/h 4.5 

 
4 RESULTS 

 
This section describes the results of the study. First, the measurements of indoor air 
temperatures and carbon dioxide were analysed and compared with the simulation results. The 
calculated air flow in natural ventilation was presented with the correlation to outdoor air 
measurements. Finally, the infection risk methodology and calculation result were shown for 
different parameter ranges and ventilation solutions. 
 
4.1 Measured and simulated parameters of indoor air 

 
The air temperatures and CO2 levels simulated by IDA-ICE-model was compared with 
measurements in order to validate the building simulation model (Figure 3). The simulated air 
temperatures were closer to the measurement result, especially at the SmartWatcher measuring 
point. The temperature measured by HOBO sensors was about 1 °C higher than the simulated 
temperature measured by SmartWatcher (Figure 3a). This could be due to the local effect of 
internal heat gain sources and heating system controls that were not taken into account when 
calculating the heat balance. Also, the sensors' sensitive elements faced different angles toward 
solar radiation, heat gain sources, and airflow distribution, which resulted in different 
fluctuation patterns. In addition, a rapid temperature rise of 1 °C occurred due to reflected solar 
radiation around the same time (around 3:20 pm). Solar radiation from the eastern-facing 
window affected HOBO measurements in the early morning (7-8 am). Generally, the simulation 
model is able to capture the main patterns for indoor air temperature changes.  
As the outdoor air temperature mainly determined the natural driving force for airflow, 
simulated air changes per hour were higher at night when the outside air was colder. Air 
exchanges also impacted indoor CO2 distribution, resulting in minimal levels at night and 
maximum levels during the day (Figure 3b). The measured indoor CO2 levels tended to vary 
throughout the day based on occupant activities, ventilation rates, and other environmental 
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conditions that were difficult the record and simulate. However, the model is able to present the 
main tendencies of dynamically changing CO2 and calculate the mean averaged values. As a 
result of the validation of dynamic building simulations with measurements, it can be concluded 
that the simulation model is capable of predicting the thermal and mass balance with the desired 
level of accuracy. 
 

a)  b)  
Figure 3: Measured and simulated indoor air temperatures (a) and CO2 (b) 

 
4.2 Infection probability calculation 

 
Infection probabilities were calculated before and after air purifiers were installed in the patient 
room (Figure 4a). Infection risk results with lower quanta are more sensitive to changes in 
airflow rates. According to the calculations, the air purifier with 2 quanta/h pers is more 
effective than the one with higher quanta values. It might be because the air purifier's ability to 
remove infectious particles is more noticeable when emissions are lower. In cases where 
emission rates are higher, the air purifier might not be able to remove particles from the air as 
quickly as they are being emitted. 
Figure 4b shows the increase in infection risk with different ventilation systems and adding the 
air purifier. Predictably, with natural ventilation alone the infection probability is the highest. 
The use of a mechanical ventilation system with a high air exchange ACH 12 demonstrates the 
best efficiency in reducing infection risk across different quanta emission rates. However, 
mechanical ventilation with lower ACH might have limitations in effectively reducing infection 
risk, especially in scenarios where quanta emission rates are high. In the studied case, natural 
ventilation combined with an air purifier can be efficient even in scenarios with high quanta 
emission rates.  
 

a) b)  
Figure 4: Infection risk probability during the measuring period (a) and withing a day of exposure (b) 

825 | P a g e



5 DISCUSSION 

 
Accurate field measurements and precise simulations in real-world hospital facilities often 
encounter different challenges, such as limited data availability and difficulties in obtaining 
accurate building information. Building simulations allow you to explore various scenarios, 
interventions, and technologies in a controlled environment, while measurements can be used 
for validation and separate analysis. 
Natural ventilation simulation accuracy depends on modelling assumptions. Small changes in 
input parameters or boundary conditions can lead to significant results differences. Validating 
simulation results with real-world measurements can be complex, especially for large and 
complex buildings with varying conditions. In this case, advanced models like CFD can be used 
to better understand the airflow behaviour of a building. 
Within hospital settings, the Wells-Riley infection risk model has significant limitations since 
it does not consider disease-specific parameters, assumes a uniform distribution of infection 
particles, and is not suitable for dynamic scenarios. However, it is still possible to apply this 
model to estimate safe spaces and infection risk-based ventilation design. 
While air purifiers can effectively reduce infection risks by removing airborne particles, 
including infectious agents, they might not inherently improve all aspects of indoor air quality 
(VOCs, humidity or temperature in the indoor environment). Thus, air purifiers should be used 
in conjunction with other measures such as ventilation, proper maintenance of the HVAC 
system, and other air cleaning measures. 
 
6 CONCLUSIONS 

 
This study investigated a naturally ventilated patient room in Bucharest, Romania. Indoor air 
measurements and building simulations were combined with an infection risk assessment to 
investigate possible ventilation and air purification technologies. A simulation model for the 
studied room was developed using IDA ICE software and validated with measurements. In the 
simulation model, dynamic airflow rates with natural ventilation were calculated and applied 
to infection risk estimation. These findings emphasise the significance of both emission rates 
and airflow rates when assessing the effectiveness of air purifiers and ventilation technologies.  
The results show that natural ventilation alone is not able to sufficiently dilute airborne 
impurities. A combined ventilation strategy and air purification are required in patient rooms 
to prevent infection. The simulation tool developed can be used for infection risk analysis in 
engineering applications to optimise hospital design and operation. The research contributes to 
the understanding of infection risk in indoor environments and enables finding optimised 
ventilation and air purification strategies to reduce the spread of airborne infectious diseases. 
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ABSTRACT 

 
This research introduces the local exhaust system (hood) into the consulting room to prevent airborne infection, 

especially for close-distance conversion. The hood’s capture efficiency is mainly affected by surrounding air flow, 
so this research compared three various underfloor air distribution systems (UFAD); floor-supply displacements 
ventilation (FSDV), displacement-flow-type diffuser, and swirling flow type diffuser. FSDV is a displacement 
ventilation method where SA comes from the whole floor through carpets or panels, forming a tranquil up-flow. 
A displacement-flow-type diffuser forms thermal stratification by supplying horizontal flow along the floor. 
Swirling-type flow diffuser supplies up and swirling flow and mixes room air well. Droplet nuclei or microdroplets 
leaked from the hood should be exhausted without expanding to reduce infection risk. The lower hood capture 
efficiency is not directly relevant to the higher infection risk, and the route to the exhaust outlet could be significant. 
For this reason, FSDV is expected to reduce the infection risk for close-distance conversion compared to a swirling 
flow-type diffuser. Full-scale experiments were carried out in this research to reveal the relationship between the 
ventilation system (hood and three UFAD systems) and infection risk. 
 

KEYWORDS 
 
Local exhaust system, Floor-supply displacements ventilation, Wells-Riley model, Consulting room, Close-
distance conversation 
  
1 INTRODUCTION 

 
Airborne infection caused by droplet nuclei and micro droplets moving as an aerosol is 

regarded as one of the possible ways to infect SARS-CoV-2 (World Health Organization, 
2020). Though various measures have been taken to prevent it in many places, entire system-
scale ventilation might not be enough to become the solution for preventing short-range 
airborne transmission (Federation of European Heating Ventilation and Air Conditioning 
Associations, 2020). Still, many scenarios cannot avoid close-distance conversations, for 
example, in a consulting (examination) room, restaurant, or crowded train. Therefore, this study 
proposes a novel approach combining a local exhaust ventilation system (LEV) and floor-
supply displacement ventilation (FSDV)(Akimoto et al., 1997) in the consulting room. In 
FSDV, the conditioned air is supplied from the entire floor through many small halls or carpets, 
not through some diffusers. Because the capture performance of LEV is significantly affected 
by surrounding airflow (Komori et al., 2022), the FSDV system, which can make a calm airflow 
field (Akimoto et al., 1997), is expected to help LEV’s performance. This report aimed to 
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evaluate the effectiveness of the combination of air conditioning with FSDV and a hood and 
its performance as an infection control measure. 
 
2 METHOD AND MATERIALS 

 
2.1 Measurement setting and case conditions. 

 
A cross-sectional view of the experimental room is shown in Figure 1(a), and an isometric view 

is shown in Figure 1(b). The experimental room consists of x=2,400 y=3,800 z=2,200 mm and an 
under-floor chamber, where outside air cleaned by a HEPA filter is supplied under the floor and 
then blown into the room by a three-way floor outlet. The air supply rate is fixed at 1,000 m³/h (50 
ACH). Exhaust air is exhausted at a total rate of 990 m³/h through the local exhaust ventilation 
system (hood) shown in Figure 1(c) and general ceiling exhaust vents to balance the flow rate, and 
the room is designed as a clean room to maintain positive pressure. In addition, two human bodies 
simulating an infected person and a non-infected person (heating at 75 W/body) were placed in the 
room with an interval of 1,200 mm in front of their mouths. A flanged hood is used because the 
flanged hood had the best capture performance under crosswind airflow in a previous study (Fig. 
1(c))(Komori et al., 2022). 

 
Table 1 shows the experimental conditions. The experiments were conducted assuming an 

examination room (Case A) and a non-examination room (Case B), and the hood exhaust 
volume was varied in eight ways for each of the three air supply methods. In Case A 
(examination room), a patient is assumed to be talking with a doctor in an infected state. In 
contrast, in Case B (non-examination room), since the location of the infected person cannot be 
specified, a hood is fixed between the human bodies, and a desk is set up as a realistic 
introduction position. Figure 3 shows the floor surfaces of the three air supply methods to be 
compared. The three air supply systems are floor-supply displacement ventilation (FSDV), 
swirling-flow type floor diffuser, and displacement ventilation type floor diffuser. In the FSDV 
system, the flesh outdoor air is supplied from the entire floor surface at a low air velocity (0.03 
m/s) to form a calm airflow. In the swirling-flow type floor diffuser, the flesh outdoor air is 
supplied from eight swirling-flow floor diffusers with a swirl flow (air velocity: approx. 3~4 
m/s) to form a well-mixed airflow. In the displacement ventilation type floor diffuser, the flesh 
outdoor air is supplied at an angle along the floor surface by 12 displacement ventilation type 
floor diffusers. 
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2.2 Measurement point and Expiration condition  

 
The exhaled breath of an infected person was reproduced by the simultaneous generation of CO2 

tracer gas and simulated saliva particles using a nebulizer. A conceptual diagram of exhalation 
generation is shown in Figure 4. CO2 and helium were mixed at a ratio of 5:3 (CO2: He = 3.26: 
1.95 L/min) to equalize the density with that of air and generate at the height of the infected person's 
mouth (height: 1,100 mm) coupled with atomized simulated saliva. The expiratory volume, 
expiratory air velocity, and blow-off angle values during the conversation were obtained from a 
previous study(Zhang et al., 2022) and were set to 5.21 L/min, 0.30 m/s, and 11.9° vertical 
downward, respectively.  
After the generation, the spatial distribution of the steady-state CO2 concentration and the 

concentration in front of the mouth of non-infected subjects were measured. To account for the 
effects of evaporation and deposition, simulated saliva was atomized and sprayed simultaneously 
using a nebulizer (Figure 5). The viscosity of the simulated saliva was adjusted by adding 12 g of 
sodium chloride and 76 g of glycerin to 1 L of water, referring to previous research (Ogata et al., 
2018). In order to reproduce the results obtained from the experiment of measuring expiratory air 
velocity and respiratory volume during the speech, as described in the previous report (Zhang et 
al., 2022)), a 3D printer was used to create the air outlet (Figure 5 and Figure 7(d)).  
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2.3 Evaluation method 

   
The hood capture efficiency: η, which indicates the percentage of the tracer gas generated that 

is collected by the hood, is calculated from Equation (1), and the effectiveness of the 
combination of the hood and air supply system is examined. 

                                                     𝜂 =  
𝑄ℎ(𝐶ℎ − 𝐶𝑆𝐴)

𝑄ℎ(𝐶ℎ − 𝐶𝑆𝐴) + 𝑄𝑒(𝐶𝑒−𝐶𝑆𝐴)
                                               (1) 

where Qh  is hood flow rate [m3/h], Ch is tracer gas concentration of hood exhaust air [-], Qe is 
ceiling exhaust flow rate [m3/h], Ce is tracer gas concentration of ceiling exhaust air [-], CSA is 
tracer gas constatation of SA [-]. 
 This study is based on the Wells&Riley model (Wells, 1955) (Riley EC et al., 1978)to 

evaluate infection control performance. The model defines one quanta as the unit of infectivity 

831 | P a g e

Student Competition Paper



that produces 63.2% of new infections in a closed space, and the basic equation is expressed in 
Equation (2). 
                                                                          𝑃 = 1 − 𝑒−𝑛                                                 (2) 
where P is an increased rate of the number of newly infected persons in closed space, n is the 
value of the quanta. 
 Based on the model, quanta concentration in front of the doctor’s (non-infected person's) 
mouth; Cqd was calculated from equations (3). The quanta emission rate of 42 quanta/h 
calculated by REHVA(Federation of European Heating Ventilation and Air Conditioning 
Associations, 2020) was used as the quanta production rate for infected persons during the 
conversation.  

                                                                        𝐶𝑞𝑑 =
𝑞

𝑄
∙

𝐶𝑑

𝐶𝑝𝑚
                                                                 (3) 

where 𝐶𝑑𝑛 is the tracer gas concentration in front of the doctor’s mouth normalized by perfect 
mixing concentration, Cd is the tracer gas concentration in front of the doctor’s mouth, and Cpm 
is the tracer gas concentration at perfect mixing. Equation (3) can be calculated by changing Cd 
and Cp to CO2 or simulated saliva particles. 
 Using the value of Cqd, the time until the infection risk of the doctor (non-infected person) 
reaches 5%; t5% is calculated from Equation (4). Since the REHVA used the value of 5% when 
describing a sufficiently low risk of infection in an office. Therefore, this report uses 5% as a 
sufficiently low infection risk. 

                                                                  𝑡(𝑃%) = −
ln(1 − 𝑃)

𝑛・𝑃
                                                         (4) 

 
2.4 Preliminary experiment on the nebulizer 

 
To confirm the conversation reproducibility of the nebulizer, particle size and the number 

of particles were measured at the ceiling exhaust point (Figure 7(a)), immediately after the 
outbreak (Figure 7(b)), and in front of the doctor's mouth (Figure 7(c)). A hand-held particle 
counter (3889-01 KANOMAX) was used at the ceiling exhaust port and in front of the 
doctor's mouth, and a PDA (Dantec Fiber PDA) was used at the point immediately after the 
outbreak. Ds; Sauter diameter was calculated using Equation (5) as representative particle 
size. 

                                                                     𝐷s =
∑ 𝑛𝑖 ∙ 𝐷𝑖

3

∑ 𝑛𝑖 ∙ 𝐷𝑖
2                                                               (5)    

Where 𝑛𝑖 is the number of pieces in each grain size category, and 𝐷𝑖  is the representative 
diameter of each grain size category. 
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Figures 10(a), (b), and (d) show the particle size distribution and Sauter diameter calculated 
from the measurement results. Figure 10(c) shows the particle size distribution when counting 
the numbers in a previous study(Morawska et al., 2009). In the previous study, the particle size 
was 0.8μm, while in the nebulizer used in this report, many large particles (10μm or larger) 
with a strong tendency to settle out were generated. As a confirmation of steady-state conditions 
and a measurement of the background noise of particles, the time response variation of the 
number concentration measured at the exhaust point (generated over 70 minutes) is shown in 
Figure 8. Figure 8 shows that the background noise is low enough before and after the particle 
generation because air is supplied through a HEPA filter. Therefore, the particle concentration 
in front of the doctor's mouth was calculated, assuming the background particles were zero. In 
addition, even though the nominal ventilation time was only 1.2 minutes, the number 
concentration kept changing, suggesting that the nebulizer was not generating particles on a 
steady basis. After confirming that the background particle concentration was sufficiently 
small, the experiment was conducted with a steady-state waiting period of 5 minutes and a 
steady-state period of 15 minutes, as shown in Figure 9. 

 

 
 
3 RESULTS AND DISCUSSION 

 
3.1 The result calculated from CO2 concentration 

 
Figure 11 shows the spatial distribution of CO2 tracer gas concentration normalized by the flow-

833 | P a g e

Student Competition Paper



weighted concentration at the exhaust port under a hood exhaust volume of 100 m³/h (ceiling 
exhaust volume of 890 m³/h). In the case of FSDV, the normalized concentration is close to zero 
at all measurement points in both Case A (examination room) and Case B (non-examination room), 
indicating that exhaled air is exhausted in one direction immediately after its generation. In the 
displacement ventilation type floor diffuser, a concentration boundary surface was observed at 
some measurement points, suggesting the formation of an updraft. In the swirling-flow type floor 
diffuser, the existence of downward airflow is suggested near the exhalation point (Case A: Pe, 
Case B: Pa, Pc, Pe). At other measurement points, the normalized concentration is close to 1, and 
the exhaled air is mixed after descending. In the swirling flow type, the large blowing air velocity 
(about 3-4 m/s) is thought to cause a downward airflow due to the circulating flow between 
diffusers. 

 

Figure 12 shows the calculation results of hood capture efficiency and infection risk in Case A 
and Case B, calculated from CO2 tracer gas using Equation (3). This indicates that the capture 
performance of the hood is greatly affected by the surrounding airflow. Therefore, the effectiveness 
of combining a hood and FSDV, which forms a quiet airflow, was confirmed. From Figure 12(c), 
when the infection risk is compared for each air supply method, the infection risk is lowest for the 
FSDV, and the value of t5% consistently exceeds 24 hours, which is safe enough against infection. 
In the displacement ventilation type, when a hood is introduced (hood exhaust volume of 200 m³/h 
or more), the t5% value exceeds 8 hours, assumed to be the maximum value of working hours, and 
can be considered relatively safe. On the other hand, for the swirling-flow type floor diffuser, the 
value of t5% does not always exceed 8 hours and cannot be said to be safe. 
 
Focusing on the results of Case B (outside the examination room) (Figure 12(a)) and comparing 
the results of Case A and Case B, the influence of the hood position was significant for the full-
floor ventilation and displacement ventilation types, which form an upward airflow, and it is 
considered necessary to introduce a hood at a position where the exhaled air rises. Comparing 
the risk of infection for each air supply method (Figure 12(c)), the risk of infection is lowest for 
the FSDV, and the value of t5% consistently exceeds 24 hours, which is safe enough against 
infection. In Case A, the infection risk decreases with the introduction of hoods in the FSDV 
and displacement ventilation type floor diffuser. In contrast, in Case B, the effect of hood 
introduction is negligible. Figure 13, which shows the relationship between hood collection rate 
and Cqd, also shows that in Case B, the decrease in CO2 concentration (infection risk) with an 
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increase in hood collection rate is small. This indicates that even after the hood is introduced in 
Case B, it is not possible to collect the exhaled air of the infected person that reaches the mouth 
of the non-infected person. Therefore, the hoods were not effective in other areas. Therefore, 
careful consideration is required when installing local exhaust hoods in areas other than 
examination rooms. 

 
3.2 The result calculated from artificial saliva 

 
Equation (3) calculates the doctor's infection risk from the simulated saliva particles 

delivered to the doctor's mouth. The generated amount of simulated saliva particles is 
estimated by measuring the decrease in simulated saliva before and after the generation 
(Figure 9). When calculating the density, estimating the particle size and composition of the 
simulated saliva particles in a state of liquid equilibrium after water evaporation is necessary. 
Since previous studies (Yang & Marr, 2011) have shown that the final particle size is 0.391 
to 0.502 times larger at a relative humidity of 10 to 90%, it was assumed to be 1.0, 0.40, 
0.45, and 0.50 times larger. The calculations are based on the assumption that the final 
particle size is 1.0, 0.40, 0.45, and 0.50 times larger than the final particle size. 
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Figure 14 shows the results of Cqd calculated from quanta concentration before the doctor's 
mouth and CO2 when the final particle size was assumed to be 1.0, 0.40, 0.45, and 0.50 times. 
0.4 times, the results obtained for the swirling flow type floor blowout (Fig. 14(a)) exceeded 
those calculated from CO2. Considering the effects of deposition and adhesion, the results 
calculated from simulated saliva particles are expected to be smaller than those calculated 
from CO2. These results may be because the amount of nebulized saliva was not stable (Figure 
8) and the final particle size is not always 0.4 times larger than the final particle size of the 
simulated saliva particles. When 0.5 times the final particle size was used in the calculation, 
the Cqd was about the same for the swirling flow type blowout (Fig. 14(a)). Therefore, this 
report calculates Cqd and t5% assuming the final particle diameter is 0.5 times larger. 
 
Cqd and t5% for each condition, calculated assuming that the final particle size is 0.5 times 

larger than the initial particle size regardless of the initial particle size, are shown in Figure 
15. As in the case of the calculation based on the trend CO2, the risk of infection is lowered 
in the order of " FSDV > displacement ventilation type floor diffuser > swirling-flow type 
floor diffuser ". This result reinforces the conclusions from the results calculated from the 
CO2. 

 
 
4 CONCLUSION 

 
This study aimed to evaluate the effectiveness of the combination of air conditioning with 

floor-supply displacement ventilation(FSDV) and a hood and its performance as an infection 
control measure. The results of the doctor's infection risk calculated from CO2 and simulated 
saliva droplets were also discussed. The findings of this study are summarized below.  
 
・The effectiveness of the combination of FSDV and a local exhaust hood was confirmed in the 
examination rooms, and high infection control performance was confirmed in both the 
examination rooms and non-examination rooms. 
・The high infection control performance confirmed in the non-examination rooms was strongly 
influenced by the large air supply volume of 1,000 m³/h for the room volume, and careful 
consideration is required to introduce this system in the non-examination rooms. 
・These results were confirmed by both CO2 gas and simulated saliva particles. These results were 
confirmed for both CO2 gas and simulated saliva particles, and the results calculated from the 
simulated saliva particles were smaller than those calculated from the gas. 

 
Future experiments should be conducted with a more stable nebulizer and closer to the particle 
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size distribution of the actual conversation. 
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ABSTRACT 
 
The development of computational fluid dynamics (CFD) made it possible to simulate the detailed flow field and 
temperature field within the room. The various studies numerically investigated the flow and temperature field 
both inside and outside the buildings. When investigating the indoor environment, human is an important factor 
since it perceives the indoor environment and behaves as a source of heat and contaminant as well. Some studies 
investigated deeper into humans by developing detailed computer-simulated persons (CSP). However, due to the 
limitation of computer performance, it is still not always possible to conduct the simulation with detailed CSPs. 
Therefore, many studies adopted the human simulators with simplified geometry, e.g., cylinder and cuboid. 
However, it is necessary to understand the effect of the geometrical difference of human simulators on the 
simulation results. Therefore, CFD analysis with different human simulator geometry is conducted to understand 
the effect. 
A human simulator is located in the middle of a room (3 x 3 x 3 m) with an inlet at a lower level of the room and 
an outlet at a higher level of the room. The air of 20 ℃ flows into the room via inlet boundary condition with the 
air velocity of 0.1 m/s. The human simulator geometry is the parameter in this study, and the studied cases are 
cuboid, simplified CSP, and detailed CSP. The Fanger model is applied for simulating heat generation from human 
skin surface; therefore, the heat generation rate differs depending on the conditions. 
As a result, it was shown that the total heat generation rate and surface temperature of human simulators are almost 
the same, therefore, since all other walls are insulated, the exhaust air temperature also did not differ depending 
on the cases. However, there was some difference in the ratio between convective and radiative heat loss through 
the skin. In addition, although the heat generation rate is almost the same, the flow rate of thermal plume around 
them differed by 10% depending on the human simulator geometry. 
 
 

KEYWORDS 
 
Computer simulated person, Heat generation rate, Thermal plume, CFD analysis, Human simulator 
 
 
1 INTRODUCTION 

 
The development of computational fluid dynamics (CFD) made it possible to simulate the 
detailed flow field and temperature field within the room. The various studies numerically 
investigated the flow and temperature field both inside and outside the buildings. When 
investigating the indoor environment, human is an important factor since it perceives the indoor 
environment and behaves as a source of heat and contaminant as well. Some studies (Nielsen 
et al., 2003; Takada et al., 2016; Yoo & Ito, 2018, 2022) investigated deeper into humans by 
developing detailed computer-simulated persons (CSP). However, due to the limitation of 
computer performance, it is still not always possible to conduct the simulation with detailed 
CSPs. Therefore, many studies adopted the human simulators with simplified geometry, e.g., 
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cylinder and cuboid (Lau & Chen, 2007; Yuan et al., 1999). However, it is necessary to 
understand the effect of the geometrical difference of human simulators on the simulation 
results. Therefore, to understand the effect of geometrical difference in human simulator, CFD 
analysis with different human simulator geometry is conducted. 
 
 
2 METHODOLOGY: HUMAN SIMULATOR 

 
The geometries of the human simulators that simulating an adult male are shown in Fig. 

1, and the surface areas of the human simulators are summarised in Table 1. The studied human 
simulators are as follows: i) cuboid with a dimensions of 0.25 x 0.25 x 1.8 m; ii) cuboid with a 
dimensions of 0.15 x 0.35 x 1.8 m; iii) angular human simulator that has a head and legs; iv) 
detailed CSP. The model geometries were decided by fixing the human body height to be almost 
the same as that of Model CSP-detailed, i.e., 1.8 m height. The body surface area was adjusted 
to be around the same as that of Model CSP-detailed as well. The surface area of each simplified 
models is kept within the range of 3% from that of Model CSP-detailed. 
 

 
Figure 1: Geometries of the human simulators 

 
Table 1: Geometrical information of the human simulators 

 
 To investigate the difference of thermal plumes from each human simulators, skin 
surface temperature was controlled by adopting the Fanger’s model (Fanger, 1972) to the 
boundary condition. The heat generation from the human simulators is expressed by the 
combination of core temperature and heat conductance through the core to the skin through the 
body. By using the simplified equations based on the Fanger’s comfort equation (Fanger, 1972), 
the correlation between skin surface temperature Tskin and sensible heat generation from skin 
surface Qskin-s can be expressed as follows: 

Geometry Surface area [m2] Height [m] Number of cells 

Cuboid-square 1.84 (-1.1%) 1.80 2,114,952 

Cuboid-rectangle 1.83 (-1.6%) 1.80 2,064,930 

CSP-angular 1.91 (+2.7%) 1.80 5,705,792 

CSP-detailed 1.86 (Reference) 1.77 1,196,755 
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 𝑄𝑠𝑘𝑖𝑛−𝑠 = 18.5 × (36.4 − 𝑇𝑠𝑘𝑖𝑛) (1) 
 
where, core temperature of the human body is set to be 36.4 ℃ and heat conductance between 
core of the body and the skin surface is set to be 18.5 W/m2K. 
 
 
3 METHODOLOGY: ANALYTICAL METHOD 

 
The analytical domain and the studied cases are illustrated in Figure 2. Each human 

simulator is located at the middle of the room with a dimensions of 3 x 3 x 3 m. The cooled air 
is supplied to the room through an inlet located near the floor at a wall, and is exhausted from 
the room through an outlet located near the ceiling at the opposite wall. Both inlet and outlet 
have a dimension of 0.3 x 0.3 m. Due to the detailed geometry of Model CSP-detailed, two 
cases are studied for this model: the case that (a) air inflows through the inlet at the back and 
outflows through the outlet at the front, and (b) air inflows through the inlet at the back and 
outflows through the outlet at the front.  

The simulation is conducted under non-isothermal condition using commercial software, 
Ansys Fluent. SST 𝑘 − 𝜔  model is adopted, radiative heat transfer is calculated using S2S 
(Surface-to-surface) model, and the second-order upwind discretization scheme is adopted.  

The boundary conditions are summarized in Table 2, and the number of cells in each 
model are summarised in Table 1. The cells around Model CSP-detailed is consist of 
unstructured meshes, whereas the other models are consisting of structured meshes due to their 
simplified geometry. 
 

 
Figure 2: Geometrical configuration of studied cases 

 
Table 2: Boundary conditions 

 

Inlet Velocity: 0.1 m/s, Temperature: 20.0 ℃ 

Outlet Gradient zero 

Wall No slip, External emissivity: 0.95, Temperature: Gradient zero 

Human skin surface No slip, External emissivity: 0.98, Temperature: Calculated by Eq. (1) 
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4 RESULTS AND DISCUSSIONS 

 
The exhaust air temperature and the mean temperature of skin surface are summarized in Table 
3. There is no significant difference among all the cases in terms of exhaust temperature and 
mean skin temperature.  
 

Table 3: Temperature results 

 
 Figure 3 and Figure 4 illustrates the heat flux and heat generation from human 
simulators, respectively. The total sensible heat flux and heat are almost the same among all the 
cases, i.e., 49 to 51 W/m2 and 92 to 94 W. However, it must be noted that the ratio between 
radiative and convective heat transfer from the skin was different. Figure 5 illustrates the ratio 
between radiative and convective heat transfer from human simulator’s skin. It is shown that 
the heat transfer by radiation is almost double of that by convection. In addition, it is shown 
that the radiative component is relatively small in Case-3 and Case-4, if compared to that in 
Case-1 and Case-2. It is assumed to be due the reproduction of the detailed geometries; the 
radiative heat transfer from skin surface only goes to the surrounding cooled walls in Case-1 
and Case-2, whereas the radiative heat transfer also occurs between skin surfaces in Case-3 and 
Case-4. Therefore, due to the simplicity of the geometry, the radiative heat transfer is assumed 
to be overestimated (and convective heat transfer is underestimated) in cuboid human 
simulators.  
 

 
Figure 3: Heat flux from human simulators 

 

Case Geometry 
Exhaust temperature 

[℃] 

Mean skin temperature 

[℃] 
Surface area [m2] 

1 Cuboid-square 28.5 33.7 1.84 

2 Cuboid-rectangle 28.5 33.6 1.83 

3 CSP-angular 28.5 33.8 1.91 

4a CSP-detailed 
(Flow: back-to-front) 28.5 33.7 1.86 

4b CSP-detailed 
(Flow: front-to-back) 28.2 33.7 1.86 
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Figure 4: Heat from human simulators 

 

 
Figure 5: Ratio between radiative and convective heat transfer from human simulators 

 
The thermal plume flow rate is shown in Figure 6. The thermal plume flow rate was 

calculated by conducting mass-weighted integral of upward air velocity around the human 
simulators. It must be noted that the velocity was integrated within the region that the upward 
air velocity is larger than 0.05 m/s. The plume flow rates in Case-1 and Case-2 are relatively 
small if compared to the other cases. It is because the convective component of heat transfer 
from cuboid human simulators are assumed to be underestimated as mentioned prior, which 
leads to the smaller drive force of the thermal plume. Moreover, it is assumed that the turbulence 
generated around the hip joint, also enhanced the increase of the flow rate. Additionally, the 
thermal plume flow rates of Case-4a and Case-4b are not identical to each other. It is suggested 
that more the human simulator’s geometry is detailed, more the thermal plume flow rate is 
difficult to be simply predicted. 
 

 
Figure 6: Plume flow rate from human simulators 
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5 CONCLUSIONS 

 
To understand the effect of reproduction of the human simulators, CFD analysis was conducted 
with four different geometries of human simulators. The studied cases are: two kinds of cuboids, 
one simple CSP, and one detailed CSP. Each of the human simulators is located at the middle 
of the room (3 x 3 x 3 m), and the cooled air is supplied around the floor and is exhausted 
around the ceiling. As for the detailed CSP, two cases are conducted; (a) when air is supplied 
from the front, and (b) when air is supplied from the back. 
 It is shown that although the total sensible heat generation is almost the same among all 
the cases, however, the ratio between radiative and convective heat transfer differed. This also 
led to the difference in thermal plume flow rate. 
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SUMMARY 
 
Personalized Environmental Control Systems (PECS) have advantages of controlling the localized environment at 
occupants’ workstation by their preference instead of conditioning an entire room. A new IEA EBC Annex (Annex 
87 - Energy and Indoor Environmental Quality Performance of Personalised Environmental Control Systems) has 
recently started to establish design criteria and operation guidelines for PECS and to quantify their benefits. This 
topical session will provide an introduction to the objective/scope, activities, and intended outputs of the annex. 
 

KEYWORDS 
 
Personalized Environmental Control System, Indoor environmental quality, Thermal Comfort, Indoor Air Quality 
  
1 INTRODUCTION 

 
A new IEA EBC Annex (Annex 87 - Energy and Indoor Environmental Quality Performance 
of Personalised Environmental Control Systems) has recently started and has the overall 
objective to establish design criteria and operation guidelines for PECS and to quantify the 
benefits regarding health, comfort, energy, and cost performance. The scope of the annex 
includes all types of PECS for local heating, cooling, ventilation, air cleaning, lighting, and 
acoustics. Various types of PECS such as desktop systems, which are mounted on desks or 
integrated in a furniture, or chairs with heating/cooling and ventilation, will be covered. The 
annex will also include wearables, where heating, cooling, and ventilation are included in 
garments or devices attached to the occupants’ body. This topical session will provide an 
overview to the activities and intended outputs planned for the annex. 
 
2 MAIN ACTIVITIES 

 
The annex comprises five subtasks, and their activities are described in the following sections. 
 
2.1 Subtask A: Fundamentals 

 
This subtask aims to define and identify requirements of PECS in terms of Indoor 
Environmental Quality (IEQ), i.e., thermal, air quality, lighting, and acoustics. The benefits of 
PECS regarding comfort, health and productivity and energy performance based on literature 
and new research will be shown. 
2.2 Subtask B: Applications and technologies 
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Subtask B will summarize the working principles, capabilities and limitations of existing PECS, 
based on literature. Future development and improvement suggestions for PECS for optimal 
energy, IEQ and cost performance will be identified. 
 
2.3 Subtask C: Control, operation and system integration 

 
In Subtask C, existing methods for controlling PECS (including sensors used for control) will 
be identified and summarized. Guidelines on integrating PECS with ambient conditioning 
systems in buildings will be developed. 
 
2.4 Subtask D: IEQ and Energy Performance evaluation 

 
Existing methods of studying and testing PECS will be collected in this subtask. Generic power 
requirements for PECS to achieve energy savings compared to ambient conditioning systems 
will be identified. Universal and standardized ways of evaluating and reporting the performance 
of PECS will be developed. 
 
2.5 Subtask E: Policy and advisory actions 

 
In Subtask E, national and international building codes and standards regarding PECS will be 
summarized. Ways of overcoming current barriers for a wide implementation of PECS in 
buildings will be developed. The subtask will provide input to existing national and 
international standards about requirements, characteristics, and performance of PECS. 
 
3 INTENDED OUTPUTS AND TARGET AUDIENCE 

 
The intended outputs of the annex are as follows: 
• Guidebook on requirements for PECS (Subtask A) 
• State-of-the-art report on PECS (Subtask B) 
• Guidebook on PECS design, operation and implementation in buildings (Subtasks C & E) 
• Report on test methods for performance evaluation of PECS (Subtask D) 
• Universal criteria about requirements, characteristics, and performance of PECS to be 

used in national and international standards (Subtask E) 
  
The intended audience of the outputs would be consulting engineers/companies, heating, 
ventilation, and air-conditioning (HVAC) system and component manufacturers, researchers, 
building owners and tenants, and standardization bodies. Input will be given to revise relevant 
standards such as EN 16798 and ISO 17772 on required criteria for PECS (CEN, 2019; ISO, 
2017). Development of new standards is also foreseen.  
 
4 REFERENCES 
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SUMMARY 
Most current environmental control systems installed in buildings aim to create a uniform IEQ, disregarding the 
large interpersonal and intrapersonal variability in occupants’ thermal, visual, acoustics & air quality requirements. 
By creating occupant micro-environments that respond to individual preferences, and relaxing the surrounding 
space, personalized environmental control systems (PECS) can satisfy all occupants with relatively low-energy 
input. The performance of PECS on improving IEQ and energy use has been widely studied in different spaces 
using different simulation and modeling techniques, experimental methods, and field studies. Key performance 
indicators (KPIs) were subsequently used to quantify this performance and benchmark it with respect to 
conventional systems.   
 

KEYWORDS 
Personalized environmental control systems, indoor environmental quality, energy, performance evaluation 
methods 
  
1 PECS PERFORMANCE  

1.1 Analysis methods  

Up until recent times, PECS performance evaluation methods could be classified into two 
major categories (Figure 1): (i) digital simulations that differ depending on the type of micro-
environment targeted by the PECS (i.e., thermal, IAQ, acoustic, visual) or study objectives and 
(ii) experimental methods that are commonly used by all types of PECS. Combinations of 
simulations with select-experiments for validation of numerical prediction is also common. 

Experimental techniques consist of deploying a fully functioning PECS in controlled or 
semi-controlled environments (e.g., climatic chamber) with either human subjects or test 
mannequins. Experiments also include field tests in occupied case study buildings 
(Kaczmarczyk, 2004; Melikov, 2007). Performance of PECS was evaluated via objective 
measurements of physiological (e.g., segmental skin temperature, heart rate, pupil size) and 
room parameters (e.g., air velocity, sound pressure) and through subjective satisfaction 
assessment collected from participants (e.g., questionnaires, cognitive tests, sick building 
syndrome, self-assessed productivity).  

With every increasing hardware/software capability, computer simulation tools and 
modeling techniques have been widely and successfully applied to PECS research. For 
example, thermal/IAQ PECS (coupled to physiological comfort models) have been modeled 
using simplified mathematical analysis and theoretical formulations with adequate assumptions 
(Al Assaad 2018) or computational fluid dynamics (CFD) when more information is required 
about air distribution patterns as well as thermal/concentration fields in specific locations. 
Building energy simulations tools (e.g., EnergyPlus, IDA-ICE) are commonly used to assess 
the year-round energy use and potential savings for thermal/IAQ and visual PECS (Schiavon  
2009). Despite the potential of digital simulation environments, they lack in their ability to 
simulate inter and intra individual differences between occupants and their dynamic interaction 
with the building. 

Figure 1: Overview of PECS performance evaluation methods 
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1.2 Key performance indicators (KPIs) 

        For each PECS type (Figure 1), further subcategorization is possible. For example, 
thermal/IAQ PECS can be divided based on their function (heating, cooling and/or ventilation). 
Under this umbrella, multiple PECS exist with multiple design variations. For each type of 
PECS and for each evaluation method, different evaluation indices can be found. The conditions 
between studies were also different rendering difficult PECS comparison. Table 1 displays a 
summary of the main KPIs used to analyze PECS performance in simulations, experiments, or 
both. Common indicators found between all types of PECS include human subjective IEQ 
satisfaction votes often used in experimental studies  
This shows the need for a universal method or standardized procedure to test and evaluate PECS 
performance which will be one of the main objectives of the newly formed international project 
“IEA EBC Annex 87 – PECS”. These procedures should include ventilation/thermal resilience 
performance of PECS and its environmental impact (i.e., carbon footprint).   

Table 1: Summary of main KPIs used in †simulations, *experiments, °both (Shinoda 2023) 

Thermal comfort1 Visual comfort  Acoustic comfort  Air quality Energy  

Overall/Local 
Thermal sensation, 
comfort (votes, 
predicted from 
models)° 

Room/local visual 
sensation, comfort 
votes* 

Equivalent Sound 
pressure levels° 

Ventilation 
effectiveness°  

Corrective energy, 
corrective power* 

Draught index° Gaze, eye 
movement, pupil 
size* 

Daily noise 
exposure level 

Personal exposure 
effectiveness° 

Energy savings, 
energy demand° 

Segmental/Equivalent 
skin temperature° 

Luminance, 
luminance ratio° 

Acceptability of 
system* 

Intake fraction° Power usage° 

Segmental/Mean heat 
losses (sensible, 
latent) ° 

Daylight factor, 
daylight 
autonomy° 

Speech 
annoyance, ability 
to concentrate* 

Pollutant exposure 
reduction° 

Heating/Cooling 
load° 

Air temperature & 
velocity distribution° 

Glare index°  Perceived 
privacy* 

Perceived air 
quality* 

Device-level COP* 

1Excluding heat stress related indices  
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ABSTRACT 
 
Accounting for inter- and intra-personal differences requires individual and cohort comfort models. For their 
development, emulators for thermal sensation of occupants are needed. Physiological signals can be acquired using 
both wearable and contactless devices. However, due to the widespread availability of sensing methods it is 
difficult to select the proper measuring method for the application. The objective of this study is to provide an 
overview of the capabilities of contemporary devices that measure physiological indicators used in literature and 
identify their capabilities and limitations. The analysis was made on a dataset of reviewed thermal comfort research 
studies that employed physiological sensing devices in experimental and field test campaigns. The physiological 
indicators investigated in literature were derived from the human thermoregulation mechanism. The physiological 
indicators measured were neural activity (brainwave frequency bands), heartbeat (heart rate and heart rate 
variability), blood flow (blood pressure, blood oxygen saturation, skin blood flow), activity (metabolic rate, 
activity, calorie consumption), temperature (core and skin), sweat (relative humidity, skin conductance, skin 
hardness, and amount of sweat). The wrist is the most investigated body part as it is a convenient area for acquiring 
multiple physiological indicators i.e., all physiological measurements except for ECG and EEG measurements. 
However, most devices are not “plug-and-play” solutions for thermal comfort assessment. As contact devices, 
smartbands acquire an extensive set of indicators but present 3rd party data privacy protocols which may limit their 
applicability. Cameras (RGB and infrared) can only be used to acquire skin temperature and heart rate but can be 
deployed in the space by the building owner. Further studies are required on the sensing accuracy and signal 
variability as a function of thermal sensation to determine the optimal measurement method. 
 

KEYWORDS 
 
Thermal comfort, sensing strategies, physiological indicators, wearable/contactless, sensing performance 
  
1 INTRODUCTION 

 
In order to deal with inter- and intra-personal differences, personal and cohort thermal comfort 
models were proposed (Kim, Schiavon, and Brager 2018; Quintana et al. 2022). However, these 
models require input from or representative of the occupant in question (Deng and Chen 2020; 
Laftchiev and Nikovski 2017). As thermal comfort is a function of thermoregulatory aspects, 
emulators such as physiological signals could be used to distinguish between thermal sensation 
of different people and for the same person over time (Bogatu et al. 2023; Lee and Ham 2021). 
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Further studies are though required on the set of indicators and their variability as a function of 
thermal sensation across people with different anthropometric characteristics and behaviour. 
With economically feasible physiological sensing methods emerging, wearable sensing devices 
become widespread and monitoring physiological indicators becomes simpler in both 
experiments and field studies. However, with a market under constant change it is difficult to 
select the proper measuring method for the application. The objective of this study is to provide 
an overview of the capabilities of current physiological indicator measuring devices used in 
literature and identify their benefits and limitations. 
 
2 METHODS 

 
The objective was to identify current physiological indicator measuring techniques in thermal 
comfort studies. The analysis was made on an existing dataset (Bogatu et al. 2023) where the 
objective was to determine relevant indicators for data driven thermal comfort prediction for 
HVAC control. The dataset was generated using Google Scholar, Scopus, and Web of Science, 
and the “reference by reference” method.  
For finding relevant research studies permutations, combinations, and specific keywords such 
as physiological, physiology, wearable, contactless, smart control, control, smart building, 
thermal comfort, sensing were used. The database consisted of 94 articles that measured 
physiological indicators, used either physiological, environmental, behavioural, or 
anthropometric measurements in personal comfort model development, or integrated occupant 
feedback or physiological indicators in the HVAC control.  
 
3 RESULTS  

 
3.1 Physiological indicators 

 
Physiological indicators used in thermal comfort studies are derived from human 
thermoregulation mechanism (Bogatu et al. 2023). Thermoregulation is controlled by the 
central nervous system, which sends nerve impulses based on signals received at skin level. 
The nervous system regulates blood flow through the heart and through the constriction and 
dilation of vessels, perspiration, and metabolic rate to regulate body temperature. Therefore, 
physiological indicators can be obtained from: 

• Neural activity: brainwave frequency bands. 
• Heartbeat: heart rate (HR) and heart rate variability (HRV). 
• Blood flow: blood pressure (BP), blood oxygen saturation (SpO2), skin blood flow (BF). 
• Activity: metabolic rate (MET), activity, calorie consumption. 
• Temperature: core (TCORE), skin temperature (TSK). 
• Sweat: skin relative humidity (RHSK), skin conductance (SC), skin hardness, and 

amount of sweat. 
 
3.2 Physiological indicator sensing 

 
Figure 1 shows the frequency of investigated body parts and the corresponding indicators. Most 
measurements were made at the wrist level, followed by the forehead, hand, upper arm, cheek, 
chest, forearm, thigh, ankle, neck, abdomen, waist, ankle, and calf. A collection of the sensors 
employed in literature and their characteristics can be found in the Appendix. 
Neural activity can be recorded at the head level by an electroencephalogram (EEG) instrument 
consisting of electrodes which measure brain electrical activity (Pigliautile et al. 2020). 
Advanced instruments are available where the electrodes are attached to a headset (Kim and 
Hong 2020; Pigliautile et al. 2020). Although portable, these devices must be in contact with 
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the subject during the measurement and require dedicated software to analyse the obtained 
information. The analysis of the brainwaves power spectrum is made with a fast Fourier 
transform method to obtain the distribution of the magnitude of signals within particular 
frequency bands, such as Alpha, Beta, Delta, Theta, and Gamma ranges (Shan and Yang 2020). 
Recent devices are convenient, becoming light and easy to set up but highly intrusive if intended 
for long term use (Pigliautile et al. 2020; Shan and Yang 2020). 
HR can be derived from HRV which can be obtained by measuring the heart’s electrical activity 
(Chaudhuri et al. 2018; Nkurikiyeyezu, Suzuki, and Lopez 2018). Error! Reference source 

not found.The HRV is usually measured at the chest level or a combination of chest, arm, wrist, 
thigh, and ankle through electrodes placed on the skin (Gwak et al. 2016; Zhu et al. 2018). Since 
the electrodes are in contact with the skin, electrocardiogram (ECG) devices must be in 
occupant proximity. Although intrusive, wearable devices (medical and commodity sensors) 
for chest placement are available (Liu et al. 2019; Pigliautile et al. 2020). If other indicators 
than HR must be obtained, these devices are no longer “plug and play” and may require 
additional data processing. 

 
Figure 1. Frequency of physiological measurements across the human body. 

Photoplethysmography (PPG) measures blood volume changes in the vessels, where light 
transmitted from a source onto the skin tissue is being either absorbed or reflected. The increase 
in blood volume is obtained based on the relative change in the light captured by the 
photodetector (Jung and Jazizadeh 2018b). PPG measurements can be made at the skin level, 
e.g., on the face where there is a high density of blood vessels (Ghahramani et al. 2016), at the 
wrist (Laftchiev and Nikovski 2017), or finger (Chaudhuri et al. 2020). Wrist measurements  
usually make use of smartbands or smartwatches equipped with a PPG sensor (Lee and Ham 
2021). Blood volume changes measured at the face level are usually contactless and are 
obtained using Red Green Blue (RGB) cameras that track tiny colour changes in the reflected 
light of the region of interest (Dabiri and Jazizadeh 2014; Jung and Jazizadeh 2018a). Blood 
flow can be measured through laser Doppler flowmeters - similar principle to PPG using 
different light frequencies (Cheng, Lee, and Huang 2018). This technology was mainly used 
for measuring the microvascular blood flow at the finger (Cheng et al. 2018) or foot (Song et 
al. 2016) level. Blood pressure was measured by using a sphygmomanometer (inflatable cuff 
coupled to a manometer) and was rarely employed most likely due to the difficulty of obtaining 
a continuous measurement. SpO2 can also be obtained through PPG at the finger level 
(Chaudhuri et al. 2018, 2020). An indirect measurement of blood oxygen intake, respiration, 
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was measured contactless using Doppler radar sensors through the motion of the chest and 
abdomen areas (Jung and Jazizadeh 2018a). BF, BP, and SpO2 were investigated using medical 
and research grade sensors where devices were placed in contact with the skin. 
The MET can be measured with a cardiopulmonary tester (Song et al. 2016). This involves a 
spiroergometer device where a mask is used to analyse the oxygen and carbon dioxide in the 
inhaled and exhaled air. Although portable products exist, they cannot be worn in daily life due 
to their intrusiveness. Activity level, representative of the MET, is usually measured instead 
(Lee and Ham 2021). Motion-based activity was measured using either wrist or chest connected 
tri-axial accelerometer devices. These sensors are relatively cheap and are usually integrated in 
smartwatches and smartbands (Laftchiev and Nikovski 2017). Other approaches involved the 
use of weight and calorie consumption estimation (Huang, Yang, and Newman 2015). 
TCORE is approximately measurable from the oesophagus, rectum, gastro-intestinal tract, mouth, 
tympanum, auditory canal regions (CEN 2021). Other options are radio-pills (Wang et al. 2007) 
or predicting it from heart rate measurements with high accuracy (Nazarian et al. 2021). The 
inner eye is also a suitable measurement point, obtainable using thermal cameras (Metzmacher 
et al. 2018). However, certain studies considered the eye temperature as the TSK (Cosma and 
Simha 2019a, 2019b). A wireless non-invasive thermometer which estimates TCORE based on 
TSK and heat flux is also available, though costly (Ajčević et al. 2022). 
TSK can be obtained using both wearable and contactless devices (Hwang et al. 2019; Salehi, 
Ghanbaran, and Maerefat 2020). Except for measurements on the eye, TSK represents the most 
investigated indicator for each human body part. The standard way of measuring TSK involves 
the use of low-cost thermocouples (Jung and Jazizadeh 2018b; Liu et al. 2020) and resistance 
temperature detectors (Lopez et al. 2016) which are wired to a logging system. This method is 
highly intrusive and makes it difficult to perform daily activities. Wireless TSK sensors are also 
available, consisting of button sized devices (Liu et al. 2019), which can be attached to the skin 
through e.g., medical tape. These devices cannot transfer data in real-time though, making them 
impractical for smart system integration. Smartwatches and smartbands were previously 
reported throughout literature as useful for measuring TSK in the wrist area due to the convenient 
placement of the sensors (Barrios and Kleiminger 2017; Deng and Chen 2020; W. Li, Zhang, 
and Zhao 2019; Yoshikawa et al. 2019). Still, few newer smartwatch/smartband devices make 
available TSK as a signal. The facial area has also drawn extensive attention due to the 
appearance of low-cost contactless monitoring technologies (Ranjan and Scott 2016; 
Warthmann et al. 2018). TSK was obtained through thermal infrared cameras generally pointed 
at the face, a feasible non-intrusive method (Cosma and Simha 2019b; Li et al. 2020; Lu et al. 
2019; Pavlin et al. 2017), or through infrared lasers which must be close to the skin level for a 
continuous measurement of the point of interest (Luo et al. 2018). An innovative solution was 
found in literature where infrared sensors were attached to a pair of glasses (Ghahramani et al. 
2016). The main advantage of contactless TSK measurements is that the measurement is not 
influenced by the sensor covering the skin area under investigation (Metzmacher et al. 2018).  
Skin relative humidity (RHSK) was measured using button sized sensors in studies involving 
high physical activity (Priego-Quesada et al. 2020). Sweat rate was also directly measured with 
an innovative sensor (watch-type device with a capacitive humidity sensor) with low operation 
power and weight (Sim, Yoon, and Cho 2018). SC, or electrodermal activity (EDA), can be 
obtained through electrodes connected to the fingers (Pigliautile et al. 2020) or at the wrist level 
through smartbands (Lee and Ham 2021). Only one mention of skin hardness was found in the 
literature measured using a durometer (not designed for skin hardness measurements) which 
was placed at the skin level of the arm or wrist (Yoon et al. 2018).  
 
3.3 Capabilities and limitations of current sensing strategies 
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A summary of capabilities and limitations of the physiological measurement strategies are 
given in Table 1. The analysis was made by comparing wearable and contactless devices. 
Wearable devices represent relatively cheap and mature products. They can be wired or 
wireless. Device examples are probes, telemetry devices, smartwatches/smartbands, and 
headsets. Contactless examples found in literature are RGB cameras, infrared thermal cameras, 
and devices employing laser Doppler velocimetry. 

Table 1: Capabilities and limitations of measuring devices for physiological indicators. 

Device Capabilities Limitations 
Wearable • May be integrated in a device 

attached to an occupant 
• May measure multiple parameters 
• Clothing does not interfere with 

the measurement 
• Mature products 
• May be relatively cheap 
• Can be placed directly on the skin 
• Can be placed on different and 

multiple body areas 
• Can be connected via cloud-based 

solutions 

• Measurement length dependent on the battery life and data 
storage capacity of the equipment 

• Could be intrusive and invasive (e.g., chest strap) 
• Accuracy issues (improper use, movement, fastening option) 
• Sensor accuracies may be unknown 
• Covers body area where measurement is made  
• Narrow operating ranges 
• Single point measurement 
• Influenced by physical pressure, insulation from fitting 

material and thermal inertia of the sensor 
• Inconvenient if wired 

Contactless • Can gather data on body areas not 
covered by clothing, e.g. face 

• Non-invasive and non-intrusive 
• Can capture a bigger surface area  
• Can detect changes from the skin 

naturally and directly impacted by 
the surrounding environment 

• May require a complex system consisting of multiple nodes 
(e.g. depth and thermal image camera) 

• Privacy concerns 
• Little flexibility regarding placement 
• Correction regarding clothing might be required  
• May not be suitable for multi-occupancy spaces due to the 

limited field of view 
• Error in detecting area of interest for measurements  
• Can be difficult to implement in building due to size and 

compatibility issues (e.g. in Building Management Systems). 
• Higher cost compared to wearable sensors 

 
4 DISCUSSION 

 
As wearables, devices designed for measuring certain physiological indicators, e.g., HRV, 
brainwave frequency bands, SpO2, can be found though lacking wireless connectivity. Few 
commodity health monitoring telemetry devices designed to acquire multiple physiological 
indicators were observed (Chaudhuri et al. 2018). Smartbands/smartwatches were the most 
complete devices, being able to measure multiple indicators, such as TSK, HR, SpO2, and 
activity simultaneously. However, just as chest bands, they are commodity devices lacking 
standardized datasheets with information on the device’s accuracy, resolution, and range. 
Extracting real-time data from these devices may also not be possible or would require specific 
knowledge. On the other hand, medical and research-grade devices are costly and usually 
designed for measuring specific physiological indicators, e.g., SC and brainwave sensors. 
For quantifying physiological indicators in real-time, RGB and infrared thermal cameras could 
be feasible. RGB cameras are cheaper and usually available at the workspace. Although privacy 
measures such as discarding images after data collection must be taken into account when 
employing cameras (D. Li, Menassa, and Kamat 2019), these systems also enable pose tracking 
(Qian et al. 2020; Yang et al. 2019), age, and clothing estimation (Rida et al. 2023), which may 
complement TSK and HR measurements. Infrared thermal cameras present a wider working 
range than contact measurements  (e.g., thermocouples) but have a slightly worse correlation 
with the thermal sensation (Wu et al. 2019). When compared to resistance temperature sensors 
(usually with an accuracy of ±0.2 °C) only a maximum of 0.5 to 0.7 K difference was observed 
(Metzmacher et al. 2018). Low-cost options present low image resolution, which may lead to 
difficulties in detecting the human profile, but information from the surrounding pixels 
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surrounding could reduce noise and thus improve stability. Combining RGB and infrared 
thermal cameras may even increase measurement accuracy as the influence of light is reduced 
generating clearer contours (Metzmacher et al. 2018). However, both solutions require 
additional data processing for obtaining the desired parameters (Dabiri and Jazizadeh 2014).  
From a practicality point of view, wearable devices are connected to the occupant which makes 
it difficult to determine ownership, operation, and maintenance responsibility. Contactless 
devices are deployed in the space. Although requiring the consent of the occupants, ownership, 
operation, and maintenance can be performed by the building owner. 
 
5 CONCLUSIONS 

 
Acquiring physiological indicators in real-time still represents a difficult task and thus further 
development of current sensing devices is required. Not all devices measuring physiological 
indicators present real-time data access while “plug-and-play” solutions specifically designed 
for thermal comfort assessment are lacking.  
Contactless devices (e.g., RGB and infrared cameras) can only be used to acquire skin 
temperature and heart rate and require extensive data processing. Wearable devices can be used 
to acquire an extensive range of indicators, with the wrist area being the most versatile. 
Smartwatches and smartbands are mature devices used to acquire multiple physiological 
indicators (TSK, HR, SpO2, and activity) simultaneously. Since they are mostly consumer 
products protected through 3rd party data privacy protocols, these devices cannot be deployed 
in buildings with ease. Measurement accuracy represents a limitation for low cost contactless 
solutions, which requires further investigation.  
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APPENDIX 

Table 2. Characteristics of sensors employed in literature (T: temperature, RH: relative humidity, HR: heart rate, 
EDA: electrodermal activity, SC: skin conductance, ACC: accelerometer, ECG: electrocardiogram, SpO2: blood 

oxygen saturation, EEG: electroencephalogram). 

Type Model Measurable parameters Details 

Smartwatch 
or 
Smartband 

Microsoft Band 2 
 

HR, T, EDA, ACC Smartwatch 

LG Watch R (W110) 
 

HR Smartwatch 

Hesvit S3 HR, T (Acc. ±0.3 °C, Res. 0.1 °C), RHSK Smartband 
Empatica E4 HR, T (Range -40 to +85 °C), ACC (± 2g), EDA (Range 

0.01 to 100 µS) 
Smartband 

Temperature 
sensor or 
probe 

Exacon D-S18JK T (Acc. ±0.1 °C, Range 0 to 50 °C)   Temperature 
probe 

TT-K-30-SLE T (Acc. ±1.1 °C or ±0.4 %, Range 0-350 °C) Thermocouple 
iButton DS1923 T (Acc. ±0.5 °C, Res. 0.5 °C, Range -10 to 65 °C), RH 

(Acc. ±5%, Range 0 to 100%, Res. 0.6% or 0.04%) 
Temperature and 
RH probe 

muRata NTC - Thermistor 
WZYCH4 T (Sens. 0.1 °C) Temperature 

probe 
SBS-BTA T (Acc. ±0.5 °C, Res. 0.03 °C) Thermistor 
Gigarise SG900 T (Acc. ±0.2 °C, Range -50 to +180 °C) - 
MLX90614 T (Acc. ±0.5 °C, Res. 0.02 °C) Infrared sensor 
Beurer FT70 T: ear (Acc. ±0.2 °C, Range 34-43 °C), forehead (Acc. ±0.2 

°C, Range 34-43 °C), object (Acc. ±1.5 °C, Range 0-100 °C) 
Medical device 

CORE T (Acc. ±0.05 °C from 20 °C to 42 °C), TCORE (± 0.28 (1σ) ± 
0.21 (MAD) – chest) 

Body 
temperature 
sensor 

Heart rate 
sensor 

Zephyr HXM-08L HR (Acc. ±3%, Range 0-200 bpm) Telemetry device 

 Polar H7 ECG, HR (Acc. ±4%) Chestband 
 HER-BTA HR (Freq. 5 kHz ±10 %)  
 HRV101 ECG (SRate 250 Hz and 400 Hz, BW 0.05-40Hz) ECG Holter 
 BioHarness 3.0 HR (Acc. ±1 bpm, Range 25-240 bpm), ECG, respiration 

rate, body orientation, ACC 
Physiological 
monitoring 
telemetry device 

Health 
monitoring 
device 

MySignals, Libelium 
CO. 

HR (Acc. ±5%, Range 25 to 250 bpm), SpO2 (Acc. ±2%, 
Range 35 to 100%, SC (Acc. ±5%, Range 0-20 μS), BP 
(Acc. ±3 mmHg, Range 0 – 300 mmHg) 

Pulse oximeter, 
Sphygmomanom
eter 

Laser 
Doppler 

moorVMS-LDF1 Blood flow (Acc. ± 10%, Range: 0-1000AU) Deeper tissue 
blood flow and 
temperature 
monitoring 

Neural 
headset 

EPOC+ 14 ch. EEG (Res. 14 bits, DRange 8400 µV, BW 0.2-45 Hz, 
BL 12 h) 

14 channel EEG 

B-Alert X10, ABM 9 ch. EEG (Res. 16 bit, DRange ±1000 µV, BL 8+ h) 9 channel EEG 
Camera Yukai USB Sweat area/sweat pore diameter Digital camera 

with microscope 
 Microsoft Kinect RGB-DT camera (Acc. ±4 cm at 5 m, depth range 0.8-5 m, 

$48) 
RGB-Depth 
Temperature 

 FLIR A35 TSK (Acc. ±5 °C or ±5 % of reading, Range -23 to 135 °C/-
40 to 550 °C, Sens. < 0.05 °C) 

Infrared 

 FLIR A655sc TSK (Acc. ±2 °C or ±2 % of reading, $22000) Infrared 
 FLIR T540 TSK (Acc. ±2 °C or ±2% of reading, Range -20 to 120 °C, 

Res. 464x348 px) 
Infrared 

 FLIR B8400 TSK (Range -20 to 120 °C) Infrared 
 FLIR Lepton TSK (Acc. ±0.5 °C, Res. 0.1 °C, $250) Infrared 
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 FLIR Lepton 2.5 TSK (Acc. ±5 °C or ±5 % of reading, Range -10 °C to 65 
°C, Sens. < 50 mK, $200) 

Infrared 
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SUMMARY 
 
On June 24, 2023, ASHRAE approved the publication of Standard 241-2023 Control of 

Infectious Aerosols. The purpose of Standard 241 is “to establish minimum requirements for 
control of infectious aerosols to reduce risk of disease transmission in the occupiable space” 
of buildings by defining “the amount of equivalent clean airflow necessary to substantially 
reduce the risk of disease transmission during infection risk management mode”. We provide 
a high-level overview of key aspects of the new standard as well as a discussion of its 
historical context and its potential impact on design and operation of buildings to achieve 
improved indoor air quality (IAQ). 
 
Requirements for airborne infection risk management have been absent for a century from 
IAQ standards with the exception of those written for healthcare facilities and laboratories. In 
1895, ASHRAE’s predecessor society, the American Society of Heating and Ventilating 
Engineers (ASHVE), published ventilation recommendations intended to reduce disease 
transmission that were incorporated in a proposed a 1914 model law and included in 22 US 
state codes by 1922. Since the 1930s, however, IAQ standards have focused on perceived air 
quality and control of chemical and particulate contaminants that have reduced minimum 
ventilation rates by half. 
 
More recently, the important role that indoor environments can play in disease transmission, 
has been described in ASHRAE’s Position Document on Infectious Aerosols that was first 
published with the title Airborne Infectious Diseases in 2009. Unfortunately, this awareness 
did not lead to changes in standards. The great personal, societal, and economic consequences 
of the COVID-19 pandemic together with the evidence that poorly ventilated buildings can be 
high risk environments for airborne infection transmission brought the adequacy of existing 
IAQ standards under heavy scrutiny. Recognizing that indoor environments were not 
designed to mitigate risk of Covid-19 transmission, ASHRAE formed its Epidemic Task 
Force (ETF) early in 2020. In a matter of months, the ETF produced a large body of guidance 
that was well received and widely used. This guidance was not intended to set new 
enforceable minimum requirements but did lay the groundwork for their development, as a 
logical next step.  
 
The development of Standard 241 began with the December 6, 2022 ASHRAE board motion 
authorizing development of a “comprehensive, consensus-based, code enforceable 
standard…to mitigate the risk from respiratory pathogens” on an aggressive six-month 
schedule requested by the US White House COVID-19 Response Team Coordinator, Dr. 
Ashish Jha. The committee of international experts formed to undertake this challenging task 
first met on February 28, 2023, delivered a public review draft on May 12 and, after 
evaluating over 1000 comments, recommended a final draft for publication, which was 
subsequently approved on June 24. This unprecedented development time of 116 days was 
made possible by the extraordinary commitment of the project committee and to its ability to 
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build on existing ASHRAE documents. Key aspects of the new standard are summarized 
below. 

• Standard 241 applies to occupiable space in new buildings, existing buildings, and major 

renovations, including residential buildings and some portions of health care facilities. It sets 

requirements for outdoor air system and air cleaning system design, installation, 

commissioning, operation and maintenance.  

• A prerequisite for meeting standard 241 is that minimum Indoor Air Quality be provided by 

complying with applicable IAQ standards such as ANSI/ASHRAE Standard 62.1, ANSI/ASHRAE 

Standard 62.2, or ANSI/ASHRAE/ASHE Standard 170 at the time of construction or major 

renovation. 

• Standard 241 gives requirements that apply to infection risk management mode (IRMM), the 

operating mode when increased protection from infectious aerosol exposure is needed. 

Public health officials or other authorities may begin and end required use of IRMM, but it 

could also be used at the discretion of the building owner or occupant. 

• Equivalent clean airflow requirements are the single most important aspect of Standard 241. 

The equivalent clean air flow requirement for a space is the product of space occupancy and 

its equivalent clean airflow rate for infection risk mitigation per person (ECA). Equivalent 

clean airflow is the “flow rate of pathogen-free air that, if distributed uniformly within the 

breathing zone would have the same effect on infectious aerosol concentration as the sum of 

actual outdoor airflow, filtered airflow, and inactivation of infectious aerosols”. This provides 

the user of the standard great flexibility to determine how requirements are met.  

• The standard provides extensive requirements for mechanical filters and air cleaners. These 

include required testing for both performance and safety. Mechanical filters must be at least 

MERV-A 11 or equivalent in order to receive credit for contributing to equivalent clean 

airflow requirements. Prescriptive infectious aerosol removal efficiency are provided. Other 

air cleaners and air disinfection technologies must be tested by in-duct or chamber methods 

described in Normative Appendix A of Standard 241. Safety testing requires measurement of 

formaldehyde, ozone, and particulate matter emissions and sets target levels. 

• Standard 241 includes a variety of other requirements such as air distribution, natural 

ventilation and for assessment, planning, commissioning, operation, and maintenance of 

infectious aerosol control systems, which revolves around the development of a Building 

Readiness Plan that describes the engineering and non-engineering controls used to achieve 

equivalent clean airflow targets for a facility. Supporting guidance and tools are provided to 

assist in planning and commissioning.  

Standard 241 is ground-breaking in a number of respects: 
• By creating a special operating mode for use when conditions warrant (IRMM), it introduces 

the concept of resilience into indoor air quality standards. 

• Expressing control requirements in terms of a quantity, equivalent clean air, that integrates 

the impact of multiple controls. This is also a concept that could be adapted and applied to 

other indoor air quality standards. 

• The requirements for filter and air cleaner testing go well beyond what is found in existing 

standards. They are a major step in the direction of creating uniform and effective 

technology-agnostic criteria for characterizing filter and air filter performance and safety that 

will support their effective application.  

 
KEYWORDS 

 
Infectious Aerosols, COVID19, Air Cleaning, IAQ 
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ABSTRACT 
 
Some airborne pathogens can infect susceptible people over long distances in buildings when they are transported 
in small respiratory particles suspended in the air. The pathogen concentration in air can be decreased using 
engineering controls, such as ventilation, filtration, or inactivation. To determine their effect, it is common to use 
the Wells-Riley model to estimate the probability that a susceptible person is infected and is a function of the dose 
of infectious pathogen received and a Poisson distribution. Wells proposed a hypothetical dose unit, known as the 
quantum of infection, which is a function of the pathogen emission rate and, in turn, a function of the number of 
infected people and their individual pathogen emission rates. The quanta generation rate can be determined from 
the epidemiological data for an outbreak case of a disease in a space where the proportion of a population of people 
infected with a disease who were initially free of it is known. The quanta generation rate is a temporally and 
activity varying parameter and so this approach only represents its value at the time the infections occurred and 
for that space. It is also unique for every disease and disease variant, and the emission rate varies in different spaces 
because the probability of the presence of infected people also varies. It is unknown at the start of a pandemic, and 
again later when the pathogen mutation period is greater than the time taken to determine uncertainty in its value. 
These factors make uncertainty in its value significant and it may vary by several orders of magnitude. A Monte 
Carlo analysis is used to show that uncertainty in the quanta emission rate for SARS-CoV-2 varies over around 8 
orders of magnitude. There is a general paucity of data of sufficient quality to reduce uncertainty in emission rates. 
This means that there is little confidence in the data located in the tails. The problem with this is demonstrated by 
applying the emission rates to the WR model to estimate that, for an 8 hour exposure in a 50 person office with an 
outdoor airflow rate of 10 l s-1 per person, the probability of infection of each occupant from long range 
transmission is <1% for 95% of events. It is the data in the right-tail of the emission rate distribution that leads to 
an appreciable probability of infection. These are just a few of several factors that make a probability of infection 
estimated by the Wells-Riley model unusable as a metric. 
 

KEYWORDS 

Quanta, infection risk, ventilation, far-field 

1 INTRODUCTION 

Some airborne pathogens can infect susceptible people over long distances in buildings when 
they contained in are transported in small respiratory particles with a range of sizes, some of 
which can remain airborne for long periods. When designing or controlling an indoor space that 
may contain infectious people, many of the factors of concern are fixed either by the health 
problem or by administrative requirements. However, the pathogens concentration in air can be 
decreased using various engineering controls, such as ventilation, filtration, or inactivation. To 
determine their effect, it is common to use the Wells-Riley (WR) model to estimate the 
probability that a susceptible person is infected and is a function of the dose of infectious 
pathogen received and a Poisson distribution. Wells proposed a hypothetical dose unit, known 
as the quantum of infection, defined as the number of infectious airborne pathogen required to 
infect 63% of susceptible people. Quanta comprises physical, biological, and statistical 
properties. It is a function of the pathogen emission rate and, in turn, a function of the number 
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of infected people and their individual pathogen emission rates. The quanta generation rate can 
be determined from the epidemiological data for an outbreak case of a disease in a space where 
the proportion of a population of people infected with a disease who were initially free of it is 
known. The quanta generation rate is a temporally and activity varying parameter and so this 
approach only represents its value at the time the infections occurred and for that space. It is 
also unique for every disease and disease variant, and the emission rate varies in different spaces 
because the probability of the presence of infected people also varies. It is unknown at the start 
of a pandemic, and again later when the pathogen mutation period is greater than the time taken 
to determine uncertainty in its value. These factors make uncertainty in its value significant and 
it may vary by several orders of magnitude. This could make a probability of infection estimated 
by the WR model unusable as a metric. Therefore, the aim of this paper is to quantify the 
uncertainty in both quanta emission rates and the probability of infection for SARS-CoV-2 to 
assess the ability of the WR model to universally assess airborne pathogen infection risk. 
2 QUANTA DEFINED 

The WR model describes the probability of becoming infected as a function of the dose of 
infectious agent received and a Poisson distribution (Riley 1978). 

 𝑃(𝐼) = 1 − 𝑒𝑛 (1) 

Here, 𝑃(𝐼) is the probability of becoming infected and 𝑛 is the quanta of infectious agent the 
individual is exposed to. This equation is the defining relationship and can be used to make a 
reasonable estimate of what its value must be. The WR model assumes that quanta and the 
infection probability is proportional to the dose of infectious agent received. The dose of many 
other infectious agents is given by the amount inhaled. Then the probability of infection can be 
expressed as 

 𝑛 = ∫𝑄𝐶(𝑡) 𝑑𝑡 (2) 

where 𝑡 (h) is the time variable, 𝐶 (quanta per m3) is the concentration of infectious material 
the individual is exposed to, 𝑄 (m3 h-1) is the breathing rate of an exposed person. This equation 
assumes that all uninfected people are equally susceptible, and they are not wearing personal 
protective equipment, such as a mask. 
To follow an individual, the integration over time reflects what they are doing, and the 
quantities within it vary. To evaluate what is happening for a specific activity, Equation (2) can 
be simplified further by representing the quantities within the integral with their averages. Then, 

 𝑛 = �̅�𝐶̅𝐷 (3) 

where 𝐷 (h) is the duration of the activity and the overbars of the quantities indicate the time 
average over that duration. 
To find the average concentration, we follow the WR model and make the assumption that the 
infectious material is conserved, but with a first order loss term 𝜙 (h-1), and the only source of 
infectious material is infected people. In this case, the time evolution of the concentration is 
determined by a first order linear differential equation with the time variable assumed. 

 𝑑𝐶

𝑑𝑡
+ 𝜙𝐶 =

1

𝑉
∑𝑞𝑖

𝑗

𝑖=1

 (4) 

Here, 𝑉 (m3) is the volume of the space, and 𝑞𝑖 (quanta h-1) is the emission rate of each of 𝑗 
people in the space, which is zero for those uninfected. The loss term is the sum of the outside 
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air change rate 𝜓 (h-1), the biological decay rate of the pathogen 𝜆 (h-1), and the surface 
deposition rate of respiratory particles 𝛾 (h-1). 

 𝜙 = 𝜓 + 𝜆 + 𝛾 (5) 

The viral load of an infector evolves through the course of their infection with a particular 
disease; see Cevik et al. (2020) for SARS-CoV-2, similarly the emission rate is also seen to 
evolve see Zhou et al. (2023). It should be noted that the WR model assumes that there is an 
equivalent number of infected people, and that an infected person emits at a fixed rate. The 
emission rate term might also be reduced by any source removal mechanism, such as local 
capture or filtration immediately adjacent to an infected person, but it is not included here. 
The average concentration can be calculated from the standard solution to a first order 
differential equation, but we can make the simplifying assumption that it can be treated as a 
steady state, when it is possible to remove the overbars so that 

 𝑛 =
𝑄𝐷∑ 𝑞𝑖

𝑗
𝑖=1

𝜙𝑉
 (6) 

The quanta emission rate, 𝑞𝑖 (quanta h-1), for a single infected person can be calculated as a 
function of the emission rate of viable virions, 𝐺 (virions h-1), the fraction of virions absorbed 
by the respiratory tract of a susceptible person after they enter, 𝑘, and the dose constant, 𝐾, the 
reciprocal of the probability that a single virion initiates an infection. 

 𝑞 ≡ 𝑘𝐺 𝐾⁄  (7) 

If the breathing rate of a single infected person is the same as that for susceptible people, 𝐺 is 
determined by adapting Buonanno et al. (2020) to be 

 𝐺 ≡ 𝑄𝑉𝑑𝑟𝑜𝑝
∗ 𝐿𝑣 (8) 

Here, 𝐿 (RNA copies m-3) is the load of viral genomic material in the respiratory fluid, much 
of which is genomic material and not viable virus, and so 𝑣 (virions per RNA copy) is the viable 
fraction. 𝑉𝑑𝑟𝑜𝑝∗  is the total volume (m3) of expelled airborne respiratory particles (respiratory 
fluid) in 1 m3 of exhaled air and is a function of the number of all respiratory particles per unit 
volume of exhaled air, 𝐶𝑑𝑟𝑜𝑝 (# m-3), and the mean diameter of the exhaled respiratory particles, 
�̅� (m). An assumption is made about the hydrated volumes of the respiratory particles measured 
in experiments used to derive �̅� (see Morawska et al. 2009) and so an evaporation term, 𝐸, is 
used to account for the hydrated volume of 𝑉𝑑𝑟𝑜𝑝∗ . 

 𝑉𝑑𝑟𝑜𝑝
∗ ≡

𝜋

6
(�̅�𝐸)

3
𝐶𝑑𝑟𝑜𝑝 (9) 

3 UNCERTAINTY IN THE QUANTA EMISSION RATE 

The derivation in Section 2 treats all parameters as being known precisely, although few of 
them are.  Some, like the duration (𝐷), can be assumed to be known because they are set as part 
of the design process. Others, such as the quanta emission rate (𝑞), are known poorly.  This 
type of parameter is best described by a distribution. Furthermore, it is preferable to predict a 
probability distribution for 𝑃(𝐼) rather than a simple maximum likelihood estimate. It is also 
the only meaningful way to understand 𝑃(𝐼) when parameter values are unknown at a moment 
in time, or when it is desirable to understand the uncertainty in the general risk of being in a 
particular space. Given that the model is the product of many assumedly uncorrelated terms, 
the distribution of its predictions is expected to be approximately log-normal whose variance is 
best described by a geometric standard deviation. 
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Each term in Equations 5-9 is considered separately and appropriate values and distributions 
are given in Table 1. The rate of aerosol emission and their origin in the respiratory tract is a 
function of respiratory activity, such as breathing, talking and vocalisation (singing an “aaah”) 
(Morawska et al. 2009). Aerosol diameters range from <1 μm to >100 μm, and their size 
distribution is dependent upon the expiratory activity, usually following a log-normal 
distribution (Morawska et al. 2009). Larger respiratory particles fall ballistically under gravity 
in still air. Respiratory particles with an evaporated diameter of <10 μm can remain airborne 
for several hours. The mean aerosol diameter (�̅�) is derived experimentally for people breathing 
for 75% of the time and talking for 25% (Morawska et al. 2009), and their distribution is 
assumed to be log-normal with a mean value of 1.84×10-6 m and an arbitrary standard deviation 
of 10% of the mean. Respiratory particles evaporate reducing their diameter, mass, and terminal 
velocity. Therefore, the diameter of the respiratory particle is likely to be greater when emitted 
(hydrated) than when measured and this is accounted for by the evaporation factor (𝐸) that has 
limits of 2 and 5, but Nicas et al. (2005) advise that this is likely to be closer to 2 than 5 and so 
a beta distribution is used with α=2 and β=5. 

The number of all respiratory particles per unit volume of exhaled air (𝐶𝑑𝑟𝑜𝑝) is also given by 
Morawska et al. (2009) whose data contains concentrations of evaporated respiratory particles 
with a diameter of <5 μm measured during breathing, talking and vocalisation. We assume 25% 
talking and 75% breathing and that 𝐶𝑑𝑟𝑜𝑝 is log-normally distributed with a mean of 
9.8×104 respiratory particles m-3 and has an arbitrary standard deviation of 10% of the mean.  

The viral load (𝐿) of an infected person increases with time from the moment of infection 
peaking just before, or at, the onset of symptoms and decreases thereafter, normally ceasing 
within a week of the onset of symptoms (Cevik 2020, Cevik 2021). The magnitude of 𝐿 also 
varies widely between people at any stage of the infection, which increases uncertainty in it 
(Killingley et al. 2022). Iddon et al. (2022) show the distribution of 𝐿 within an infected 
population is unknown. Therefore, we arbitrarily use the data of Chen et al. (2021b) who predict 
that log10 values of 𝐿 taken from NP swabs of individuals 2 days from symptom onset are 

Table 1: Uncertainty in input parameters 
 Variable Values Source 

Q
ua

nt
a 

em
is

si
on

 ra
te

 

Breathing rate, 𝑄 (m3 h-1) LN(0.56, 0.056) (Adams 1993) 
Respiratory activity, 
breathing:talking (%) 

75:23 (Morawska et al.,2009;  
Iddon et al. 2022) 

Aerosol concentration in exhaled air,  
𝐶𝑑𝑟𝑜𝑝 (respiratory particles m-3) 

LN(1.54×105,1.54×104) (Morawska et al.,2009;  
Iddon et al. 2022) 

Mean aerosol diameter, �̅� (m) LN(1.91×10-6,1.91×10-7) (Morawska et al.,2009) 
Aerosol evaporation factor, 𝐸 B(2.0,5.0) [2.0,5.0] (Nicas et al. 2005) 
Viral load, 𝐿 (log10 RNA copies ml-1) N(7.0,1.4) (Chen et al. 2021) 
Viable fraction, 𝑣 B(2.0,5.0) [10-4,10-2] (Killingley et al. 2022) 
Respiratory tract absorption fraction, 𝑘 U(0.43,0.65) (Darquenne 2012) 
Dose constant, 𝐾 U(5,15) (Killingley et al. 2022) 

Sc
en

ar
io

 

Number of infected people, 𝑗 1  
Number of occupants 50  
Space volume, 𝑉 (m3) 1350  
Exposure duration, 𝐷 (h) 8  
Outside airflow rate (l s-1 per person) 10  
Outside air change rate, 𝜓 (h-1) 1.33  

Biological decay rate, 𝜆 (h-1) LN(0.63,0.43) (Van Doremalen et al. 2020) 

Surface deposition rate, 𝛾 (h-1) U(0.42,0.61) (Thatcher et al. 2002) 
N(µ,σ), normal(mean, standard deviation); LN(µ,σ), log-normal; U(max,min), uniform; B(α,β) [min, max], 
beta. 
Note that 𝐿 needs to be converted into RNA copies per m3 by multiplying by 106. 
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normally distributed with a mean of 7 and a standard deviation of 1.4 log10 RNA copies ml-1. 
The reported values of viral load are per ml of the sample medium rather than the respiratory 
fluid, but it is a good surrogate for the range of viral loads. 

The viable fraction (𝑣) is not well understood, but it changes as the disease progresses, and 
there is heterogeneity between patients. Killingley et al. (2022) show that a conservative 
estimate of 𝑣 is between 1: 10-2 and 1: 10-3 viable virions to RNA copies, but it could be as high 
as 1:106. We assume that 𝑣 is closer to 10-2 using a beta distribution with a lower limit of 10-4 
and arbitrary values of α=2 and β=5 to give a mean of 2.9×10-2. 

The respiratory tract absorption fraction (𝑘) is a function of aerosol diameter and the breath 
volume. For the mean �̅� described earlier, Darquenne et al. (2012) estimates 𝑘 has a range of 
0.4—-0.65 and, in the absence of knowledge, we assume that all values are equally probable 
between these limits. 

There is no direct measured value of a dose constant (𝐾) for the SARS-CoV-2 virus. A SARS-
CoV-2 human challenge infected 53% of participants with a nasally applied solution of 
10 TCID50 (50% Tissue Culture Infectious Dose)1 of viable SARS-CoV-2 virus (Killingley et 

al. 2022, Zhou et al. 2023). A crude estimate is that 1 TCID50 is equivalent to 0.7 PFU 
indicating that the dose was 7 PFU and for the proportion infected would suggest 𝐾 is 
approximately 9.3, for this method of application. Here, we assume that 1 PFU is equivalent to 
a single viable virion, although it is possible that greater than 1 viable virion is required to lead 
to a plaque due to probabilities of binding to the correct receptor, cell fusion and giving rise to 
a successful infection. Therefore, we assume 𝐾 is equally probable between 5 and 15 as a 
reasonable assumption based on this data point. 

1 One TCID50 quantifies the amount of virus required to produce a cytopathic effect in 50% of inoculated tissue 
culture cells. 

 
Figure 1: Emission rates of quanta, RNA copies, and viable virions (all per hour). 

 

865 | P a g e



It is possible to estimate the uncertainty in the quanta emission rate (𝑞) for a single infected 
person undertaking some activity that is independent of the space they occupy. Personal factors, 
such as 𝐿, vary relative to the population mean but average out when considered over the entire 
population distribution. Scenario specific factors, such as 𝑄, 𝐶𝑑𝑟𝑜𝑝, and �̅�, do not average out 
when considered for a population and are, therefore, unknowable. None of these parameters 
depend on space geometry or outside air delivery rates. Accordingly, when the quanta emission 
rate inputs identified in Table 1 are applied to Equations 5-9 using a Monte Carlo approach (3 
consecutive sets of 105 samples produce identical geometric means for 𝑞 and 𝑃(𝐼) when 
rounded to 3 significant figures), the geometric means (GM) and standard deviations (GSD) of 
𝑉𝑑𝑟𝑜𝑝
∗ , 𝐺, and 𝑞 are calculated and given in Table 2. A probability density function (PDF) and 

cumulative distribution function (CDF) of 𝑞 is given in Figure 1.  

Figure 1 shows that 𝑞 varies over around 8 orders of magnitude. The 95% confidence interval 
for 𝑞 is between 1.4×10-5 and 7.0 quanta h-1, which shows that the uncertainty in its value is 
around 5 orders of magnitude most of the time. The upper interval seems low when compared 
to those reported for SARS-CoV-2 superspreading events; for example, the 970±390 quanta h−1 
reported by Miller et al. (2020) and the 130 quanta h-1 (inter-quartile range of 97-
155 quanta h−1) reported by Vernez et al. (2021). Figure 1 shows that this range of values is 
possible for a single index case, but only for around 0.1% of the time. There is likely to be a 
difference in the breathing rate and the respiratory activity of the occupants reported by Miller 
et al. and Vernez et al. and those described here, which effect the mean aerosol diameter and 
the aerosol concentration in exhaled air. Future work will compare 𝑞 against new empirical 
analyses of emission rates, such as human challenge studies. 
4 UNCERTAINTY IN PROBABILITY OF INFECTION 

The probability of infection, 𝑃(𝐼), in a common space type can be demonstrated using an 
example scenario. We consider an office space with a floor to ceiling height of 2.7m and an 
occupancy density of 10m2 per person, which contains 50 unmasked occupants who are present 
for 8 hours. It is mechanically ventilated with an outside delivery rate of 10 l/s per person 
without filtration. A single infected person is assumed present for the duration. Equation 1 is 
used to estimate 𝑃(𝐼). All inputs are given in Table 1 and outputs are in Table 2. The probability 
of infection of each occupant from a single infected person from long range transmission is 
<1% for 95% of the time. There are problems with this, such as the assumption of a single 
infected person, and in the significant uncertainty in the tails of the distribution of 𝑞, which is 
discussion in Section 5. It does show, however, the need to understand 𝑞 better. 

5 DISCUSSION 

The example highlights problems with inferring quanta empirically for any airborne pathogen 
and applying it in the same location for the same scenario. First, it isn’t always possible to know 
the number of infected people. The probability of any number of infected people increases with 
the community infection rate and the number of occupants Iddon et al. (2022). For low 

Table 2: Uncertainty in calculated parameters 

 GM GSD 
Expelled volume ratio of respiratory particles to air, 𝑉𝑑𝑟𝑜𝑝∗  5.9×10-12 1.8 
Viable virion emission rate 𝐺 (virions h-1) 8.0×10-2 28 
Quanta emission rate 𝑞 (quanta h-1) 3.5×10-3 28 
Removal rate, 𝜙 (h-1) 2.4 1.2 
Equivalent ventilation rate (l s-1 per person) 18 1.2 
Probability of infection, 𝑃(𝐼) 4.7×10-6 29 
GM: Geometric Mean; GSD: Geometric Standard Deviation 

 

866 | P a g e



community infection rates, the most likely number of infected people in common spaces is zero. 
Furthermore, the viral load varies by time and person, depending on the stage of a disease, inter-
person viral dynamics and the immune response. Secondly, if the space remains unchanged but 
the scenario differs, then the duration and respiratory activity may vary, and consequently so 
do the distributions representing the breathing rate, the aerosol diameter, and the concentration 
of respiratory particles in exhaled air. Thirdly, for a scenario in a new space, the volume and 
occupancy density may change in addition to all other parameters, and consequently so does 
the equivalent ventilation rate (𝜙). Finally, by far the biggest problem that the data analysis 
shows, is a general paucity of data of sufficient quality to reduce uncertainty in 𝑞 and 𝑃(𝐼). At 
the start of a pandemic the viral load, 𝐿, and hence 𝑞, are always unknown. Once a population 
begins to acquire immunity, the proportion of occupants susceptible to infection reduces. When 
infections do not confer sterilising immunity, the proportion of susceptible people is then 
dependent on immunity waning and the ability of a pathogen to mutate to evade immunity. The 
consequence of the low quality of data is that we do not know the true underlying distributions 
of either the inputs or the outputs and so we have little confidence in the magnitudes of the tails 
where there is very little supporting data. Accordingly, there is much uncertainty in the tails, 
and in the confidence intervals given here. They should, therefore, be considered very 
approximate. We report both the GM and the GSD because the distributions of the predictions 
are thought to be log-normal (see Section 2) and indicate where the majority of data lies and 
where there is more confidence in it. It is important to note that other values and distributions 
could be used, but these outcomes will still be true. This also applies to distributions for other 
pathogens, particularly those that are less well studied than SARS-CoV-2. 
There are also more general and fundamental issues with inferring quanta empirically. The WR 
model estimates the infection risk from long range transmission, but it impossible to 
disaggregate it from other exposure pathways. Furthermore, quanta emission rates are derived 
from observational studies of high secondary attack rates of transmission resulting in the 
calculation of high magnitudes, which are then extrapolated to most other cases where its 
magnitudes are low, which introduces significant bias. Many models of infection risk use 
specific values of 𝑞 determined from outbreaks. Figure 1 shows that 𝑞 is a continuum that spans 
8 orders of magnitude and so it needs to be used to estimate 𝑃(𝐼), rather than using specific 
values of 𝑞, if the estimate is to have any context and meaning. Even then, a distribution of 𝑃(𝐼) 
should only be used to show where most predictions lie. 
Together, these factors make an absolute value of the personal risk of long-range airborne 
infection probability, 𝑃(𝐼), unusable as a metric for SARS-CoV-2 or any other airborne 
pathogen. It can, however, be used to give an appreciation of the magnitude of absolute risks, 
which we estimate to be low most of the time. When accounting for the likelihood of the 
presence of an infected person, the magnitude of absolute risk reduces even further; see Iddon 
et al. (2022). 
6 CONCLUSIONS 

The quanta emission rate of an infected person is a continuum that varies over time and between 
people. We find that the uncertainty in the magnitude of quanta emission rate for SARS-CoV-
2 for a single infected person varies by over around 8 orders of magnitude. Unfortunately, there 
is a general paucity of data of sufficient quality to reduce uncertainty in emission rates. This 
means that there is little confidence in the data located in the tails. The problem with this is 
demonstrated by applying the emission rate continuum to the WR model to estimate that, for 
an 8 hour exposure in a 50 person office with an outdoor airflow rate of 10 l s-1 per person, the 
probability of infection of each occupant from long range transmission is <1% for 95% of 
events. It is the data in the right-tail of the distribution of the quanta emission rate, where there 
is little confidence in their magnitudes, which leads to an appreciable probability of infection. 
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Therefore, it is impossible to say, with any certainty, the fraction of events that will lead to 
some probability of infection.  
These factors make an absolute value of the personal risk of long-range airborne infection 
probability unusable as a metric for SARS-CoV-2 or any other airborne pathogen. It can be 
used to give an appreciation of the magnitude of absolute risks, which we estimate to be low 
most of the time. 
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ABSTRACT 
 
Coughing is one of the most important respiratory activities for air transmitted pathogens. It is essential to 
understand the dispersion of exhaled particles when coughing to improve the prevention measure and reduce the 
cross-infection risk. However, cough flow structure is complex and influenced by many parameters. 
Simplifications are often made to the initial flow condition when simulating the transport of particles expelled 
during coughing in laboratory or numerical studies . This study conducts a systematic literature review on human 
cough, especially focusing on flow dynamic characterization. First, the measuring techniques for identifying the 
airflow characteristic are summarized. The boundary conditions for cough, such as flow profile, flow direction, 
cough duration and are compared between different studies. Finally, the vortex structure of cough and its impact 
on cough particle dispersion is discussed. 
 

KEYWORDS 
 
COVID-19, cough, respiratory infectious disease, flow dynamic, particle deposition, flow profile 
  
1 INTRODUCTION 

 
The COVID-19 pandemic is a respiratory infectious disease, and it has caused global health 
concerns. WHO has reported that the virus can spread from an infected person’s mouth or 
nose in small particles when they cough, sneeze, speak, sing or breathe (WHO 2021). 
Compared with other respiratory activities like breath or speak, cough generates a higher 
expiratory velocity and contains a higher aerosol concentration, which leads to a potentially 
higher risk of cross-infection. Centers for Disease Control and Preventation (CDC 2021) has 
pointed out that the ‘2 meters (6-feet) rule’ might not apply to situations involving increased 
exhalation, e.g. coughing. It is essential to understand the dispersion of exhaled particles 
when coughing to improve the prevention measure and reduce the cross-infection risk. 
A cough is a reflex action to clear the airways of mucus and irritants such as dust or smoke. It 
normally includes three phases: inspiratory, compressive, and expiratory phases. The 
inspiratory phase is associated with glottic opening and the inhalation of variable amounts of 
air. The compressive phase consists of closure of the glottis and contraction of the expiratory 
muscles resulting in raised intra- thoracic pressure. In the expiratory phase the glottis opens 
suddenly, causing an explosive release of the trapped intrathoracic air (Mahajan et al. 1994). 
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Cough flow structure is complex, and is influenced by many parameters such as the cougher’s 
age, gender, and posture, which consequently affect particle dispersion indoors (Muthusamy 
et al. 2021). However, simplifications are often made to the initial flow condition in 
laboratory or numerical studies when simulating the transport of droplets expelled during 
coughing (Gupta, Lin, and Chen 2009a). 
This study aims to conduct a systematic literature review on human cough, especially 
focusing on flow dynamic characterization. First, the measuring techniques for identifying the 
airflow characteristic of cough are summarized. The boundary conditions for cough, such as 
flow profile, flow direction, cough duration and are compared between different studies. 
Finally, the vortex structure of cough and its impact on cough particle dispersion is discussed.  
 
2 FLOW DYNAMIC CHARACTERISTICS OF COUGH 

 
2.1 Cough flow profile 

Based on the literature (Mahajan et al. 1994)(Khan et al. 2004)(Gupta et al. 2009a)(Oh et al. 
2022), the time-series cough profile can be illustrated in Figure 1. The profile indicates that 
the cough starts with a short inhalation, follows by a dramatic acceleration in exhalation and 
finally a slow decay. The inhalation volume is very small and can be neglected. The 
characteristic of the cough profile can be defined by the following parameters: peak flow rate 
(PFR) or peak velocity (PV); peak velocity time (PVT), and cough duration time (CDT) and 
cough expired volume (CEV) is the area under the curve. Besides the parameters mentioned 
above, flow direction and mouth opening are important to describe the flow characteristic of 
cough. Table 1 summarizes the measuring techniques and flows dynamic characteristics of 
cough from literature studies. 

 
Figure 1. Cough profile as a function of time. Peak flow rate (PFR) or peak velocity (PV); peak velocity time 

(PVT), and cough duration time (CDT) and cough expired volume (CEV) is the area under the curve. 

Depending on the measurement techniques, cough peak flow rate PFR was measured in the 
studies using spirometer (Lindsley et al. 2010)(Gupta, Lin, and Chen 2009b)(Mahajan et al. 
1994), and peak velocity PV was measured using Schlieren imaging (Tang et al. 2012) or PIV 
(Han et al. 2021)(Khan et al. 2004)(Zhu, Kato, and Yang 2006)(Chao et al. 2009)(Vansciver, 
Miller, and Hertzberg 2011)(Kwon et al. 2012)(Wang et al. 2020). Some studies (Oh et al. 
2022) attempt to convert these two parameters by considering the mouth opening area, 
however, assumptions have to be made by using the average mouth opening area without 
considering the individual difference and the mouth opening area keeps constant during the 
whole cough process.  
Gupta et al. (2009b) measured cough flow rates from 25 subjects, and a large variation existed 
among the subjects, especially between males and females. For males, the PFR ranged from 3 
to 8.5 l/s, while the value for females was 1.6 – 6 l/s. Lindsley et al. (2010) investigated the 
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influenza virus produced by coughing. The influenza-negative subjects produced slightly 
higher PFR than influenza-positive subjects, where the average values are 7.6 l/s and 7.1 l/s, 
respectively.  
 

Table 1.  Measurement techniques and flow dynamic characteristics of cough 

Reference Technique Subjects 

Cough 

Duration 

[s] 

Cough 

peak 

velocity 

[m/s] or 

flow rate 

[l/s] 

Peak 

velocity 

time 

[ms] 

Cough  

Volume 

[l] 

Flow 

direction 

Mouth 

geometry  

 (Mahajan 
et al. 1994) spirometer 10   2.8-15.8 

l/s 10-50  0.5-5     

(Khan et 
al. 2004) PIV 5 (4 M 

and 1 F) 0.9 8.1 m/s         

(Zhu 2006) PIV 3 (3 M) 0.5 
6-22 m/s      
Average: 
11.2 m/s 

  
0.8-2.2   

Average 
1.4 

    

(Gupta et 
al. 2009b) 

 
Spirometer  

25 (13 M 
and 12 F) 

 0.35-
0.75         

M:3-8.5 
L/s 

M: 57-
96  M:0.4-1.6 θ1=15±5 

o; θ2= 
40±4 o 

(vertical 
spread 

angle 25 o) 

Mouth 
opening 

area: 
M:400±95 

mm2 
F:337±140 

mm2  

F:1.6-6 
L/s                                        

F: 57-
110 

F:0.25-
1.25          

(Chao et 
al. 2009) PIV 11 (3 M 

and 8 F)   

M:13.2 
m/s   

        F: 10.2 
m/s 

Average 
11.7 m/s 

(Lindsley 
et al. 2010) 

 
Spirometer 

58 (47 
influenza-

positive 
and 11 

influenza-
negative 

0.9 

Influenza-
positive 

7.1 l/s 
Influenza-

negative 
7.6 l/s  

  

Influenza-
positive 

2.7 
Influenza-

negative 
3.1  

    

 
(Vansciver 
et al. 2011) 

PIV 29 (10 M 
and 19 F) 0.55 

1.15-28.8 
m/s 

Average 
10.2m/s 

      706 (D= 
30 mm) 

(Tang et al. 
2012) 

schlieren 
imaging 

technique 

20 (10 M 
and 10 F) 0.2-0.35  

M:3.2–14 
m/s 

        F: 2.2–5.0 
m/s;  

Kwon S. et 
al. (Kwon 
et al. 2012) 

PIV 26 (17 M 
and 9 F)   

M: 15.3 
m/s      

Vertical 
spread 
angle 

 M:  38 o  
F:  32 o  

  

F 10.6 m/s   
(Wang et 
al. 2020) PIV 4   15 m/s         
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(Han et al. 
2021) PIV 10 (5 M 

and 5 F) 0.52-0.56 

M:6.4-
18.6 m/s  

F: 5.0-
15.7 m/s  

M: 8-35  
F: 8-39   

Vertical 
spread 
angle  

M: 15.3 o  
F: 15.6 o 

Horizontal 
spread 
angle  

M: 13.3 o  
F:  14.2 o  

Mouth 
width  
M: 47 

mm  
F: 39.4 

mm 

Note: M represents male, and F represents female. 

 
A large variation also exists in the peak velocity PV. The largest variation was observed by 
Vansciver et al. (2011), where the PV ranged from 1.15 m/s to 28.8 m/s from the 
measurement of 29 healthy subjects.  The gender difference on PV was pointed out by several 
studies (Chao et al. 2009)(Tang et al. 2012)(Kwon et al. 2012)(Han et al. 2021). In general, 
PV for females was weaker than that for males. Bianchi and Baiardi (2008) further correlated 
PV with the subjects’ gender, height, age and body mass surface through regression analysis. 
The differences on cough PV also exist between different measuring techniques. The PV 
measured by the schlieren imaging technique (3.2-14 m/s for males and 2.2-5 m/s for females) 
(Tang et al. 2012) was much smaller than those measured by PIV (Han et al. 2021)(Khan et 
al. 2004)(Zhu et al. 2006)(Chao et al. 2009)(Vansciver et al. 2011)(Kwon et al. 2012)(Wang 
et al. 2020). The authors claimed that subjects coughing in PIV measurement were somehow 
constrained and unnatural due to the measurement setup, while the cough flow was obtained 
more naturally in Schlieren imaging study. However, the relative temperature difference 
between the exhaled cough air and surrounding ambient air might influence the visualization 
of the cough flow, and consequently, influence the accuracy of peak velocity measurement by 
the Schlieren imaging technique. Therefore, the uncertainties of measuring techniques require 
further investigation.  
The flow rate or velocity rapidly reaches a peak value early in the cough, therefore, the peak 
velocity time PVT is very small compared with the total cough duration time CDT.  The PVT 
was reported by Mahajan et al. (1994), Gupta et al. (2009b) and Han et al. (2021). Large 
deviation exists between different studies. Gupta reported a larger PVT (57-110 ms), which is 
more than double the values of the other two studies. Similar to PVT, CDT also presents a 
large variation among different studies. The CDT value ranged from 200 ms to 900 ms, where 
the average value was around 500-550 m. The lowest CDT was measured by Tang et al. 
(2012) with the schlieren imaging technique. The authors pointed out that the limitation of 
such a technique is that the visibility of shadowgraphs disappeared when the exhaled and 
surrounding air temperatures equalized. Therefore, it is difficult to capture the entire cough 
process by Schlieren imaging. On the other hand, even though the peak cough flow for 
females was weaker than that for males, PVT or CDT didn’t present clear gender difference, 
indicating that their cough duration times were almost the same.  
2.2 Cough flow direction 

Gupta et al. (2009b) measured the cough flow direction by smoke visualization. The cough 
flow presented as a downward jet and was defined by the angles between upper and lower 
boundaries to the horizontal lines, as shown in Figure 2 (a). The values of θ1 and θ2 were 
around 15 o and 40 o, respectively. (The vertical cough spread angle θV was around 25 o). 
Different from cough flow rate, little variation in the cough spread angels were observed in 
this study. The jet had negligible spread in the width, where the horizontal cough spread angle 
was around 0 o (θ=90 o).  
Velocity vectors measured by PIV was used to analyze the flow direction. Kwon et al. (2012) 
described the cough flow by the angles of upward vector and downward vector, as shown in 
Figure 2 (b). The cough flow presented as a jet almost symmetrical in the y-direction, where 
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the vertical cough spread angle was around 38o for males and 32o for the females. Han et al. 
(2021) introduced a more quantitative method to determine the cough boundaries, where the 
flow boundary was defined as the position where the velocity decayed to 1 % of the 
maximum value at the flow centerline, as shown in Figure 2 (c). The influence of the head 
position variations was eliminated by utilizing the fitting line method. The cough flow 
direction was described by vertical cough spread angles θV and horizontal cough spread 
angles θH. Different from Gupta’s results, individual differences were significant in this study. 
The average vertical/horizontal cough spread angle was 15.3◦/13.3◦ for males and 15.6◦/14.2◦ 
for females. The angles were smaller than the ones measured in the other two studies.  

 
(a) 

 

 

(b) (c) 
Figure 2. Schematic of determination of cough flow direction in the literature (a) Gupta et al. (2009b) (b) Kwon 

et al. (2012) (c) Han et al. (2021) 

2.3 Mouth opening 

Mouth geometry affects the cough flow dynamic, such as cross-sectional profile, hydraulic 
diameter, direction, and turbulence levels. Consequently, it affects aerosol distribution and 
penetration.  
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The mouth opening area during a cough was measured by Gupta et al. (2009a), as shown in 

 

Figure 3. Even mouth opening changed during a cough, the opening area was almost constant 
when there was flow from the mouth. There is a variation in mouth opening area during a 
cough with the gender. The mean opening area for female subjects was smaller than that of 
male subjects, which was 3.37 cm2 for females and 4 cm2 for male.  

 
Figure 3. Month opening area during a cough (Gupta et al. 2009a) 

Instead of the opening area, the mouth width was measured in Han’s study ( 2021) and used 
as the boundary condition in CFD simulation. However, the measurement was done without 
coughing, but just as the characteristics of human subjects. In addition, the mouth width could 
not provide sufficient information on mouth geometry during a cough since the distance 
between lips also matters significantly.  
It is clear to see that there are large deviations on mouth geometry between subjects and no 
agreement on how to report the mouth geometry during a cough. On the other hand, most 
studies only focus on the geometry created by lips, since it is the boundary of the mouth 
outlet. However, the flow travels through the trachea and oral cavity (including teeth, tongue, 
and lips), and the flow structure and dynamic are certainly influenced by them. Wei and Li 
(2017) pointed out that the difference in the spread angle of the model and human subject may 
be due to the missing complex oral cavity, including the effect of teeth. 
2.4 Vortex structure 

Several studies (Prasanna Simha and Mohan Rao 2020)(Khan et al. 2004)(Thacher and 
Mäkiharju 2022)(Tan et al. 2021) mentioned that the circulating motion of vortex rings 
produced by coughs can enhance the transport of cough droplets. Vortex rings are typically 
produced by injecting fluid into a quiescent medium for a short duration. The vortex rings 
generated by cough is due to the vibrations in the airway passage leading to periodic 
constrictions and relaxations, which create flow variations. 
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In Padmanabha’s study (2020), a periodic vortex ring ejection phenomenon was observed by 
the schlieren imaging technique that appears as a pulsation of the cough airflow. These 
pulsations start several milli-seconds after the initiation of the cough. The periodic ejection 
and motion of vortex rings can be seen in Figure 4. The velocity of propagation of viscous 
vortex rings can be expressed by an analytical approach, which a function of time (t), initial 
radius (R), vortex ring circulation (χ), and kinematic viscosity (ν). 

 
Figure 4. Periodic ejection and motion of vortex rings in coughs by Schlieren image video (Prasanna Simha and 

Mohan Rao 2020) 

An important parameter in the dynamics of vortices is vorticity, a vector that describes the 
local rotary motion at a point in the fluid. The instantaneous vorticity was plotted in Figure 5 
by Khan et al. (2004). It can be seen that maximum vorticity corresponds to the peak flow 
rate/velocity and occurs in the region of the shear layer, and the center region of cough flow is 
nearly void of vorticity. 

 
Figure 5. Vorticity contour plot displaying initial vortices (unit 1/s) (Khan et al. 2004) 

Cough is often described as impulsively started jets. Tan et al. (2021) compared dispersion of 
aerosol particles from a loud cough with classical vortex ring formation on starting jet, as 
shown in Figure 6. The black particles represent virtual aerosol droplets, while the 
background scalar shows the out-of-plane vorticity field. From the classical vortex ring 
formation from impulsively started jet (Figure 6 lower), it could see that the flow structure 
depends on the stroke ratio L/D where is the ratio between the length of ejected fluid and the 
ejection diameter. When L/D is less than 4 , the jet presents as a short puff and all momentum 
are absorbed into the vortex ring. When L/D approximately equal to 4 , the maximum amount 
of momentum has been absorbed and the vortex ring begins to trail a thin tail. When L/D is 
larger than 4 , the vortex ring is unstable and sheds off smaller vortices. The L/D for a loud 
cough is estimated with a magnitude of 160, therefore, a loud cough contains much higher 
momentum than a single vortex ring could entrain.  
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Figure 6. Dispersion dynamics of aerosol particles for a loud cough compared with classical vortex ring 

formation on starting jet (Δtvocal is the total duration of the subject’s cough, td is the instance that the plume 
enters the measurement domain, stroke ratio L/D where L is the length of ejected fluid and D is ejection diameter 

) (Tan et al. 2021) 

Figure 6 shows, when t=+0.5Δtvocal, the cough flow first presents a dominant vortex ring 
similar in structure to the classical impulsively start jet. The vortex ring quickly disintegrated 
into multiple smaller vortex cores starting at +1.0 Δtvocal. At +1.5 Δtvocal, the original vortex 
ring structure has become indistinguishable. However, the aerosol particles continued to move 
forward even at +1.5s after cough, and the presence of a trail is an indication of high L/D 
impulsively started jets. Their results indicate that virus-laden aerosol ejected during coughs 
remain concentrated within the moving plume-front. A high exposure risk is expected with 
direct collision in the moving plume-front. 
 
3 CONCLUSIONS 

 
The literature review leads to the following conclusions: 

• The airflow characteristic of human cough is normally measured by three techniques, 
including the Schlieren imaging technique, spirometer and PIV. Each technique has its 
advantages and disadvantages, and the uncertainties of measuring techniques require 
further investigation. On the other hand, PVT and CDT are in the order of milliseconds. 
In order to capture the cough characteristic, it is essential to have high-frequency 
measurements. 

• The cough profile can be described by a gamma-probability distribution function. The 
characteristic of the profile can be defined by the following parameters: peak flow rate 
(PFR) or peak velocity (PV); peak velocity time (PVT), and cough duration time (CDT) 
and cough expired volume (CEV). Large deviations have been shown on PFR, PV, CEV 
due to subjects’ gender, height, age and body mass surface, however, some deviations 
are due to different measuring techniques. 

• Large deviations on flow direction and mouth geometry between different studies and 
no agreement on how to report these parameters during a cough. 
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• Cough creates vortex rings due to the vibrations in the airway passage leading to 
periodic constrictions and relaxations. The circulating motion of vortex rings can 
enhance the transport of cough particles in the indoor environment. 
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ABSTRACT 

The COVID-19 pandemic increased the awareness and importance of infectious pathogens as 
contaminant in the indoor air, especially for non-residential buildings with a high occupational 
density like schools. During the COVID-19 pandemic air cleaning is often proposed as 
mitigation strategy for infectious risk in these types of buildings. However, indoor air quality 
(IAQ) in general comprises of a large range of possible contaminants and factors that can 
equally impact the health, comfort and well-being of occupants. In this context, a study was 
conducted in Flanders (Belgium) with the aim of investigating the potential impact of 
ventilation and air cleaning on the IAQ and infection risk control in Flemish public spaces. This 
paper describes part of this larger study, focusing on the assessments carried out in two primary 
schools. 

In the first school, which did not have a mechanical ventilation system, 4 classrooms were 
assessed for three weeks. In the second school, 4 classrooms connected to a centralized 
mechanical ventilation system were assessed in two separate measurement campaigns of 3 
weeks. Between the two measurement campaigns in school 2, the defects in the mechanical 
ventilation system which were observed during the first campaign were corrected. 

In each school, in three of the four classrooms, specific interventions were done after the first 
week of monitoring, among which the introduction of air cleaners. The fourth class was 
monitored without intervention. In each classroom, CO2 concentrations and biological air 
samples were collected 2 days per week for in-lab qPCR analysis of over 20 genetic markers of 
respiratory pathogens. The results for SARS-CoV-2 are presented. 

Unfortunately, in both schools, the effectiveness of the interventions on airborne pathogens 
(incl. SARS-CoV-2) could not be quantified due to the lack of infected schoolchildren and other 
measures like the wearing of face masks at that time resulting in mostly negative or borderline 
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results. In general, the results indicate the importance of proper commissioning and 
maintenance to mechanical ventilation systems and show an overall better expected perceived 
indoor air quality when the ventilation system works properly. In the school without mechanical 
ventilation system, manual airing through the opening of windows can achieve the same level 
of expected perceived indoor air quality if operated correctly. 

KEYWORDS 

Primary school, Indoor Air Quality, Ventilation, Airing, CO2, COVID-19 

1 INTRODUCTION 

The COVID-19 pandemic increased the awareness and importance of infectious pathogens as 
contaminants in the indoor air in the general public and governmental agencies. In this context, 
the Flemish department of care (“Departement Zorg”) has ordered a pilot study to investigate 
the effectiveness of two possible IAQ management strategies namely, ventilation/airing and 
stand-alone air cleaning devices based on filtration. Although the main goal is to better 
understand the effectiveness of the two IAQ management strategies to decrease the spread of 
airborne pathogens, the study allowed a wider range of investigation to investigate the overall 
feasibility of the IAQ management strategies. A multidisciplinary consortium was assigned to 
investigate the IAQ (human bio-effluents(~CO2), airborne pathogens, PMx, RH), other 
parameters related to indoor health and sensation of comfort (e.g., temperature, acoustics) and 
record building related parameters (e.g., air change rates – ACH for different airing 
scenario’s)(Stranger et al. 2022). 

The multidisciplinary nature of the consortium made it possible to measure and record a wide 
range of parameters related to the indoor air, the building and the building ventilation. The study 
focused on public buildings with a high occupational density and/or buildings primarily 
occupied by the most sensitive parts of the population (elderly and infants). 

Three types of public spaces were selected: Elderly care homes, Daycares for infants and 
schools. This paper in particular focusses on the measurement of CO2 and airborne pathogens 
carried out in two Flemish schools and their relation to the two tested IAQ management 
strategies. The measurements in the first school were done in February 2022, during this time 
the Belgian COVID-19 incidence showed a downward trend. In the second school, two 
measurement campaigns were done, the first one in March 2022, the second in May-June 2022. 
The Belgian COVID-19 incidence had an upward trend in March 2022 while it was much lower 
during the second round of measurements in May-June 2022 (Sciensano 2023). 

The assessments carried out in the other types of buildings and other data are to be reported 
elsewhere (Lima Paralovo et al. 2023). 

2 MATERIALS AND METHODS 

2.1 Experiment design 

The study was conducted in 2 primary schools, with parallel measurements in 4 classrooms of 
similar building typology (elementary schools, 2nd or 3rd grade): 

• control class 
• ventilation intervention class 
• air purification intervention class 
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Classroom 4 
[Ventilation] 

Classroom 3 
[Aircleaner + Ventilation] 

Classroom 1 
[Control] 

Classroom 1 
[Aircleaner] 

 
Gym 

• combination ventilation and air purification intervention class. 

Each measurement campaign went on for 3 weeks. On Tuesday and Thursday of each week, 
virus samples were taken using the Coriolis µ device (Bertin Technologies 2012). In the 
morning a sample was taken in each class with the intervention on. In the afternoon, in two of 
the classes, a second sample was taken with the intervention off. CO2 measurements were 
performed with HUMLOG20-M12 devices (E+E Elektronics n.d.) 

2.2 School 1 

The first school is situated in a suburban, residential neighborhood close to the city of Antwerp. 
The 4 measured classrooms are part of the same building which was constructed around the 
year 2000 and is not equipped with a mechanical ventilation system. The classrooms are 
accessed through the gymnasium of the school and (acoustically) separated from the 
gymnasium by means of an intermediate space. Figure 1 shows a schematic plan of the building 
and the position of the different classrooms. 

 

Figure 1 Plan of school 1 

The  4  different  classrooms  are  very  similar  in  terms  of  occupancy  density 
[0.31-0.41 children/m²]. 

The following steps were followed: 

Week 0 - preparation: determination of ventilation characteristics of each classroom 
(ACH measured on 26/01/2022), determination of (required and effective) airflows 
following the guidelines published by the Belgian government (<900ppm or 40 
m³/h/person) (FOD Economie 2022) ,selection of the desired the air cleaning systems, 
determination of a plausible ventilation optimization strategy to be used as ‘ventilation 
intervention’. 

Weeks 1-3: Continuous monitoring of CO2. Collection of air samples for virus detection 
during 2 school days per week (to allow for (1) comparison of 4 classes within the same 
time span during the day and (2) evaluation of the impact of air purification intervention, 
ventilation intervention, and combined air purification and ventilation within the same 
population on the same day). 
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Classroom 1 
[Control] 
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Classroom 2 

 
Classroom 4 
[+Aircleaner] 

 
 

Classroom 3 

Classroom 1 served as control class and the teachers were asked to not change the window/door 
opening behavior during the measurements. We did not ask to ventilate less as it would be 
unethical to increase the risk on COVID-19 transmission intentionally. 

Classroom 4, served as “ventilation-intervention” class. Because the building is not equipped 
with a mechanical ventilation system the intervention actually classifies better as “increased 
airing”. In this classroom, the windows that could not be opened anymore were fixed so the 
teacher had more opportunity for airing and was instructed to make use of this opportunity as 
much as (comfortably) possible. In this room, an additional CO2 sensor was installed that could 
inform the teacher about the CO2 levels in the room. 

Classroom 2, served as “Air Cleaner intervention” class. In this classroom, a stand-alone air 
cleaner device with a maximum airflow rate of 800m³/h was installed. However, due to noise 
complaints, the air cleaner was never operated at this maximum setting. 

Classroom 3 served as the room with both increased outdoor air airflow rates and air cleaning. 
In this room, two air cleaners witch each 400m³/h maximum airflow rate were installed. 

2.3 School 2 

The second school is situated in a suburban, residential neighborhood close to the city of Ghent. 
On the campus of this school, with buildings dating mainly from the 1960-1970, one newly 
constructed (2018) can be found. This newer building is equipped with a balanced mechanical 
supply and extraction ventilation system. 

Three of the measured classrooms are situated on the first level in this newer building while the 
control class was situated on the first level of one of the older buildings to make sure that no 
mechanical airflow rates were affecting the measurements in the control class. It should be 
noted here that the older building was less airtight than the classes in the newer building so a 
higher infiltration airflow rate can be expected. Figure 2 shows schematic plans of the buildings 
and the position of the different classrooms. 

 

Figure 2 Plan of school 2 

The  4  different  classrooms  are  very  similar  in  terms  of  occupancy  density 
[0.33-0.36 children/m²]. 
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In this school, 1 week of preparation (ACH measured on 1/04/2022 and 23/05/2022) was 
followed by 2 times, 3 weeks of measurements. In the preparation phase, technical issues were 
uncovered with the AHU of the building. These technical issues led to high noise complaints 
which made the teaching staff decide to shut off the AHU while teaching. Before the first round 
of measurements, some small issues were resolved. Other technical issues related to the AHU 
were resolved between the first 3 weeks of measurements and the second 3 weeks of 
measurements. This led to 3 settings in the measurements: 

• No mechanical ventilation 
• Better mechanical ventilation (after cleaning the filters and installing silencers) 
• Optimized ventilation (after maintenance and fixes to AHU) – increased airflow rates 

2-3 times. 

In all cases, the teachers could also open an additional window for airing. 

Classroom 1, in the older building, was selected as the control because of the absence of a 
mechanical ventilation system in this building. The classroom was operated using normal airing 
habits: windows tilted most of the time and opening the door leading to the staircase. This room 
is not affected by the changes to the AHU. 

As classroom 2, 3 and 4 are all connected to the same AHU, the impact of the mechanical 
ventilation system was the same in all rooms. Therefore, the settings of the ventilation systems 
were varied each week: 

• Week 1 No mechanical ventilation 
• Week 2,3 Better ventilation 
• Week 4,5,6 Optimized ventilation 

In classroom 4, in addition to the variations in the ventilation, a stand-alone air cleaner was 
installed with a maximum airflow rate of 720 m³/h. This device was always switched on. 

3 RESULTS 

3.1 School 1 

The continuous CO2 measurements in all classrooms during the occupied periods are 
summarized as box and whiskers in Figure 3. It shows that the ventilation intervention class 
(classroom 4) can successfully limit the occurrence of higher CO2 levels and that we expect the 
perceived air quality to be good. The box, which represents 50% of the time, is noticeably 
smaller for classroom 4. None of the air cleaners can have any impact on the CO2 levels, so 
these measurements are a good indicator of the airing behavior in the different classes. 

In all other classes, the spread in measured CO2 concentrations is larger. Remarkably, the 
classrooms where an air cleaner is installed show higher levels of CO2 than the control class 
indicating that the presence of the device changed the airing behavior for the worse. 
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Figure 3 Box en Whiskers plot of the CO2-concentrations [ppm] in the four classrooms and ambient air during 
the occupied hours from school 1 

The results from the virus sampling are summarized in Table 1 showed that for most of the 
samples no virus was detected and for the others, virus was detected but with large uncertainties. 

Although the air measurements clearly showed lower CO2 levels in K4, the class with 
additional ventilation, the impact of this on virus circulation in the classroom environment 
cannot be determined from these measurements: no virus was detected in any sample from this 
class, so we assume that none of those present were infected with the virus. 

With regards to air cleaning: 

• During week 1 in K3, no effect of air purifier detected: both with and without air 
purifier, SARS-CoV-2 is detected in the air. 

• During week 2 and week 3, 2 interventions found that no virus is detected with air 
purifier turned on, while it is detected with air purifier turned off. 

• The reverse finding during week 3 (virus is detected with air purifier turned on, while it 
is not with air purifier turned off) may have something to do with the location of the 
infected person relative to the air purifier or due to a group of students that left the 
classroom during the second measurement of the day. 

 
 

Table 1 Overview of virus sample results for school 1 
 

SARS-CoV-2  Tuesday Thursday  
 Intervention 

ON 
Intervention 
OFF 

Intervention 
ON 

Intervention 
OFF 

Week 1 Class. 1 - Control Limit (ct 39.3)  
Class 2 - Air cleaner Neg. Neg. 

Class 3 - Air clean + Vent. Limit (ct 36.9) Limit (ct 37.0) 

Class. 4 - Vent. Neg.  
Week 2 Class. 1 - Control Neg.  Neg.  
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Class 2 - Air cleaner 
Class 3 – Air clean + Vent. 
Class. 4 - Vent. 

Neg. 
Neg. 

 Neg. Neg. 
Limit (ct 38.7) Neg.  

Neg. Neg. Neg. 

Week 3 Class. 1 - Control 
Class 2 – Air cleaner 
Class 3 – Air clean + Vent. 
Class. 4 - Vent. 

Neg. 
Neg. 

 Neg.  
Neg. Neg. 

Limit (ct 39.4) Neg. Neg. Limit (ct 38.3) 
Neg. Neg. Neg.  

 

3.2 School 2 

All CO2 measurements are analyzed and grouped per classroom, per setting in Figure 4. 
Although the control class is unaffected by the different settings, due to meteorological or 
behavioral differences in the measured weeks, the control can change. A first observation is 
that when the mechanical ventilation system is OFF (setting 1), the median CO2 levels in the 
different classes are lower than the control. This is probably due to a higher sense of 
responsibility with regards to the IAQ when the mechanical ventilation system is OFF. 
Secondly, setting 2 does not seem to have a noticeable impact in comparison with no 
ventilation. This is due to the still relatively low airflow rates of the ventilation system in this 
setting. Lastly, when the full maintenance of the system was done (setting 3), the median 
concentration in all classrooms is 600ppm and the 75th percentile is below 1000ppm. However, 
higher peak concentrations up to 2500ppm did still occur. 

 

 
Figure 4 Box en whiskers plot of the CO2 concentrations [ppm] recorded during the occupied hours for the 4 

classrooms in school 2 for the different ventilation settings. Setting 1 = no ventilation, 2= better ventilation and 
3= optimized ventilation. 

Table 2 summarizes the results from the virus samples in school 2 which shows that SARS- 
CoV-2 was detected in most samples based on this 30-minute sampling, albeit in low 
concentrations. Thus, the virus circulated in classrooms mainly during the initial 3-week 
measurement period, reflecting the situation in Belgium at that time (Sciensano 2023). 
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The lower incidence in Belgium at the time of second campaign in this school can also be 
noticed in the lower number of samples in which SARS-CoV-2 was detected during weeks 4, 
5 and 6 (although during this period the school had "optimized ventilation" which may also 
have contributed to a lower incidence of SARS-CoV-2 during the second measurement period). 

With regards to extra ventilation as intervention, no measurable reduction of virus particles in 
air because of extra ventilation can be confirmed in this dataset: 

• 4x no effect was detected (low viral loads detected) 
• 3x there was indication of a positive effect with ventilation system turned off. 
• 4x a reversed effect was observed, (higher viral load after increasing ventilation) 

With regards to air cleaning, no measurable effect could be determined, and rather effect 
opposite to what would be expected was detected: with air purification turned on, SARS-CoV-2 
was detected, while nothing was detected with air purification turned off. 

Because of the low concentrations with relatively high measurement uncertainty during the 
second measurement period in school 2, no statement about the effect of the interventions can 
be formulated. Also, regarding the other pathogens measured, no effect of ventilation or air 
purification can be determined in school 2. 

Table 2 Overview of virus sample results for school 2 
 

SARS-CoV-2 Tuesday Thursday 

 
Week 1 Class. 1 - Control  Limit (ct 36.0)   Limit (ct 36.7)  

Class 2 - Mech. Vent.  Limit (ct 36.7) Limit (ct 38.3)  Neg. Limit (ct 38.9) 

Class 3 - Mech. Vent. Neg. Neg. Limit (ct 38.5) 

Class 4 - Vent.+Air cleaner  Limit (ct 35.4)  
Week 2 Class. 1 - Control Limit (ct 38.9)  Limit (ct 39.7)  

Class 2 - Mech. Vent. Neg.  Limit (ct 38.7)  POS. (ct 33.0)  

Class 3 - Mech. Vent.  Limit (ct 40.5)   Limit (ct 37.9) Limit (ct 36.5)  
 Class 4 - Vent.+Air cleaner Limit (ct 40.7) Neg. Limit (ct 38.9) Neg. 
Week 3 Class. 1 - Control Neg.  Limit (ct 40.4)  

Class 2 - Mech. Vent.  Limit (ct 39.3) Limit (ct 39.2) Limit (ct 38.3)  Neg. 

Class 3 - Mech. Vent.  Limit (ct 38.5)   Limit (ct 37.4) Limit (ct 38.2)  
 Class 4 - Vent.+Air cleaner Limit (ct 38.2) Neg. Limit (ct 40.0)  

Maintenance and commissioning to AHU 
 

Week 4 Class. 1 - Control  Limit (ct 39.1)  
 Class 2 - Mech. Vent. Neg. 

School closed 
Class 3 - Mech. Vent. Neg. Neg. 

Class 4 - Vent.+Air cleaner Limit (ct 41.1) Neg. 

Week 5 Class. 1 - Control Neg.  Limit (ct 37.0)  
Class 2 - Mech. Vent. Neg.  Limit (ct 40.0)  
Class 3 - Mech. Vent. Limit (ct 38.9) Neg. Limit (ct 38.2)  
Class 4 - Vent.+Air cleaner Limit (ct 39.0) Limit (ct 37.6) Neg. Neg. 

Week 6 Class. 1 - Control Limit (ct 39.5) 

Class 2 - Mech. Vent. Limit (ct 37.3)  Limit (ct 40.2) Neg. 
Class 3 - Mech. Vent. Neg. Limit (ct 40.1) Neg. Limit (ct 40.0) 

 Class 4 - Vent.+Air cleaner  

Intervention 
OFF 

Intervention 
ON 

Intervention 
OFF 

Intervention 
ON 
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4 CONCLUSIONS 

The virus was clearly more prevalent in the classrooms of school 2 than in school at time of 
measurement, although according to the Sciensano SARS-CoV-2 dashboard, virus circulation 
in the society was similar during the measurements in school 1 and the first measurement period 
in school 2 (Sciensano 2023). The more effective ventilation and aeration in school 1, combined 
with the wearing of mouth masks in the first school, probably also contributed to the overall 
lower detection of SARS-CoV-2 and other viruses in the indoor air of school 1. 

A relevant note to this table is that almost all the samples with detection of SARS-CoV-2 were 
in fact borderline, meaning that the CT values were rather high and thus the concentration in 
air was reasonably low (the detection limit for this qPCR analysis is CT value ≈ 40). The closer 
the CT value of a PCR analysis is to 39-40, the higher the measurement uncertainty of this 
method (e.g., CT 39.04). 

For both schools, no measurable effect of increased ventilation or air cleaning on the occurrence 
of SARS-CoV-2 could be objectively observed for these in-situ and in-use situations. Most 
virus concentration in the samples were low, which can be explained by the trends in national 
COVID-19 disease incidence and the fact that students were wearing facemasks. 

In general, the results indicate the importance of proper commissioning and maintenance to 
mechanical ventilation systems and show an overall better expected perceived indoor air quality 
when the ventilation system works properly. In the school without a mechanical ventilation 
system, manual airing through the opening of windows can achieve the same level of expected 
perceived indoor air quality if operated correctly. 
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ABSTRACT 
 
The offer of air cleaners has increased significantly since the SARS-CoV-2 pandemic. However, it is not clear to 
what extent they can contribute to indoor air quality. There are multiple standards that describe test methods for 
air cleaners, but no consensus can be found on how to determine the performance of the air cleaners. 
This paper contains a review of test methods for several types of air cleaners, (e.g. photocatalytic devices). This 
allows to make a holistic analysis of the existing test methods, in order to make recommendations for legislation 
regarding test methods to be used on the Belgian market.  
For this paper, a literature study has been conducted to investigate the similarities and differences between several 
standards. The investigated documents include, among others, a French standard, ISO standards, ASHRAE 
standards and AHAM standards. 
The literature study results in a structured overview of similarities, knowledge gaps and challenges. The main 
differences between the standards concern the test apparatus and the pollutants used. Most of the test methods use 
either a test duct, which measures the single-pass efficiency, or a test chamber, where the decay of the pollutants 
is measured over a certain period of time. All standards define different pollutants in different concentrations that 
should be tested. The test pollutants consist of VOCs, aerosols, (synthetic) dust, (acid) gases and microorganisms. 
They also differ in the type of air cleaners being tested. Several test methods are suited for any type of air cleaner. 
Other methods can only be used for a specific type of air cleaner, e.g., UV-C lights. In this case the test pollutants, 
measurements and test apparatus are adapted to the specific kind of air cleaner. 
Most standards lack a non-targeted analysis of the treated air, because this is too complicated or expensive to test. 
However, the by-products can be harmful and are relevant to test. 
Overall, the test methods are not suitable to predict the air quality in a room where the air cleaner may be used. 
They provide a means to compare the performances of different air cleaners to each other, but they do not predict 
real life performance. Furthermore, most of the test methods do not test the long-term performance of the air 
cleaners. This is because the test methods are kept as short as possible to reduce the costs. 
 

KEYWORDS 
 
Air cleaners, test methods, literature review, indoor air quality 
  
1 INTRODUCTION 

 
In the context of a study commissioned by the Federal Public Service of Health in Belgium, a 
review has been conducted on the existing test standards for air cleaners. Since the SARS-CoV-
2 pandemic the amount of air cleaners on the Belgian market has increased significantly. All 
the air cleaners have been tested for efficiency and safety, but many different test methods are 
used, and it is not known to what extent they are reliable. An extensive literature review has 
therefore been conducted to investigate the state of the art of the existing test standards. The 
review includes national and international standards that are now commonly used to test air 
cleaners. The technical characteristics of the test standards are compared with each other, to see 
to what extent they resemble or differ from each other. Therefore, this is a more technical and 
holistic assessment, which differs from previous research, such as the research by Afshari et al. 
(2022) where they focussed on test methods and standards only for portable air-cleaning units. 
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2 OVERVIEW OF THE INVESTIGATED STANDARDS 

 
Table 1 gives an overview of the investigated standards, and for which type of air cleaners they 
are suitable. 

Table 1: Overview of the test standards 

Test standard Title Type of air cleaners 

AHAM AC-1 
(2020) 

Method for Measuring Performance of Portable 
Household Electric Room Air Cleaners 

Portable household electric 
room air cleaners 

AHAM AC-4 
(2022) 

Method of Assessing the Reduction Rate of Chemical 
Gases by a Room Air Cleaner 

Portable household electric 
room air cleaners 

AHAM AC-5 
(2022) 

Method for Assessing the Reduction Rate of Key 
Bioaerosols by Portable Air Cleaners Using an 
Aerobiology Test Chamber 

Portable household electric 
room air cleaners 

ASHRAE 52.2 
(2017) 

Method of Testing General Ventilation Air-Cleaning 
Devices for Removal Efficiency by Particle Size 

General ventilation Air-
Cleaning Devices 

ASHRAE 145.1 
(2015) 

Laboratory Test Method for Assessing the 
Performance of Gas-Phase Air-Cleaning Systems: 
Loose Granular Media 

Gas-phase air-cleaning systems 
(tests the loose granular media) 

ASHRAE 145.2 
(2016) 

Laboratory Test Method for assessing the 
Performance of Gas-Phase Air-Cleaning Systems: 
Air-Cleaning Devices 

In-duct sorptive media gas-
phase air-cleaning devices  

ASHRAE 185.1 
(2020) 

Method of Testing UV-C Lights for Use in Air-
Handling Units or Air Ducts to Inactivate Airborne 
Microorganisms 

UV-C lights for use in air-
handling units or air ducts 

ASHRAE 185.2 
(2020) 

Method of Testing Ultraviolet Lamps for Use in 
HVAC&R Units or Air Ducts to Inactivate 
Microorganisms on Irradiated Surfaces 

UV-C lights for use in air-
handling units or air ducts 

IEC 63086-1 
(2020) 

Household and similar electrical air cleaning 
appliances – Methods for measuring the performance 
Part 1: General requirements 

electrically powered household 
and similar air cleaners 

EN IS0 10121-3 
(2022) 

Test methods for assessing the performance of gas-
phase air cleaning media and devices for general 
ventilation - Part 3: Classification system for 
GPACDs applied to treatment of outdoor air 

gas-phase air cleaning devices 
supplying single pass outdoor 
air to general ventilation 
systems 

ISO 16000-36 
(2021) 

Indoor air - part 36: Standard method for assessing the 
reduction rate of culturable airborne bacteria by air 
purifiers using a test chamber 

Air purifiers commonly used in 
single room spaces 

EN 16846-1 
(2017) 

Photocatalysis — Measurement of efficiency of 
photocatalytic devices used for the elimination of 
VOC and odour in indoor air in active mode. Part 1: 
Batch mode test method with a closed chamber 

Photocatalytic devices or 
combined systems that include 
a photocatalytic function 

NF B 44-200 
(2016) 

Independent air purification devices for tertiary sector 
and residential applications Test methods — Intrinsic 
performances 

Any standalone air purification 
device 

 
It is clear that most of the test standards only differentiate between portable air cleaners and in-
duct air cleaners and not between different technologies. However, there are some exceptions 
to this, e.g. tests that only apply to UV-C technology. Standard ASHRAE 145.1 (2015) is also 
an exception, since it does not test the air cleaner itself, but the loose granular sorptive media 
used in the air cleaner. 
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3 TEST METHOD 

 
3.1 Test apparatus 

 
A first characteristic of the test methods is the test apparatus that is used. The two most 
commonly used test set-ups are the test chamber and the test duct.  
The test chamber is an air-tight chamber in which the air cleaning device is placed. If the 
position of the air cleaner in the test standard is specified, it has to be placed in the centre of the 
chamber, on the floor, on a table or attached to a wall, depending on the type of air cleaner. The 
size of the chamber is also defined and differs among the different standards. Standard EN 
16846-1 (2017) prescribes a test chamber with a minimum volume of 1 m³, where the ratio of 
the volume of the device to the volume of the chamber shall be less or equal to 0,10. Most other 
standards define larger test chambers. ISO 16000-36 (2021) states that the volume of the test 
chamber should reflect the later application of the air cleaner. It should be 8m³ or more and is 
usually between 15m³ and 30m³. AHAM AC-1 (2020), AHAM AC-4 (2022), AHAM AC-5 
(2022) and IEC 63086-1 (2020) require a volume of around 30m³. NF B 44-200 (2016) is an 
exception to the other standards. It uses a test chamber in a test bench, which is a different way 
of testing than room size test chambers. It does not require a minimum volume of the test 
chamber, only a minimum dimension for the upstream section of the test chamber. This should 
at least be three times larger than the air cleaner that overruns into this upstream section.  
The test duct is a duct with an air inlet and outlet in which the air cleaner is placed in a manner 
that the airflow has to pass through the air cleaner. The dimensions of the test duct are clearly 
defined in each standard. The standards ASHRAE 52.2 (2017), ASHRAE 145.2 (2016), 
ASHRAE 185.1 (2020), ASHRAE 185.2 (2020) and EN ISO 10121-3 (2022) (that refers to 
standard EN ISO 10121-2 (2013)) use a test duct for a nominal device of 610 x 610 mm, which 
corresponds to the dimensions of the duct. Other dimensions are also possible, if the duct is 
adjusted to it as described in the standards. 
As mentioned earlier, standard ASHRAE 145.1 (2015) is a special case. In consequence it does 
not use a test chamber or test duct, but a test apparatus with a gas-phase air filtration media 
column, which is comparable to the test duct in terms of test set-up and test method. 
 
3.2 Test conditions 

 
The tests are performed under different conditions. The temperature and relative humidity of 
the air are prescribed and do not differ much among most of the standards. Most of the standards 
require a temperature from 20°C to 25°C with a deviation of 0.5 to 3°C. Two of the investigated 
standards are an exception to this; ASHRAE 52.2 (2017) requires a temperature between 10°C 
and 38°C and ASHRAE 185.2 (2020) requires to test at three different temperatures: 12.8°C, 
23.9°C and 48.9°C ± 2.2°C. The required humidity of all standards is between 40% and 50% 
with a deviation of 1 to 10%.  
For tests using test chambers, the air inside the test chamber has to meet these requirements 
prior to the test, but the air is not conditioned anymore once the test starts. In the case of test 
ducts, the supply air should be conditioned. 
The tests using test chambers state that the incoming air has to be clean, which is defined as a 
maximum pollutant concentration that is allowed. Filters are used to clean the air that enters the 
test chamber. Standards using test ducts also address the background concentration of the test 
air. This can be done by imposing a limit for the background concentration, as e.g. standard 
ASHRAE 145.1 (2015) does. Here, the influent air cannot contain more than 1% of the 
challenge concentration of each challenge gas. Another way to handle the background 
concentration is filtering the influent air and measuring the background concentration, which is 
taken into account in the calculations of the performance. (ASHRAE 52.2 (2017)) 

891 | P a g e

Peer Reviewed Paper



3.3 Operational mode of the air cleaner/flow rate through the air cleaner 

 
To test the air cleaning device in a test chamber, the air cleaner has to be turned on in a certain 
operational mode. Depending on this, the air cleaner has a different efficiency. Standard NF B 
44-200 (2016) defines that the test sponsor shall determine the speed for the tests. The AHAM 
AC-1 (2020), AHAM AC-4 (2022) and AHAM AC-5 (2022) standards define that the air 
cleaners are tested at the highest operating mode. The last two standards also mention that it is 
possible to test additional modes, if this is included in the test report. IEC 63086-1 (2020) 
requires testing in the maximum operational mode, except if the device only has an automatic 
mode, then it should be tested according to the manufacturer’s instructions. ISO 16000-36 
(2021) requires testing for multiple operation modes. The results then have to be checked on 
validity (e.g. the decay rate in step one has to remain below 50%). Only valid results are taken 
into account. Standard EN 16846-1 (2017) does not mention an operation mode. 
If a test duct is used to test the air cleaner, an airflow rate in the test duct must be specified. 
Standard ASHRAE 52.2 (2017) specifies that the airflow rate should be at the upper limit of 
the air cleaner’s application range. If this has not been specified an airflow rate corresponding 
to 2.50 m/s is used, which is rather low for large air groups. EN ISO 10121-3 (2022) states that 
the rated airflow of the air cleaner should be used. If this information is not given, a face velocity 
of 2.54 m/s shall be used. Standard ASHRAE 185.1 (2020) and ASHRAE 185.2 (2020) 
prescribe a fixed air velocity of 2.54 m/s, which corresponds to an airflow rate of 3400 cmh. 
ASHRAE 145.1 (2015) tests at an airflow rate to achieve a residence time of 0.10 ± 0.01s. A 
formula to calculate this is given in the standard.  
 
4 DEFINITION OF PERFORMANCE 

 
4.1 Performance when using a test chamber (CADR) 

 
When a test chamber is used, test pollutants are usually added to the air until a certain 
concentration is reached. Then the supply of test pollutants stops, and the decay rate is 
measured. A common way of expressing the performance using this test method is the Clean 
Air Delivery Rate (CADR), that can be calculated by multiplying the volume (m³) of the test 
chamber with the decay rate (h-1) of the pollutant measured in the test chamber. As an exception, 
standard NF B 44-200 (2016) has a continuous supply of pollutants, since the test setup consists 
of a combination of a test duct and a test chamber. As a consequence, the CADR is calculated 
by multiplying the air flow rate of the air cleaning device with its purification efficiency.  
As standard IEC 63086-1 (2020) explains, the reduction rate must be due to the operation of 
the air cleaner. This standard does not specify this further, but other standards do take this into 
account. The standards AHAM AC-1 (2020), AHAM AC-4 (2022) and AHAM AC-5 (2022) 
calculate the decay rate as the difference between the total decay rate with operating the air 
cleaner and the natural decay rate without operating the air cleaner. Standard NF B 44-200 
(2016) uses a correction factor on the purification efficiency calculation to take the natural 
decay rate into account. 
Standard ISO 16000-36 (2021) is an exception, as it uses a test chamber but only calculates the 
reduction rate of bacteria, without converting it into a CADR.  
 
4.2 Performance when using a test duct 

 
Test standards using a test duct usually have a continuous supply of pollutants for the first tests, 
where for e.g. the removal efficiency can be measured. Afterwards, the supply of pollutants 
stops, and other parameters will be measured, such as the desorption. Consequently, the 
performance is not expressed with a CADR. E.g. standards ASHRAE 145.1 (2015) and 
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ASHRAE 145.2 (2016) calculate the removal efficiency at a specific time, the penetration at a 
specific time and the capacity for removal for a time interval, all expressed as a percentage. 
From these values, other important factors can be calculated, such as the time to reach 50% 
breakthrough, which is the percentage of the challenge concentration that is reached at the outlet 
of the filter and is seen as an easy and useful indicator of air-cleaner performance (ASHRAE 
145.2, 2016). Besides that, also performance curves that plot different performance parameters 
against the time are used. Standard EN ISO 10121-3 (2022) does not differ much from these 
ASHRAE standards. It calculates the (initial) removal efficiency and plots a removal efficiency 
versus capacity curve to define the efficiency of the air cleaner. 
Standard ASHRAE 52.2 (2017) provides an extra way to express the efficiency; the Minimum 
Efficiency Reporting Value (MERV) for air cleaners. First the minimum particle size removal 
efficiency (PSE) is calculated for twelve size ranges of particles. The data points of the curves 
are then averaged per size range, and there are three different size ranges. The MERV value is 
then based on these three composite average PSE points. In this way only one value is needed 
to report the efficiency, instead of a curve with the removal efficiency per particle size. The 
MERV value should always be reported together with the test airflow rate, as it depends on it. 
Next to this, e.g. also the dust holding capacity of the air cleaner should be calculated. This 
method of expressing the efficiency is quite similar to the method used in standard EN ISO 
16890-1 (2017), which is the basic standard to test in-duct filters for particulate matter. In this 
standard the particulate matter efficiencies (ePM) are calculated for three size ranges, based on 
the average fractional efficiencies and the standardized particle size distribution. 
Standard ASHRAE 185.1 (2020) measures the efficiency of UV-C lights and thus has a slightly 
different approach. Since no filter is used, the efficiency will not differ much by time. Hence, 
only the single-pass bioaerosol inactivation efficiency is calculated, which is then corrected 
with the no-light transmission rate, where the inactivation of organisms is measured with the 
UV-C light turned off. 
Lastly standard ASHRAE 185.2 (2020) forms an exception to the other standards. It tests UV-
C lamps to inactivate microorganisms, but it has a different approach. The tests are not done 
with microorganisms, but the intensity of ultraviolet lamps on irradiated surfaces is measured. 
Hence the efficiency is expressed as the UV-C irradiance levels measured. 
 
5 DURATION OF THE TEST 

 
All the standards have their own practicalities, and there are also differences in measurement 
time. The duration of the test is often expressed in a similar way for tests using a test chamber. 
The following will discuss the duration from reaching and measuring the initial concentration 
to the end of the natural or total decay test. Some standards have a shorter measurement time, 
for e.g. standards AHAM AC-1 (2020), AHAM AC-4 (2022), AHAM AC-5 (2022) and ISO 
16000-36 (2021) have a test time that ranges from ten minutes to an hour. The differences in 
measurement time are due to a faster or slower decay rate of the pollutants, characteristics of 
the measurement device or characteristics of the air cleaner. Standard EN 16846-1 (2017) 
describes a longer test duration: the test will run until 90% of the volatile organic compounds 
(VOCs) are removed, with a maximum test time up to 24 hours. Standard IEC 63086-1 (2020) 
is an exception that does not mention a test duration. This is because the standard only specifies 
general requirements to measure the performance, without providing a test method. 
For the test methods using a test duct there is a greater difference in expressing the duration of 
the test. Some standards clearly specify a test duration. E.g. Standard ASHRAE 145.2 (2016) 
lets the standard initial performance test run for one hour, or until the penetration reaches 
0.95%. The standard capacity test runs for four hours, or until a breakthrough of 95% is 
achieved. Then the challenge gas is removed, and desorption is monitored for 30 minutes or 
until the contaminant reaches 10% of the test challenge concentration. 
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It is also possible to test until a certain breakthrough is reached. Standard ASHRAE 145.1 
(2015) runs the test until a 50% breakthrough of the initial challenge concentration is reached. 
There are also other ways to express a measurement time. Standard EN ISO 10121-3 (2022), 
that partly refers to EN ISO 10121-2 (2013), defines measurement frequencies. For the initial 
removal efficiency the measurement frequency is less than 2 minutes, and the test normally 
takes 3 hours or less. The removal efficiency versus dose test has a measurement frequency 
ranging from 5 min to 12 hours. The test ends when the desired end point is reached and is 
stable for 10 min. Lastly a retentivity determination is performed without any challenge 
compounds. The test runs until the downstream concentration reaches 5%, with a maximum of 
6 hours. Standard ASHRAE 185.2 (2020) requires to record a one-minute average of irradiance 
from the sensor per grid-point location for the sensor. Standard ASHRAE 52.2 (2017) states 
that the number of samples and sample time are determined by a number of data quality 
requirements. 
For standard NF B 44-200 (2016), the test time depends on the pollutant tested. For gases it has 
a duration of 45 minutes, for inert particulate matter, a count cycle with 15 metering steps is 
defined for a 30 to 60-second count-per-count window and for allergens and microorganisms 
no duration is defined. Standard ASHRAE 185.1 (2020) also does not specify a test duration. 
 
6 TEST POLLUTANTS 

 
Depending on the test, different test pollutants are used. Some standards test for a broader range 
of pollutants, for e.g. standard NF B 44-200 (2016) uses a test gas, microorganisms, an allergen 
and aerosol. Other standards have a more limited scope of test pollutants. For e.g. standard ISO 
16000-36 (2021) only tests for two bacteria. An overview of the test pollutants used in the 
different standards can be found in Table 2.  

Table 2: Test pollutants 

Test standard Pollutants Concentration 

AHAM AC-1 
(2020) 

Cigarette smoke with particle sizes detected from 
0.10 μ m to 1.0 μm diameter 
Commercially available test dust with particle sizes 
detected from 0.5 μm to 3.0 μm 
Paper Mulberry Pollen (non-defatted) with a particle 
size range of 5 μm to 11 μm, including fragments 

24000 to 35000 particles/cc 
 
200 to 400 particles/cc 
 
4 to 9 particles/cc 

AHAM AC-4 
(2022) 

Formaldehyde, 
n-Heptane, Toluene, d-Limonene, Nitrogen Dioxide, 
Ammonia 

400 μg m-3 (+20 %) 
800 μg m-3 (+20 %) 
700 μg m-3 (+20 %) 

AHAM AC-5 
(2022) 

Bacteria: Gram-Positive (Staphylococcus 
epidermidis), Gram-Negative (Acinetobacter 
baumannii) and bacterial endospores (Geobacillus 
stearothermophilus) 
Virus: more than one bacteriophage as surrogate for 
human pathogenic viruses, preferred one: MS2 (with 
host Escherichia coli) 
Mold: mold spore (Aspergillus brasiliensis) 
Alternate microbes can also be used (should be listed 
in the test report): Staphylococcus aureus, 
Escherichia coli, Klebsiella pneumoniae, Bacillus 
subtilis, Phi X-174 (with host Escherichia coli), 
T1(with host Escherichia coli), Phi 6 (with host 
Pseudomonas syringae), Penicillium citrinum, 
Aspergillus fumigatus, Penicillium chrysogenum, 
Penicillium rubens, Stachybotrys chartarum. Other 
microbes can also be used for specific questions. 

The minimum initial 
concentration can vary (it depends 
on the microbe and the required 
log reduction), but will be 
between 5.0*106 colony forming 
units (CFU) and 2.1*109 CFU 
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ASHRAE 52.2 
(2017) 

Test aerosol: Polydisperse solid-phase (dry) 
potassium chloride (KCl) particles 
Synthetic loading dust: 72% ISO 12103-1, A2 Fine 
Test Dust, 23% powdered carbon, and 5% milled 
cotton linters 

Is determined by initial efficiency 
tests, so that the total 
concentration level does not 
overload the particle counters 

ASHRAE 145.1 
(2015) 

Challenge gases are selected from the following 
groups: 
VOC challenge gases: toluene, acetaldehyde, hexane, 
2-butanone, isobutanol, dichloromethane, 
tetrachloroethylene 
Acid challenge gases: sulfur dioxide, nitrogen 
dioxide, nitric oxide, hydrogen sulfide, chlorine 
Other (common) challenge gases: formaldehyde, 
ozone, ammonia… 

 
 
100 ± 10 parts per million by 
volume (ppmv) 
 
100 ± 10 ppmv 
 
To be determined based on use 
application and safety 
considerations 

ASHRAE 145.2 
(2016) 

A VOC: toluene, 2-butanone, acetone, benzene, 
cyclohexane, cyclopentane, dichloromethane, 
ethanol, hexane, iso-butanol, isopropanol, 
tetrachloroethene, m-Xylene, o-Xylene, p-Xylene 
An acid gas: sulfur dioxide, hydrogen chloride, 
hydrogen sulfide, NO2+ 
 
 
Another gas: formaldehyde, acetaldehyde, hexanal, 
ammonia, methylpyrrolidone, ozone, DMMP, 
chlorine, carbon monoxide, carbon dioxide 
 
 
Or another gas that is more applicable to the use of 
the air cleaner 
(Required chemicals are indicated in bold) 

Low concentration: 400 parts per 
billion (ppb), high concentration 
ranging from 20 to 65 parts per 
million (ppm) 
Low concentration: ranging from 
50 to 100 ppb, high concentration 
ranging from 5 to 35 ppm 
 
Low concentration: ranging from 
75 to 100 ppb, high concentration 
ranging from 0.5 to 75 ppm 
(exception: CO2: 400 ppb to 5000 
ppm) 
 

ASHRAE 185.1 
(2020) 

Mycobacterium parafortuitum (ATCC® 19686) 
Aspergillus sydowii (ATCC® 36542) 

Sufficient concentration to allow 
measurement to show 99% 
inactivation 

ASHRAE 185.2 
(2020) 

No test pollutants (only the intensity of UV-C lamps 
on irradiated surfaces is measured). 

/ 

IEC 63086-1 
(2020) 

Only mentions that the target pollutant is a specific 
air pollutant with defined components, including the 
main categories microorganisms, gaseous pollutants 
and particulate matter 

Not mentioned 

EN IS0 10121-3 
(2022) 

Ozone,  
sulphur dioxide, nitrogen dioxide, 
toluene 

150 ppb(v) and 3 ppm(v) 
450 ppb(v) and 9 ppm(v) 
900 ppb(v) and 9 ppm(v) 
(Values respectively for the initial 
efficiency determination and the 
efficiency vs. dose determination) 

ISO 16000-36 
(2021) 

Bacteria: Staphylococcus aureus and Micrococcus 
luteus (other bacteria may be used for specific 
questions, but this should be listed in the test report. 

Between 1.0*104 cfu/m³ and 
3.2*104 cfu/m³ 

EN 16846-1 
(2017) 

VOC mixture: acetone, acetaldehyde, formaldehyde, 
heptane, toluene 

Test is run at two concentrations: 
(50 ± 25%) ppbv per compound 
and (1000 ± 10%) ppbv per 
compound 

NF B 44-200 
(2016) 

Test gas: mixture of acetone, acetaldehyde, 
formaldehyde, heptane, toluene 
A bacterium:  Staphylococcus epidermidis and a 
fungus: Aspergillus niger 

50 ppbv to 150 ppbv 
 
10³ to 104 CFU/m³. 
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Allergen: Major cat allergen Fel d 1 (Felis 

domesticus 1) 
Aerosol (inert particulate matter range 0,3 - 5 µm): 
Particulate suspension of DEHS (DiEthylHexyl 
Sebacate) 

10 ng/m³ to 150 ng/m³ 
 
Dependent on the manufacturer’s 
requirements of the optical 
particle counter 

 
The choice of the test pollutants is often based on one of the following criteria: it are commonly 
used test materials for air cleaners/filters, e.g. the allergen and the aerosol of standard NF B 44-
200 (2016) are chosen based on this criterium, or they represent typical pollutants of 
indoor/outdoor air, e.g. the test gases and the microorganisms of standard NF B 44-200 (2016) 
are common indoor air pollutants and standard EN ISO 10121-3 (2022) uses typical outdoor air 
pollutants. Another possible selection criterion is mentioned in ASHRAE 185.1 (2020): the 
used organisms cover the range of reasonable interest for UV-C device applications. 
For tests using test chambers (except for standard NF B 44-200 (2016)), the concentration given 
in the table above is the initial concentration before the air cleaner is turned on. The 
concentration is not kept constant during the test, since the decay rate is measured. 
The concentration can depend on the preconditions. For e.g. standard EN 16846-1 (2017) 
performs a test at two different concentrations. The test with the lowest concentration searches 
for reaction by-products, the test with the highest concentration is to demonstrate the 
photocatalytic activity with monitoring of the mineralization of VOCs into CO2. For Standard 
ASHRAE 52.2 (2017) and standard NF B 44-200 (2016), the concentration depends on the 
characteristics of the particle counters. 
As mentioned before, standard IEC 63086-1 (2020) is an exception, as it only specifies the 
general requirements to measure the performance. As a consequence, it does not specify the 
test pollutants and concentration to be used. Standard ASHRAE 185.2 (2020) is also an 
exception, since it only measures the intensity of the UV-C lamps as performance characteristic. 
 
7 KNOWLEDGE GAPS AND CHALLENGES 

 
7.1 By-products 

 
Only two of the investigated standards explicitly address the testing of by-products. Standard 
NF B 44-200 (2016) states that the test method can be used to measure any by-products 
downstream of the air cleaner. Further, the test also prescribes to measure four reaction 
intermediates with a corresponding limit of detection: ozone (0.5 ppbv), carbon monoxide (1 
ppmv), nitrogen monoxide (0.5 ppbv) and nitrogen dioxide (0.5 ppbv). This is measured before 
the pollutants are added to the test air and during the test with the gas-mixture. Purpose-
engineered methods should be used to measure it. Standard EN 16846-1 includes a detection 
procedure to measure reaction by-products and ozone. A separate test is done with a 
concentration of 50 ppbv per compound (aldehydes, VOC, ozone), or with a higher 
concentration if needed. The by-products then have to be analysed according to ISO 16000-3 
and ISO 16000-6. In addition, standards AHAM AC-1 (2020), AHAM AC-4 (2022) and 
AHAM AC-5 (2022) refer, among others, to standard UL 867 (Standard for Electrostatic Air 
Cleaners), which includes a test method for ozone generation levels (AHAM AC-5, 2022). 
However, as Collins (Collins, 2021) points out, air cleaners can introduce several unintended 
by-products in the air, such as ozone, but also other oxidants for e.g. that can be harmful to 
health as well. Hence, this is an important topic to address when testing air cleaners and a proper 
testing method for a non-targeted analysis should be set up. 
 
7.2 Real life performance 

 

896 | P a g e

Peer Reviewed Paper



The air cleaners are tested in a specific test chamber or test duct. The test conditions and test 
pollutants are pre-defined, as described in paragraph 3.2 and paragraph 6, and this does not 
necessarily reflect the real-life conditions in which the air cleaner will be used. As standard 
ASHRAE 52.2 (2017) and ASHRAE 185.1 (2020) state, the outcome of the tests should help 
the user to compare the performance of different devices, not predict real-life performance. The 
tests try to simulate the real-life operation, but field conditions are not duplicated in the test. 
This would also be hard since field conditions vary from location to location. As a consequence, 
the cleanliness of a space where the air cleaner is used, or the service life of the device cannot 
be predicted. Standard ASHRAE 52.2 (2017) also indicates that the synthetic dust that is used 
as test material is not representative for all atmospheric particulates, which may affect the test 
results compared to real use situations. Standard ASHRAE 145.1 (2015) further adds that 
performing tests at low concentrations would probably more accurately predict the performance 
at actual use conditions, but this would be prohibitively expensive. It is also easier to generate, 
analyse and control higher gas concentrations than lower concentrations. 
Another characteristic of the tests that is not representative for the real use conditions, is the 
size of the test chamber. As declared in paragraph 3.1, the size of the test chambers typically 
ranges from 1m³ to 30m³, which does not necessarily represent the real use conditions. Standard 
ISO 16000-36 (2021) imposes that the size of the test chamber should reflect the later 
application of the air cleaner, but this is the only standard that does so. The manner in which 
the performance is measured when using a test chamber is also not very realistic, as pollutants 
are not continuously introduced during the test, except in standard NF B 44-200 (2016). 
 
7.3 Long-term performance 

 
As described before, the tests are carried out over a limited period of time. However, as standard 
ASHRAE 145.2 (2016) mentions, breakthrough in real life conditions may take weeks or 
months. Therefore, the capacity test is conducted at elevated challenge concentrations to shorten 
the test, hence reducing the costs. As a consequence, the performance data cannot be transferred 
to real use conditions directly. The results can be extrapolated, but this will not always be 
correct. ASHRAE 185.1 (2020) also mentions that the performance over service life cannot be 
predicted with the results of the test and that the equipment provider should be expected to give 
an estimate of the service life characteristics for the expected operating conditions.  
 
8 CONCLUSIONS 

 
The review points out that there are many differences between the investigated test standards. 
One of the main differences concerns the test method that is used. Using a test chamber or a 
test duct imposes a different way of testing, which also influences the test duration and the 
definition of effectiveness. In contrast, the test conditions and the operating mode/flow rate 
through the air cleaner show little difference. The test pollutants used vary widely, but this is 
partly a consequence of the targeted type of air cleaners to be tested. If a device using UV-C 
technology is tested for example, only the decay of microorganisms is relevant to test.  
The test standards provide a method to compare the air cleaning devices, but they do not provide 
results on the real use performance or the long-term performance. A non-targeted analysis to 
search for potentially harmful by-products is also a knowledge gap in most of the test methods. 
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ABSTRACT 
 
The world has experienced the devastating nature of airborne transmitted diseases through the COVID-19 
pandemic. Significant actions were taken in order to reduce the number of new infections, such as quarantines, 
social distancing, mask wearing, frequent hand washing and surface disinfection. However, all these measures 
have proven insufficient to eradicate short and long-range infections, confirming the need for engineering tools to 
control the indoor air quality. Although the role of ventilation design in the minimization of indoor pollutants has 
been widely discussed, its performance has been linked to energy efficiency. General-volume ventilation strategies 
have been predominant. However, in a dynamic indoor environment, airflow patterns increase or decrease the risk 
of airborne transmission at local points, making this consideration an unsuitable option to provide clean air in the 
breathing zone. The present research demonstrates the purging efficiency of breathing-zone-volume ventilation 
against the traditional general-volume choice by comparing mixing, stratum and impinging jet ventilation. CFD 
has been used to predict indoor airflow, simple thermal sensation through draught discomfort and purging 
efficiency through age of air in a general-purpose building applying RANS modelling. Results show that breathing-
zone-volume strategies significantly improve the age of air under cooling mode and sustain or slightly improve it 
under heating mode. However, draught sensation slightly increases in all the cases. In conclusion, a balance must 
be reached in this post-pandemic era to satisfy the design triad: purging efficiency, thermal comfort and energy 
efficiency without sacrificing one of these three elements. 
 

KEYWORDS 
 
Breathing-zone-volume ventilation; Age of air; Air draught; RANS; Steady-state 
  
1 INTRODUCTION 

 
Pandemics and epidemics have historically impacted the development of public health and the 
surrounding environment: the Bubonic Plague (18th century) contributed to urban planning, 
the Cholera epidemics (19th century) encouraged sanitary protocols, and the Spanish Flu (20th 
century) promoted non-pharmacological interventions as mitigation strategies for disease 
control (Lai et al., 2020). The recent COVID-19 pandemic (21st century) has also exposed the 
need for prophylactic measures and the value of non-pharmacological interventions such as 
social distancing, mask-wearing and the control of the built environment (Kwon et al., 2021).  
Furthermore, pandemics caused by airborne transmitted diseases have increased in the past 
decade, as evidenced by the SARS-CoV-1 outbreak in 2003 (Asia), MERS-CoV in 2012 
(Middle East) and SARS-CoV-2 in 2019 (worldwide), because of technological and 
demographic changes (Baker et al., 2021). Following history, building design and ventilation 
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control are of the utmost importance to prevent and manage cross-infection and future 
pandemics. 
Within the built environment, portable cleaners and UV light filters have been implemented, 
as well as an increase in minimum ventilation rates for occupied buildings. Additionally, 
while the role of ventilation design in the minimization of indoor pollutants – viral or 
otherwise – has been widely discussed, its performance has often been linked only to energy 
efficiency (Awbi, 2017).  In this context, general-volume ventilation strategies, where the 
probability of infection may be assumed as independent from the location inside a room, have 
been predominant. However, in a dynamic indoor environment, airflow patterns increase or 
decrease the risk of airborne transmission at local points, making the general-volume 
consideration an unsuitable option to provide clean air in the breathing zone.  
In contrast, breathing-zone-volume ventilation targets the circulation of fresh air in the 
breathing zone and can directly tackle airborne pathogens generated by human respiratory 
activities, minimizing cross-infection. While this type of ventilation is not new, it has often 
been overlooked for general-purpose building application in favour of the more conventional 
general-volume ventilation due to the pre-pandemic focus on energy efficiency, thermal 
comfort, odour control and such. In this post-pandemic era, a paradigm shift that unlocks 
newly purposed ventilation systems must occur (Morawska et al., 2021). 
The aim of the present research is to demonstrate the application of breathing-zone-volume 
ventilation, specifically, stratum and impinging jet ventilation, on a general-purpose building. 
Performance was analysed based on purging efficiency, calculated through the Age of Air 
(AoA), and thermal comfort, calculated through draught sensation. A conventional general-
volume, mixing ventilation strategy has also been analysed as a reference. Computational 
Fluid Dynamics (CFD) has been used for a RANS, steady-state analysis of the target building 
under heating and cooling conditions. The overarching objective of this study is to establish 
the basis of newly-purposed ventilation strategies that focus on infection control as well as 
generate discussion for future trends. 
 
2 METHODS  

 
The investigation utilized CFD to predict the spatial distributions of airflow and contaminant 
purging through AoA. The commercial software ANSYS Fluent 2021 R1 was used. Since an 
accurate prediction is essential to ensure reliable results, quality control and mass balance were 
carefully monitored while the residuals of the conserved variables were kept at 1 × 10−5 , 
according to the guidelines of convergence indicated in ANSYS Fluent Manual. 
 
2.1 General-purpose building model 

 
A simplified, empty room with dimensions of 6.0m(length)×6.0m(width) ×3.0m(height) was 
considered for demonstration (Figure 1). Three cases of ventilation strategies for this empty 
room were studied: a) mixing ventilation, as the reference general-volume ventilation; b) 
stratum ventilation; which supplies air to the head (breathing) level, generating a sandwiched 
airflow, and c) impinging jet ventilation, which delivers fresh air to a room based on a supply 
duct delivering air impinging onto the floor and extracts it at ceiling level, as the two types of 
breathing-zone-volume ventilation. Inlets and outlets dimensions, chosen according to 
commercially available products, are presented in Table 1 while room and mesh design are 
shown in Figure 1. 
This room was equipped with two types of inlets/outlets: V) which refers to the ventilation 
system transporting outdoor air into the enclosure and subsequently discharging it directly out 
of the building; and, AHU) which corresponds to the recirculation system (air handling unit), 
assumed to have 100% filtering. Depiction of this distribution can also be seen in Figure 1. 
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Figure 1: Room and mesh design of the general-purpose building for (a) mixing, (b) stratum and (c) impinging 

jet ventilation strategies 

 
Table 1: Inlets and outlets dimensions 

Cases Inlet dimensions 

[m] 

Number of inlets Outlet dimensions 

[m] 

Number of outlets 

Mixing 0.2×0.2; 0.6×0.02 1; 4 0.5×0.5; 0.2×0.2 1; 1 
Stratum 0.3×0.3 3 0.4×0.4 3 
Impinging jet 0.3×0.15 2 0.4×0.4 2 

 
2.2 Airflow and turbulence model 

 
The indoor environment in this study was predicted by CFD, solving the Reynolds-averaged 
Navier Stokes (RANS) equations under steady state through the SIMPLE algorithm. A second 
order upwind scheme was chosen for the convection term and buoyancy was treated through 
the Boussinesq approximation. The renormalization group (RNG) k-ε model was used for 
turbulence due to previous literature indicating its superior performance (Chen, 1995).  
In response to the COVID-19 pandemic, international standards have raised the minimum 
requirement of outdoor airflow to 10 L/s per person (European Standards, 2019). Therefore, 
the present study has also set this minimum requirement with an occupancy of two persons. 
Inlets were set as velocity inlet while outlets were considered as free-slip and the no-slip 
condition was assumed for all walls. Turbulent intensity was set at 10% and the length scale 
was defined as 1 7⁄  of the inlet height. Adiabatic wall conditions were considered for all 
calculations. During summer, inlet temperature was set at 21 °C and during winter at 25 °C. 
As a simple thermal comfort analysis, draught sensation was calculated as: 
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 𝐷𝑠 =
𝑣𝑜𝑐

𝑣𝑚𝑎𝑥
× 100 (1) 

 
Where 𝐷𝑠 is the draught sensation, expressed as a percentage from the least (0%) to the 
highest discomfort (100%), 𝑣𝑜𝑐 is the velocity magnitude of air in the occupied zone (0.0 to 
1.8 m) and 𝑣𝑚𝑎𝑥 is the maximum velocity magnitude threshold for discomfort, set in this 
study at 0.2 m/s. 
 
2.3 Age of air 

 
The age of air is defined as the mean time taken for air molecules arriving within the indoor 
environment through an inlet to travel to the measurement point. In this study, the mean age 
of air has been calculated through a user defined function (UDF), based on the ventilation 
efficiency scales for spatial distribution of contaminants, proposed by Kato and Murakami 
(1988), where SV3 denotes the age of the supply air and is defined by the following 
equations: 
 
 𝑆𝑉𝐸3 =

𝐶𝑥
′ (𝑋)

𝐶𝑠
 (2) 

 
 𝐶𝑠 =

𝑞

𝑄
 (3) 

 
Where 𝑆𝑉𝐸3(𝑋) [-] is the Scale for Ventilation Efficiency 3, at position X, 𝐶𝑥

′ (𝑋) is the 
contaminant concentration in case of uniform contaminant generation throughout the room, 𝑞 
is the contaminant generation rate and 𝑄 is the airflow rate. Further details can be found in the 
cited literature. 
 

 
Figure 2: Infection control pyramid adapted from the CDC 

 
 
3 RESULTS AND DISCUSSION 

 
According to the US Centre for Disease Control (CDC, 2015), building ventilation is an 
engineering tool to reduce cross-infection and protect human life, ranking second in 
effectiveness, according to Figure 2. Ventilation should always consider other secondary 
measures like administrative controls to instruct people on what to do in case of a pandemic, 
and personal protection for inhabitants like masks, gloves and gowns. However, the following 
results only consider ventilation as an engineering control, not analysing other elements below 
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this level in the infection control pyramid. Furthermore, no pharmacological factors are 
included, such as vaccination effects. 
Contours of the air velocity magnitude distribution on representative planes for different 
ventilation strategies under heating and cooling modes are illustrated in Figures 3 and 4, 
respectively. During winter, the airflow quickly tended towards the ceiling due to the higher 
temperature of the air supply when compared to the room air (thermal buoyancy), tending to 
rise above the breathing zone. The supply jet momentum was high in the direction of the inlets 
but rapidly lessened its impact as it distributed into the room, diminishing the probability of 
draught discomfort. Mixing ventilation created a more stagnant air in the occupied zoned, 
defined between 0.0 and 1.8 meters, while impinging jet ventilation generated more air 
movement. During summer, the supply jet tended towards the floor, increasing the mixed air in 
the mixing ventilation case as well as the penetration distance of the jet for the stratum and 
impinging jet ventilation cases. In all cases, a marked non-homogenous distribution of indoor 
air can be seen, with higher magnitudes near supply inlets and lower ones near the walls and 
corners of the room. The AHU of the mixing ventilation system during heating mode (Figure 
3) created a Coanda effect, not allowing the filtered air of recirculation system to reach the 
breathing zone. 
 

 
Figure 3: Velocity magnitude and normalized age of air distributions for (a) mixing, (b) stratum and (c) 

impinging jet ventilation strategies under heating mode 

 
Contours of the normalized age of air also presented in Figures 3 and 4 for heating and cooling 
mode, respectively. In this study, “new” air was assumed to be injected from both the ventilation 
and the AHUs. A non-uniformity was present in both heating and cooling modes and, in the 
case of mixing ventilation, the age of air in the vicinity of the inlet vents was markedly lower 
than in the vicinity of the outlets and other parts of the room were the penetrating jet had lesser 
impact. For stratum and impinging jet ventilations, stratification in the age of the air was 
confirmed, with older air tending above the breathing zone, purging the occupied zone from 
older air and potential pollutants. 
These results mark the relevance of local ventilation efficiency, both locally and horizontally, 
especially when considering airborne transmission for future ventilation design. In order to 
compare quantitatively the values of the age of air and draught sensation, this study has chosen 
as “local” environment the occupied zone (0.0 to 1.8 m) to be on the safety side.  
Table 2 presents the results of the different ventilation strategies under heating and cooling 
mode. The table shows that in heating mode, the values of age of air were either maintained or 
slightly decreased when compared to the mixing ventilation strategy but the draught sensation 
increased when stratum and impinging jet ventilation were applied. In contrast, age of air 
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markedly improved when breathing-zone-volume ventilation was used under cooling mode, 
with a difference of more than 50% when mixing and impinging jet ventilation were compared. 
However, draught sensation increased for all cases when compared to the mixing ventilation 
one. 
 

 
 

Figure 4: Velocity magnitude and normalized age of air distributions for (a) mixing, (b) stratum and (c) 
impinging jet ventilation strategies under cooling mode 

 
Table 2: Volume-averaged age of air [-] and draugh sensation [%] in the occupied zone 

Cases Heating Cooling 

 Age of Air  

[-] 

Draught sensation 

[%] 

Age of air  

[-] 

Draught sensation 

[%] 

Mixing 0.68 12.88 0.74 28.93 
Stratum 0.68 13.18 0.57 22.85 
Impinging jet 0.63 31.28 0.33 24.11 

 
It was confirmed that cooling mode results regarding age of air and draught sensation were 
generally better than heating mode results. Horizontal air strategy (stratum) and mixed air 
strategy in heating mode had similar results because of thermal buoyancy, allowing the warmer 
air to directly travel to above the breathing zone, minimizing the improvements. Furthermore, 
the downward flow trend of the mixing ventilation strategy in cooling did not affect the 
occupied zone in all cases, increasing the age of air and risk of cross-infection. 
Results showed that applying breathing-zone-volume ventilation improved the age of the air 
circulating in the room, particularly under cooling mode; however, thermal comfort, measured 
through draught sensation, decreased when compared to the reference ventilation. From this 
point of view, a balance must be reached between thermal comfort and purging efficiency by 
adjusting the practical parameters of location, ventilation rate and so on. 
The change of these parameters can be done by optimizing values established by the multiple 
guidelines, standards and regulations in the architectural field. Then, one of the coming 
challenges becomes the in-depth analysis of minimum ventilation requirements. Although this 
study has maintained the recommended 10 L/s per person in accordance with newly established 
regulations, is this value still adequate in a post-pandemic era or should it be increased as a 
prophylactic measure?  The second challenge comes through the shift from general-volume to 
breathing-zone-volume ventilation, knowing the purging efficiency of the latter is higher, while 
redesigning a thermally comfortable and energy-efficient environment (a paradigm shift). 
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Furthermore, this study has used AoA to evaluate the indoor environment for potential 
contaminant behaviour, as usually done in a pre-pandemic era. However, a ventilation index 
that considers non-homogeneity should be considered, as proposed by Lim et al., 2013 and 
Ikegaya et al., 2022. Net escape velocity can reflect in detail the probability of airborne infection 
in a non-uniform environment and will be considered in a future stage. 
Finally, while this paper presents the basis for future research, several limitations must be 
considered: although quality control in the simulations has ben maintained, no experimental 
validation was carried out. Since this study is intended as an initial demonstration, no 
parameterisation to optimize outdoor ventilation rate, inlet/outlet location and temperature has 
been considered. Although a simple thermal comfort analysis has been considered through 
draught sensation, a more thorough approach is needed in future steps. 
 
4 CONCLUSIONS 

 
The current study investigated the purging effectiveness of general-volume – mixing – 
ventilation and breathing-zone-volume – stratum and impinging jet – ventilation under heating 
and cooling mode for a general-purpose building. The recently established international 
requirement of 10 L/s was set as outdoor airflow condition. This study showed that stratum and 
impinging jet ventilation greatly improved the age of air in the room under cooling mode, while 
sustaining – stratum – or improving – impinging jet – age of air under heating mode. Breathing-
zone-volume ventilation directly provides fresh air into the breathing zone, lowering 
contaminants but producing a slightly stronger draught sensation which can impact thermal 
comfort. Although the occupied zone was able to show somewhat localized results, an exact 
consideration of local conditions must be used to establish a new ventilation index for non-
homogeneous conditions  that considers airborne transmissions. 
This paper generates critical thinking in the following point: in a post-pandemic era, respiratory 
infection due to airborne pathogens must be recognized as a risk and consequently, ventilation 
design should be re-oriented to attack this issue. A balance must be sought between the existing 
triad in the indoor environment: purging efficiency, thermal comfort and energy efficiency. 
Although valuable lessons were learned from previous pandemics, the world was still 
unprepared for COVID-19. Following historical trends, the next pandemic is not a remote 
possibility and a re-thought ventilation bedrock must be established to safeguard human health 
in the indoor environment while keeping a functioning everyday society.  
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ABSTRACT 

 
Building energy behaviour and indoor environmental conditions have been changing due to different external 
events that have been taking place at global level from 2020, from the COVID pandemic (2020-2022) to the energy 
crisis (mainly from the war in Ukraine from February 2022). During these events, existing naturally ventilated 
(NV) buildings have had to balance minimum thermal comfort, high levels of ventilation (to reduce CO2 
concentration and risk of infection) and the lowest energy costs. Museums and schools are examples of non-
residential buildings with different but high specific requirements of thermal comfort and Indoor Air Quality 
(IAQ). In the case of educational buildings, these requirements are demanding, since the users are children and 
adolescents who need to concentrate for learning and wellbeing. Schools are occupied during specific class 
schedules and with high levels of occupancy in the classrooms. On the other hand, demanding requirements are 
also characteristic of museums, which must ensure adequate indoor environmental conditions for the conservation 
of collections, all year during all hours of the day, but with low levels of occupancy. 
 
This study presents three case studies, two high schools and a museum, in a location with a temperate climate in 
the North of Spain. They are NV buildings with low levels of energy performance, working with oil boilers without 
adequate control and regulation of the heating system. The analysis is based on heating energy consumption and 
monitoring data from 2019 (previous to the COVID pandemic), during 2020/2021 and 2021-22 (during COVID 
pandemic) and until 2023 (without any COVID restrictions and during an energy crisis). In addition, the study 
includes the analysis of questionnaires to the staff (directors and secretaries, and maintenance personnel) and 
managers (from the public regional administration), regarding their switch of their environmental perceptions and 
priorities from prior COVID to post COVID and energy crisis. In addition, some answers about their preferences 
in relation to the energy retrofit priorities for the buildings they have in charge were collected.  
 
School data shows how high level of CO2 concentration prior to the pandemic, are followed by two years of low 
and adequate levels for a NV buildings during COVID (mean values of 1000ppm). However, after the pandemic, 
CO2 concentration levels have risen due to the new concerns for energy costs in the two case studies (to mean 
values of 1500ppm). In all case studies, indoor temperatures have been balanced during COVID to a minimum but 
with a high energy consumption (up to 30%); and finally in 2022-23, consumption has decreased a 10% since 
before COVID consequently worsening IAQ. The study of existing NV buildings dealing with external events, 
helps understanding the potential and benefits of NV. Lessons learned should be considered in the upgrade of 
existing buildings. 
 

KEYWORDS 
  
Thermal comfort, monitoring, surveys, naturally ventilated, energy consumption 
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1 INTRODUCTION 

 
Existing naturally ventilated (NV) non-residential buildings have to ensure adequate Indoor 
Environmental Quality (IEQ) with low energy costs and without mechanical ventilation (MV). 
In locations with cold winters and during the external events that have affected worldwide since 
2020 (COVID pandemic and energy crisis), balance thermal comfort and adequate Indoor Air 
Quality (IAQ) has been a challenge only possible with a high compromise of staff and/or 
occupants.  
 
Monitoring systems suppose a useful tool to control the efficiency of the manual actions in 
these NV buildings, even low costs systems and/or covering only selected spaces of the 
building, to understand their global performance (Monge-Barrio et al., 2022). Schools and other 
public buildings opened even during pandemic in Spain (from September 2020) laying on the 
promotion of natural ventilation, and in some buildings supported on data of these systems 
registering temperatures and CO2 concentration.  
 
On 2022 and after the COVID pandemic, have emerged new external events as an energy crisis 
(affecting increasing energy prices and risk of provisions) that also affects worldwide very 
directly to NV buildings, that have to manage thermal comfort and IAQ with energy 
consumption and increasing energy costs.  
 
This study goes throughout these four winters (from 2019-20 to 2022-23) to investigate the shift 
among different environmental parameters and energy performance, with three Case Studies of 
non-residential buildings (a museum and two high schools) through the analysis of monitoring 
data (temperature and CO2 concentration), heating consumption data available of two of the 
buildings, and surveys to relevant staff in charge. 
 
2 METHODS  

 
2.1 Climate 

 
The study analyses IEQ in three different non-residential buildings located in Pamplona, in the 
North of Spain, with a temperate climate without a dry season, Cfb ‘‘oceanic” according to 
Köppen-Geiger classification. Following data from the 1980–2010 climate series of the Spanish 
State Meteorological Agency, AEMET (see www.aemet.es), mean annual temperature is 12.7 
ºC, January being the coldest month of the year, with a monthly mean of 5.2 ºC and a monthly 
average minimum of 1.4 ºC. 
 
2.2 Case Studies 

 
This study is focused on two typologies of non-residential buildings with high and different 
requirements on indoor environmental conditions as a museum and a high school. In museums, 
the main objective for the collection maintenance is primarily focused on the stability of relative 
humidity (RH), and with some thresholds of minimum and maximum temperature and RH, 
always maintaining low daily swings (ASHRAE, 2011). In schools, RH swings are not relevant 
but maintaining adequate temperatures and IAQ within some ranges in relation to Categories 
of buildings. However, existing buildings naturally ventilated (without mechanical ventilation, 
NV, and without Air Conditioning, AC) and with heating systems, present a challenge to 
maintain adequate environmental conditions according to their use. While the buildings are not 
upgraded and during external events that have affected worldwide IEQ and consumption in 
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buildings, they have to balance manually thermal comfort, IAQ and energy consumption. This 
study analysed data and surveys of three buildings (Fig.1) that are briefly described below. 
 
The museum of Navarra (MN) is the main public museum in the Community of Navarra, with 
collections from the antiquity to nowadays. The Museum of Navarre has been located in an old 
Hospital of sixteenth century since 1956, after two main rehabilitations in that year and later in 
1990. The building has a longest wing dedicated to exhibitions, with south-west and northeast 
orientations without any shading, and a shortest wing with office spaces. The ground floor 
incorporates an old chapel (as an exhibition hall), an Auditorium, and different rooms for 
temporary and permanent exhibitions, and a basement under a courtyard with a large central 
skylight that also accommodate permanent collection.  
 
MN building has a heating system with two diesel boilers, with manual regulation according to 
use and climate, and with temperature sensors per circuit, and with radiator. Only the total 
annual and quarterly consumption of diesel is available. The museum has portable humidifiers 
and dehumidifiers in some rooms to control manually RH. Only photo library in the basement, 
some offices in the administration area, children’s workshops, and the Auditorium, have some 
punctual AC systems, but those rooms are not studied in this analysis (Monge-Barrio et al., 
2021). 
 
High School IES.NV (from its acronym in Spanish) was built in 1971 with a spinal typology of 
building, being classrooms mainly facing South-West. Only windows have been renovated 
during the last 10 years. The building also has an oil boiler and radiators, and the system is only 
regulated by on/off with a schedule per circuit (6 circuits, one per each main wing of 9 
classrooms), and there are no thermostatic valves on the radiators. Heating consumption is 
collected manually and monthly by the staff.  
 
High School IES.PC (from its acronym in Spanish) was built in 1944 with a squared-shaped 
and courtyard typology of building. Some windows are not yet upgraded, and even some of 
them are fixed. Unfortunately, there is not available specific heating consumption data in this 
school, what suppose a usual barrier to improve and optimize energy performance in existing 
buildings. 
 

    
Figure 1: Non-residential Case Studies: Museum of Navarra, IES.NV and IES.PC High Schools 
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2.3 Monitoring and data consumption 

 
In these buildings, having a monitoring system have supposed an important tool in which lean 
on to balance IEQ during these events. Although installed in different moments and with 
different parameters, all of them has Sensonet sensors connected via radio to a central data 
logger, displaying 10-min data. Summary of available monitoring data for analysis is shown in 
Table 1. 
 
Table 1: Summary of available monitoring data in Case Studies 

  IES_NV IES_PC MN 

Winter Situation Monitoring 

data 

Monitoring 

data 

Monitoring 

data 

2019-20 COVID, schools closed at March15th 2020 3-15/03/20 NA 12/19 – 2/20 
2020-21 COVID Schools opened* 12/20 – 2/21 NA 12/20 – 2/21 
2021-22 COVID Schools opened* 12/21 – 2/22 12/21 – 2/22 12/21 – 2/22 
2022-23 Post Covid & Energy crisis 12/22 – 2/23 12/22 – 2/23 12/22 – 2/23 
Notes: *. With natural ventilation as main strategy in schools without VAC 

 
Museo de Navarra building has a monitoring system of temperature and RH in the main rooms 
(and special showcases), in all floors and different orientations (accuracy ±0,4 °C in 
temperature and ±3% in RH), being available for this study data from 2019 to 2023. Heating 
consumption. CO2 concentration was registered during the winter 2020-21 with mean values 
lower than 900ppm due to the occupancy rate, therefore this parameter is not considered in this 
building. A summary of available data per winter is in Table 2. 
 
Table 2: Monitored rooms in Museum of Navarra MN and parameters 

Room Floor/ 

Orientation 

19-20 

(Dec to Feb) 

20-21 

(Dec to Feb) 

21-22 

(Dec to Feb) 

22-23 

(Dec to Feb) 

“Prehistory and Roman” BM / Skylight T/HR T/HR T/HR T/HR 
Temporary Exhibitions GF / - T/HR T/HR T/HR T/HR 
“Middle Ages” F1 / - T/HR T/HR T/HR T/HR 
“Roman” F1 / W T/HR T/HR T/HR T/HR 
“Middle Ages, paintings 1” F2 / W T/HR T/HR T/HR T/HR 
“Middle Ages, paintings 2” F2 / N T/HR T/HR T/HR T/HR 
“Goya” F3 / E T/HR T/HR T/HR T/HR 
Room of restoration F2 / E&S T/HR T/HR T/HR T/HR 
“20th century, paintings, 1” F4 / W T/HR T/HR T/HR T/HR 
“20th century, paintings, 2” F4 / W T/HR T/HR T/HR T/HR 

 
IES.NV High School has monitored some selected classrooms till winter 2021-22 when a new 
system with sensors in all classrooms in the building were installed. For the purposes of this 
study, only the original monitored classrooms selected in different floors, were analyzed to 
compare (Table 3). Some classrooms on 2020-21 had PMx measures, and some corridors in the 
following years, although those parameters are not studied for being installed in different 
spaces. During the first winter pre-COVID, data was registered with low cost mini sensors 
Madge Tech for temperature (accuracy ± 0.5 ºC) and Extech Data Loggers for CO2 
concentration (accuracy ± 50 ppm), for not having installed the system in the building yet. 
Those data in March was studied, for being typical for the winter season in the location (Monge-
Barrio et al., 2022).  
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Table 3: Monitored rooms in IES.NV High School and studied parameters 

Room Floor/ 

Orientation 

Rate Occ. 

(m3/p) 

19-20 

(March*) 

20-21 

(Dec to Feb) 

21-22 

(Dec to Feb) 

22-23 

(Dec to Feb) 

ESO_1C GF / S 6,38 T/HR/CO2 T/HR/CO2 T/HR/CO2 T/HR/CO2 
ESO_2B GF / S 6,38 T/HR/CO2 T/HR/CO2 T/HR/CO2 T/HR/CO2 
ESO_3A F1 / S 6,13 T/HR/CO2 T/HR/CO2 T/HR/CO2 T/HR/CO2 
ESO_3C F1 / W 4,80 T/HR T/HR/CO2 T/HR/CO2 T/HR/CO2 
ESO_4C F1 / S 5,80 T/HR T/HR/CO2 T/HR/CO2 T/HR/CO2 
ESO_4F F1 / S 5,22 T/HR/CO2 T/HR/CO2 T/HR/CO2 T/HR/CO2 
BACH_1D F1 / W 7,14 T/HR/CO2 T/HR/CO2 T/HR/CO2 T/HR/CO2 
BACH_2B F2 / S 7,19 T/HR/CO2 T/HR/CO2 T/HR/CO2 T/HR/CO2 
BACH_2D F2 / S 6,56 T/HR/CO2 T/HR/CO2 T/HR/CO2 T/HR 
Notes: *- March 3-13th 2020 (8 school days) before Spanish COVID lockdown, registering typical outdoor 
conditions for winter in the location 

 
PC High School has a monitoring system from 2021 during the last year of pandemic and after 
that. Classrooms were selected in different floors and orientations, mainly facing streets with 
medium traffic (Table 4). Some of the classrooms have PMx measures, but was not analyzed 
in this study. 
 
Table 4: Monitored rooms in IES.PC High School and parameters 

Room Floor/ 

Orientation 

Rate Occ. 

(m3/p) 

19-20  20-21 

(Dec to Feb) 

21-22 

(Dec to Feb) 

22-23 

(Dec to Feb) 

ESO_1C GF / SW&SE 13,18 NA NA T/HR/CO2 T/HR/CO2 
ESO_1E GF / SW 15,00 NA NA T/HR/CO2 T/HR/CO2 
ESO_1F GF / SE 13,36 NA NA T/HR/CO2 T/HR/CO2 
ESO_3F F1 / SW 11,98 NA NA T/HR/CO2 T/HR/CO2 
ESO_4C F1 / SE 10,16 NA NA T/HR/CO2 T/HR/CO2 
BACH_1B F2 / SW&SE 8,49 NA NA T/HR/CO2 T/HR/CO2 
BACH_1F F2 / SW 9,67 NA NA T/HR/CO2 T/HR/CO2 
BACH_1G F2 / SW 12,42 NA NA T/HR/CO2 T/HR/CO2 
BACH_2C F2 / SE 9,33 NA NA T/HR/CO2 T/HR/CO2 
BACH_2H F2 / SW * 9,46 NA NA T/HR/CO2 T/HR/CO2 
Notes: NA. Not available, because there was not any monitoring system installed; *- All classrooms face streets 
but BACH_2H that face a courtyard 

 
2.4 Surveys 

 
Some surveys to personnel in charge of the three buildings were conducted on line (through 
google forms) during May 2023, that is, at the end of the last winter season studied. These 
surveys were obtained from building staff (directors and secretaries, and maintenance staff) and 
managers (from the public and regional administration). The questions are related mainly to the 
change of their perception before COVID (2020) to post COVID and during an energy crisis 
(2023), on environmental conditions (indoor thermal comfort in winter and summer, relative 
humidity, and concentration of CO2), satisfaction and their relevance. In addition, specific 
questions about natural ventilation and the relevance of heatwaves impacts in the buildings are 
included in the surveys.  
 
2.5 Analysis of data 

 
For monitoring data, mean hourly data per classroom of selected rooms in each high school, 
selecting only learning schedules was studied. In the museum, all data of mean hourly data of 
selected rooms during all days, due to the main purpose of a museum, that is the maintenance 
of their collections. The study is based on boxplots of mean hourly data of all spaces of each 
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building, comparing four winters. Also a comparison of energy consumption in the buildings 
with available data adjusted by HDD is done, and a summary of the responses of the surveys 
per kind of building. 
 
3 RESULTS 

 
3.1 Case Study 1. High School IES.NV 

 
IES.NV had some monitoring data of indoor temperatures and CO2 concentration prior to the 
pandemic, and all teachers and staff were very aware of the benefits of having data to improve 
environmental conditions and allow face to face learning of adolescents. Figure 2 shows the 
potential of a very conscious natural ventilation done manually in classrooms during the two 
years of the pandemic (mean 1.000ppm), and how it decreased from mean values higher than 
2.500ppm in a pre-pandemic winter. However, and following the feedback of the teachers, CO2 
values have increased after the pandemic (1.500ppm mean values), because there is less 
awareness of the relevance of an adequate IAQ for the education and well-being of adolescents 
and adults, and due to the concern of trying to balance indoor temperatures with an exponential 
increase in energy costs. Temperatures are lower than adequate for educational purposes in all 
the studied winters, as it is stablished in the standards (e.g. the set point in Spain is 21ºC, for 
new schools). 
 

 
Figure 2: Monitoring data in IES.NV High School during winter months (Dec. to Feb.) of 4 years. Hourly mean 

values in selected classrooms of indoor temperatures (left) and CO2 concentration (right) 

 
3.2 Case Study 2. High School IES.PC 

 
IES.PC had only two winter monitoring data, one during pandemic restrictions and the second 
one during the post pandemic situation. CO2 concentration presents a similar situation than in 
IES.NV (Figure 3). During pandemic mean values of CO2 concentration was 1.000ppm, and in 
the post pandemic and energy crisis situation the school has mean values near 1.500ppm. It 
should be noted this similarity, taking into account the differences in occupancy rates due 
mainly to the higher volume in IES.PC in relation to IES.NV, that should had allowed a better 
IAQ. Mean temperature during pandemic was lower than 19ºC, and the winter post Covid has 
better adequate mean values for a school, higher than 21ºC 
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Figure 3: Monitoring data in IES.PC High School during winter months (Dec. to Feb.) of 2 years. Hourly mean 

values in selected classrooms of indoor temperatures (left) and CO2 concentration (right) 

 
3.3 Case Study 3. Museum MN 

 
MN has a monitoring system for more than 10 years mainly focused on the maintenance of their 
collections, therefore only with indoor temperature and relative humidity. Data of all building 
through mean hourly selected data during all hours of the three coldest winter months is shown 
in Figure 4. Temperatures are slightly higher that 19ºC during the first three studied years, with 
a significant difference during the last year, being lower. 
 

 
Figure 4: Monitoring data in Museum of Navarra during winter months (Dec. to Feb.) of 4 years. Hourly mean 

values in selected rooms of indoor temperatures 

3.4 Heating energy consumption 

 
Heating energy consumptions of the four studied winters and in two buildings (the museum and 
IES.NV) are analyzed in relation to the winter 2018/19 previous to the pandemic, and is 
summarized in Table 5.  
 
During winter 2019/20, both buildings have 15% and 13% less, due to all buildings closed in 
Spain due to COVID emergency, on March 15th. During COVID, to obtain the difficult balance 
of minimum acceptable temperatures and the lowest CO2 concentration to minimize illness 
risks, High school IES.NV has 31-27% more of normalized energy consumption. However, the 
museum had only a little impact on the first year, due to the use, the rates of occupancy, and 
the low rates of natural ventilation, due to the requirements for the conservation of collections. 
Finally, during Winter 2022/23, heating energy consumption has decreased in both buildings 
even in respect to the base year 2018/19, between 8-11%, due to the energy crisis and the final 
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of the COVID emergency. As natural ventilated buildings, this decrease in energy consumption 
resulted in the detriment of environmental conditions, and specially in relation to IAQ. It should 
be noted, that in this study, differences in final bills have not been studied for not having the 
final values. 
 
Table 5: Sumary of heaing consumption in the high school IES.NV and in the museum MN 

 

Winter 

Heating 

consumption 

kWh/m2 

annual HDD (15ºC) 

kWh/m2 per 

degree day 

Normalized 

kWh/m2 

annual 

% variation 

in relation to 

winter 18/19 

(pre COVID) 

IES.NV 2018/19 68,4 1516 0,0451 70,74   
2019/20 50,4 1310 0,0385 60,32 -15% 
2020/21 79,43 1488,6 0,0593 93,00 +31% 
2021/22 88,49 1548 0,0572 89,62 +27% 
2022/23 57,43 1376,8 0,0417 65,40 -8% 

MN 2018/19 60,47 1516 0,0399 62,54   
2019/20 51,21 1310 0,0391 61,29 -13% 
2020/21 73,28 1488,6 0,0492 77,18 +9% 
2021/22 67,79 1548 0,0438 68,66 -3% 
2022/23 55,06 1376,8 0,0400 62,70 -11% 

 
3.5 Surveys to personnel in charge 

 
Finally, 11 surveys were obtained from building staff (directors and secretaries, and 
maintenance staff) and managers (from the public and regional administration); 4 from the 
museum (including one from the collection restorer in charge), and 7 from both High Schools. 
A summary of them is summarized in Figure 5.  
 
Questions related to the change in perception and summarized in Figure 5 are as follows (1-5, 
not important to very important): 
 

1. Before COVID, how important was to obtain in the buildings adequate temperatures 
in winter? and in the actual situation?  
2. Before COVID, how was your satisfaction in relation to indoor thermal conditions in 
winter? how is it in the actual situation?  
3. Before COVID, how important was to obtain in the buildings adequate temperatures 
in summer? and in the actual situation?  
4. Before COVID, how was your satisfaction in relation to indoor thermal conditions in 
summer? how is it in the actual situation?  
5. Before COVID, how important was to obtain in the buildings adequate ranges of 
relative humidity? and in the actual situation?  
6. Before COVID, how was your satisfaction in relation to relative humidity? how is it 
in the actual situation?  
7. Before COVID, how important was to consider CO2 concentration in your building? 
and in the actual situation?   
8. Before COVID, how important was to naturally ventilate your building? and in the 
actual situation?  
 

Questions related to the perceived importance on different measures to upgrade the buildings, 
that are summarized in Figure 5, are as follows (1-5, not important to very important): 
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a. Substitution of oil boilers with renewable energies  
b. Renovation and improvement of the control and regulation of the heating system  
c. Installation of a new air conditioning system 
d. Installation of mechanical ventilation system 
e. Improvement or substitution of windows 
f. Improvement or substitution of shading 
g. Add insulation on opaque facades 
h. Add insulation on roofs 
i. To include more nature in the environment 
j. To reduce or eliminate traffic around the building 

 

   
Figure 5: Graphs with summary of surveys results 

From the answers of the surveys emerge mainly the change from prior COVID to post COVID 
and actual energy crisis, on the relevance in schools on indoor air quality (from 1,7 to 4) and 
natural ventilation (from to 2,4 to 4,4). However, some of them regret how fast awareness about 
IAQ have decay due to the urgency of maintain minimal temperatures with affordable costs, at 
the moment the main concern in these buildings.  
 
Due to the specific use of each typology of buildings, there are clear differences between them, 
even having oil boilers and lacking mechanical ventilation and air conditioning. AC systems 
are not perceived as relevant in the two kinds of buildings, nor mechanical ventilation in 
schools. However, an improvement in the heating system, renewable energies and an 
improvement in the control of the system in the three case studies are the preferred upgrades. 
In the museum, the preferences for renovation of windows, shadings and insulation in roofs 
stands out regarding upgrade of thermal envelopes, while in the schools, insulation in roofs. 
 
4 DISCUSSION 

 
Natural ventilated existing buildings require an upgrade especially those with high demanding 
IEQ requirements, as schools and museums, Staff have to balance thermal comfort, IAQ and 
energy consumption in a different way according to the different events that have influence 
buildings worldwide. Upgrade of buildings with HVAC systems are needed but the potential of 
passive NV should be harnessed not only to rely on energy consumption. In addition, the 
benefits of mechanical ventilation on IEQ are not well understood as other studies found, 
probably due to noise, additional energy consumption and difficult of use(Monge-Barrio et al., 
2022).  
 
More studies in existing buildings are needed to allow to understand the potential and 
challenges of natural ventilated buildings during external events that can compromise adequate 
indoor environmental quality, and therefore wellbeing of occupants. 
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5 CONCLUSIONS 

 
This study explores building energy behaviour and indoor environmental conditions during four 
years with different external events that have been taking place at global level from 2020, as 
the COVID pandemic (2020-2022) and the energy crisis (mainly from the war in Ukraine from 
February 2022). During these events, existing naturally ventilated buildings had to balance 
minimum thermal comfort, high levels of ventilation (to reduce CO2 concentration and risk of 
infection) and low energy costs. Museum and schools are typologies of non-residential 
buildings highly demanding but with different requirements.  
 
This study presents three case studies, two high schools and a museum, in a location with a 
temperate climate in the North of Spain. The analysis is based on heating energy consumption 
and monitoring data from 2019 (previous to the COVID pandemic), during 2020/2021 and 
2021-22 (during COVID pandemic) and during 2022-23 (without any COVID restrictions and 
during an energy crisis). In addition, the study includes the analysis of questionnaires to the 
staff, regarding their switch of their environmental perceptions and priorities. Data shows how 
high level of CO2 concentration prior to COVID pandemic, are followed by two years of low 
and adequate levels for a NV buildings during COVID (mean values of 1000ppm). However, 
after pandemic CO2 concentration have risen due to the new concerns of the energy costs in the 
two case studies (to mean values of 1500ppm). Indoor temperatures have been balanced during 
COVID to the minimum with high energy consumption (up to 30%) even accepting low 
temperatures for the benefits of face to face learning. However, energy crisis has reduced energy 
consumption around 10% from pre-COVID consumption affecting IEQ in both kinds of 
buildings. The relevance of IEQ have risen through the COVID pandemic, although the 
perception of the upgrade of HVAC systems are mainly focused on the heating system and the 
renewables and not on mechanical ventilation. Much more research is needed on the 
performance of existing buildings specially those as schools and museums with high IEQ 
requirements. 
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ABSTRACT 
 
Indoor air pollution can pose a serious threat to human health and can increase the risk of early 
mortality. Studies have shown that human exposure to indoor pollution is more common than 
to outdoor pollution, especially where people spend the majority of their time indoors at home. 
Heating, ventilating, and air conditioning (HVAC) systems are used in buildings to regulate 
internal climate to improve the comfort level for occupants. In addition, ventilation rates are 
often increased to maintain appropriate Indoor Air Quality (IAQ). Inadequate ventilation can 
limit the removal of substances from inside the building, leading to an accumulation of 
pollutants resulting from internal sources (e.g., building materials, furnishings, and personal 
care products). Minimum ventilation rates for buildings are prescribed in standards published 
by organisations such as the European Committee for Standardization and ASHRAE. However, 
unlike outdoor air quality, there is currently no common standard or index for IAQ. 
 
The aim of this study is to investigate the impact of high occupancy levels, caused by stay-at-
home orders under a COVID-19 lockdown, on IAQ in mechanically-ventilated residential 
buildings. The study focuses on particulate matter (PM2.5 and PM10) in six residential buildings 
across Auckland, New Zealand’s largest city, which has a subtropical climate with 
characteristic high humidity in the winter. Monitoring took place over a six-week period during 
winter: three weeks pre-COVID-19 lockdown and three weeks into the lockdown. 
 
Indoor concentrations of PM2.5 and PM10 were found to increase during the lockdown period in 
the majority of the houses (64% and 40% respectively). In contrast, outdoor PM2.5 and PM10 
concentrations decreased by 34% and 31%, suggesting internal sources were largely 
responsible for indoor concentrations. 
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1 INTRODUCTION 

 
Indoor air pollution can be detrimental to human health (Cohen et al., 2005; Donaldson et al., 
2001) and can lead to increased mortality rates (Dockery et al., 1993; Hales et al., 2012). 
Numerous studies have shown that human exposure to indoor pollution is often more common 
than exposure to outdoor pollution (Logue et al., 2011, 2012; Weschler, 2006), especially where 
people spend most of their time indoors at home (Klepeis et al., 2001). A 2016 study found that 
New Zealanders on average spend 68.9% of their time at home indoors (Khajehzadeh & Vale, 
2017). The control of indoor air quality (IAQ) inside homes is therefore an important factor for 
the health and wellbeing of residents. 
 
Inadequate ventilation can prevent escape of substances from within the home and lead to an 
accumulation of physical pollutants arising from internal sources (e.g., building materials, 
furnishings, personal care products, pesticides, and household cleaners). The term “Sick 
Building Syndrome” describes the relationship between the IAQ and its potential effects on 
occupants (Bernstein et al., 2008), such as headache, respiratory infection, and cognitive 
function (Taptiklis et al., 2017; Tookey et al., 2019). Ventilation rates are often increased to 
maintain appropriate IAQ and to reduce the risk of sick building syndrome (ASHRAE, 2013; 
Fisk et al., 2009; Sundell et al., 2010). 
 
Due to the growing awareness of global warming and climate change, many governments have 
applied pressure to reduce energy consumption and increase energy efficiency. This has 
motivated the building industry to innovate and improve technology, leading to more 
environmentally sustainable buildings. However, energy efficient buildings over the last decade 
have been shown to increase the concentration of some pollutants (USEPA, 2017). Similarly, 
despite trying to maintain or improve IAQ with ventilation, some building characteristics can 
negatively impact IAQ. While ventilation can help reduce concentrations of indoor pollutants, 
indoor concentrations of pollutants originating from outside can actually increase due to higher 
ventilation rates (Rackes & Waring, 2016; Weschler & Shields, 2000). A PPV (positive 
pressure ventilation) system uses mechanical ventilation to extract relatively dry air from the 
roof space, filter it and blow it into the house, creating a slight positive pressure inside. This 
positive pressure drives out old, stale air via gaps and cracks in the building fabric.  
 
The Coronavirus disease (COVID-19) pandemic led to the implementation of strict lockdown 
policies by many countries around the world, including New Zealand, in an attempt to stem 
transmission of the virus. These lockdowns resulted in (with the exception of essential service 
workers and businesses) the general public spending the majority of their time at home. This 
increased occupancy has the potential to elevate concentrations of indoor air pollutants such as 
PM and VOCs generated by household activities such as cooking and cleaning (Cowell et al., 
2023; Laltrello et al., 2022), while also increasing the likelihood of exposure to harmful 
pollutant levels (Adam et al., 2021; Morawska et al., 2020; Stabile et al., 2021).  
 
New Zealand is an island country in the southwestern Pacific Ocean, divided into two main 
land masses (North and South Islands) with a total area of approximately 268,000 km2. The 
population is approximately 5.2 million residents with a housing stock of approximately 2 
million houses (Stats NZ, 2020a, 2023). Visible mould larger than A4 size is always present in 
4.3% of New Zealand homes, while 20% of New Zealand homes suffer from damp (Stats NZ, 
2019). 13% of New Zealanders suffer from asthma (Asthma Foundation NZ, 2023). Auckland 
is New Zealand’s largest city (by population and land mass) and one of the most remote in the 
world. The city is located in an isthmus in the northern part of the country and has a population 
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of over 1.6 million. Auckland has a humid, subtropical climate with warm, humid summers and 
mild winters (Hessell, 1988). 
 
Numerous IAQ studies have investigated the effects of increased occupancy on IAQ, however 
these primarily focus on buildings which rely on natural ventilation. To improve understanding 
of the effects of occupancy on indoor pollutant concentrations, in particular where mechanical 
ventilation systems are installed, this study analysed IAQ parameters (PM2.5, PM10) in homes 
in Auckland, before and during a COVID-19 lockdown. 
 
2 METHODOLOGY 

 
2.1 Residential Data Collection, Study Location, Eligibility & Recruitment 

As part of a longitudinal study, IAQ parameters were monitored for a selection of mechanically-
ventilated residential homes across Auckland. The study was conducted over a three-week 
period prior to the COVID-19 lockdown, followed by a further three weeks during the 
lockdown period. Six Auckland households fitted with PPV systems were selected for this 
study. For standardisation, houses were selected with floor areas ranging between 120 and 273 
m2, comprising three to four bedrooms. Houses were selected where the number of occupants 
reflected the national average (three to four) (Khajehzadeh & Vale, 2017). 
 

2.2 Air Quality Measurements 

Three monitors were located indoors to measure PM2.5 and PM10: in the master bedroom, 
another bedroom and the living area. Outdoor PM measurements were obtained from nearby 
council-owned air quality monitoring stations. Indoor monitors were positioned 1.0 m above 
floor level (where possible) and data was collected at five-minute intervals. Details of the 
monitors used are as follows:  

• Type A monitors (designed and created in-house at Unitec). Type A uses a PM sensor 
to measure PM2.5 and PM10 (range 0 - 1,000 μg/m3, with an accuracy of ±15%). 

• Type B monitors measure PM2.5 and PM10 (range 0 – 500 μg/m3). They were field-tested 
by the Air Quality Sensor Performance Evaluation Centre (AQ-SPEC) in California, 
and calibrated with regulatory-grade (Federal Equivalent Method) equipment. 

 
2.3 Quality Control 

The low-cost sensors used in this study were pre-calibrated against two commercial grade PM 
monitors (Aeroqual Dust Sentry Pro, ±5μg/m3 +15% of reading (Aeroqual, 2023)) before the 
monitoring period. A linear correlation assessed accuracy and provided an equation to offset 
the monitors, if required. Post-calibration was completed after the monitoring period, using the 
same monitors (Dust Sentry Pro). The equipment was isolated and co-located for one week. 
This data was used to run correlation tests between the low-cost sensors and the robust monitors. 
PM2.5 was well correlated with our standard monitoring equipment, yielding R2 values in the 
0.89 – 0.96 range. 
 
3 RESULTS AND DISCUSSION 

 
3.1 Household Environment, Occupancy Rates and Activity 

All six houses were single-storey, open-plan timber construction, with floor and roof insulation. 
All windows were single-glazed. All houses had some form of heating to the main living areas 
(heat pumps the most common), while three houses also had heating to the bedrooms. Two 
households kept indoor plants (in the living and bedrooms). All households comprised at least 
two adults (two had three adults), while two households included two children, and two 
included one child. All participants reported that their homes were typically only occupied 

919 | P a g e

Peer Reviewed Paper



outside of business hours (prior to lockdown) and were generally occupied full time during 
lockdown. 
 
Ventilation rates, based on PPV system installed and house size, varied between 3 and 4 air 
exchanges per hour. Larger houses require additional fan units to guarantee this air exchange 
rate. The system uses a deep-pleat nano-fibre filter (F8), with filter media laminated to a nylon 
monofilament mesh. The filter removes all particles greater than 0.4µm, and has been tested to 
meet international (Eurovent and ASHRAE) standards. The PPV system is controlled centrally 
using an internal algorithm that regulates fan speeds according to the temperature differential 
measured between rooms and the roof-space. PPV systems were set up to adjust automatically 
during the study period. Participants confirmed that they did not alter the controls or open 
windows during the study period. 
 
Potential indoor sources of PM identified included one house with an open fire, one with a 
heating stove, four houses had greater than 50% floor area carpeted, and four kept dogs or cats. 
Two houses burned candles or similar naked flame devices indoors, while one household had 
smoking indoors. All occupants reported they increased the frequency of PM-inducing 
activities during lockdown such as cooking and vacuuming. All households had an extractor 
fan in the kitchen and reported using it regularly while cooking. 
 
3.2 Indoor Particulate Matter (PM2.5, PM10) 

The average PM concentrations (measured in the living area) across the three-week periods 
before and during lockdown are presented in Table 1. Three of the residential buildings (D, E 
and F) showed an increase in PM2.5 of between 25% and 62%. 

Table 1 – Average indoor concentrations of PM2.5 and PM10 

Parameter House: A B C D E F 

PM2.5 (µg/m3) pre-lockdown 0.55 0.73 20.62 4.20 4.96 4.37 
during lockdown 0.80 1.73 21.21 5.24 8.01 5.78 

PM10 (µg/m3) pre-lockdown 0.93 1.08 23.51 4.69 5.52 6.05 
during lockdown 0.58 0.36 21.50 6.13 9.00 7.71 

 
This is consistent with findings by (Laltrello et al., 2022) and (Cowell et al., 2023). One house 
showed a substantial increase in PM2.5 of around 136%, while two houses showed minimal 
change. The change in PM2.5 levels for House A was close to the limit of the sensor accuracy. 
House C was identified as a rural/farming house, where the level of occupational activity 
outside the home was not affected by the lockdown. This house had the highest indoor 
concentration of PM2.5 both pre and post lockdown. In Auckland, the average household 
normally spends the majority of its food budget on takeaway meals (32%) (Stats NZ, 2020b). 
The impact of the lockdown arguably led to many more meals prepared at home than usual (due 
to the closure of all restaurants and takeaway food outlets), which is likely to have contributed 
to the observed increases in PM2.5. 
 
Indoor PM10 concentrations increased following lockdown for three of the houses, between 
27% and 63%, which is consistent with Laltrello et al. (2022) and Cowell et al. (2023). This 
may indicate the primary sources of PM10 were internal for these houses. Internal PM10 sources 
can include smoking, woodfire burning, unflued heaters and burning of candles. House F, for 
example, contained a fireplace. The other two houses where PM10 increased were 
geographically sheltered from the nearest roads, so internally generated PM10 is more likely to 
be the main component of indoor concentrations for these houses, and accordingly increase 
with occupancy. For the other three houses, the magnitude of change in PM10 was relatively 
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minor (< 1 µg/m3) for two of these, while the third house was the farmhouse mentioned 
previously, where day to day activities were not affected by the lockdown. 
 
Average indoor PM2.5 concentrations for two selected houses for the weeks immediately prior 
to and following COVID-19 lockdown are shown in Figure 1a and Figure 1c. These show that 
diurnal PM2.5 peaks during lockdown were higher than those prior to lockdown. Figure 1b and 
Figure 1d show diurnal profiles for a typical day. The main diurnal peak occurred between 6 
and 8pm, with a secondary peak around midday (Figure 1d). These peaks could be created 
during food preparation which has led to increased internal PM2.5 levels (Laltrello et al., 2022). 
Background levels of PM2.5 remained relatively low during the lockdown period as expected 
for people working from home, spending much of the day seated and limiting PM2.5 emissions. 
 

(a)  (b)  

(c)  (d)  
Figure 1 - Indoor PM2.5 concentrations (a) House A, 1-week pre/post lockdown; (b) House A typical diurnal 

profiles; (c) House D, 1-week pre/post lockdown; (d) House D typical diurnal profiles. 

 
Figure 2a and Figure 2c show indoor PM10 concentrations for two selected houses for the weeks 
immediately prior to and following COVID-19 lockdown. For the same two houses, Figure 2b 
and Figure 2d show that diurnal concentration peaks during lockdown were of similar 
magnitude to those prior to lockdown. In general, these occurred during mid-morning and 
evening time, reflecting peak traffic volumes. 
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(a)  (b)  

(c)  (d)  
Figure 2 - Indoor PM10 concentrations (a) House B, 1-week pre/post lockdown; (b) House B typical diurnal 

profiles; (c) House F, 1-week pre/post lockdown; (d) House F typical diurnal profiles. 

 
Average daily PM2.5 and PM10 concentrations for each house were compared with the 
corresponding WHO Air Quality Guidelines (AQG) (15 µg/m3 and 45 µg/m3 for PM2.5 and 
PM10, respectively). In general, the PM2.5 limit was exceeded more frequently than the PM10 
limit. Similar studies (Algarni et al., 2021; Cowell et al., 2023) have shown that WHO limits 
are typically exceeded with increased occupancy, but these mostly apply to homes which only 
have natural ventilation. Prior to lockdown, House C exceeded the PM2.5 limit on 16 of the 21 
days, while the only other exceedance was one day in House E. During lockdown, House C 
exceeded the PM2.5 limit 11 days out of the 3-week period, House E exceeded on two days, 
while Houses B and D both exceeded one day. The PM10 limit was only exceeded twice, two 
different houses, each on a different day, both during lockdown. House C was identified as 
comprising residents who regularly smoked cigarettes indoors. Cigarette smoking has been 
shown to increase indoor concentrations of PM2.5 up to 28 times that for non-smoking 
households (Algarni et al., 2021). 
 
The variability in indoor PM concentrations across the household was investigated by 
comparing PM concentrations between living areas and bedrooms. As expected, PM in 
bedrooms tended to be lower than in the living areas (60% lower prior to lockdown, 75% lower 
during lockdown), potentially due to people spending more of their time in the living areas. 
 
3.3 Indoor Vs Outdoor PM 

Outdoor PM measurements were obtained from three nearby council-owned urban air quality 
monitoring stations located across central Auckland. Average PM concentrations were 
calculated for the three-week periods immediately prior to and following COVID-19 lockdown. 
Average PM2.5 concentrations decreased by 34% (from 7.7 µg/m3 to 5.1 µg/m3), ranging 
between 30% and 37% for the three stations. PM10 decreased by 31% (from 17.3 µg/m3 to 11.9 
µg/m3), ranging between 10% and 39%. Decreases in PM10 and PM2.5 were expected due to 
reduced traffic volumes and restrictions on non-essential commerce and industry during 
lockdown (Laltrello et al., 2022). Figure 3a and Figure 3b compare indoor and outdoor PM2.5 
and PM10 levels for a typical house and AQ monitoring station, one week prior to and one week 
immediately after COVID-19 lockdown. Despite a gradual decrease in outdoor PM 
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concentrations, indoor concentrations increased during the lockdown. Mechanical ventilation 
has been shown to substantially reduce indoor concentrations of outdoor-generated pollutants 
when compared with natural ventilation (Martins & Carrilho da Graça, 2018; Ren et al., 2017), 
which suggests that internally-generated pollutants are a major contributor to indoor PM 
concentrations. 

  
Figure 3 – Indoor vs outdoor PM concentrations, 1-week pre/post lockdown (House D) (a) PM2.5; (b) PM10 

 
Average daily PM2.5 and PM10 concentrations for each outdoor monitoring station were 
compared with WHO (AQG) limits, with only one site exceeding the PM10 AQG for one day 
over the six-week study period. 
 
PM2.5 indoor/outdoor ratios (I/O) were calculated, and prior to lockdown, all but one of the 
houses had I/O <1. The one house with I/O >1 was notable for having pets (two dogs and four 
cats) and being occupied by smokers, factors which are likely to have elevated indoor PM 
concentrations. During lockdown, I/O ratios increased in four houses, with three houses having 
I/O ratios >1. An I/O ratio of one or less is an indicator that internal sources of PM are not likely 
to be significant (Lomboy et al., 2015; Yang Razali et al., 2015; Zhou et al., 2016). Where 
mechanical ventilation with a well-performing filter is installed, the system removes PM from 
the influent air to offset potential internally-generated PM (Quang et al., 2013; Wang et al., 
2006). Increased I/O ratios observed during the lockdown were expected due to the increased 
occupancy as reported previously, consistent with previous studies (Martins & Carrilho da 
Graça, 2018). 
 
4 CONCLUSIONS 

 
This study investigates the impact of changes in occupancy rates on IAQ in homes where 
mechanical ventilation is installed. Outdoor concentrations of PM2.5 generally decreased during 
lockdown (34%, on average compared with pre-lockdown levels). Despite this, indoor PM2.5 
concentrations were generally found to be between 25% and 62% higher during the lockdown 
period, suggesting the influence of internal sources relates to occupancy. Furthermore, 
mechanical ventilation has been shown to substantially limit penetration of outdoor pollutants 
indoors, suggesting that internal concentrations are even more likely to have originated from 
internal sources. Diurnal peaks were also observed to be higher during lockdown, with highest 
peaks typically occurring during evenings. Increased cooking activities at home may be 
responsible for evening PM2.5 spikes. 
 
Indoor PM10 concentrations generally increased during lockdown (40% average) compared 
with outdoor concentrations, which decreased by 31% on average. Reduced traffic emissions 
and industrial activity during lockdown may have been directly responsible for reduced outdoor 
concentrations of PM10 and PM2.5. Increased indoor PM10 concentrations are therefore likely to 
be due to internal sources, mainly from combustion activities. With the exception of House C, 
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average daily PM concentrations rarely exceeded WHO Air Quality Guideline limits for short 
term exposure. Average daily PM2.5 concentrations inside House C exceeded the WHO limit 
76% of the time prior to lockdown and 52% of the time during lockdown. Average PM 
concentrations in House C were five times greater than the other houses. House C was identified 
as a smoking household which is consistent with these results. All six of the mechanically 
ventilated homes were able to maintain indoor PM levels below the WHO guidelines 
throughout the duration of the trial, despite the increased levels of occupancy. 
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ABSTRACT 
 
Particles generated from cooking activities are the biggest contributor to the concentration of indoor particles in 
most homes, and they are not easily removed without natural or mechanical ventilation. As more focus is directed 
on human health, kitchen range hoods have drawn increasing attention and their performance in various conditions 
needs to be evaluated. Consequently, in this study, we performed measurements to establish the particle capture 
efficiency of a kitchen range hood for various particle diameters at different exhaust flow rates. The kitchen particle 
concentration generated by bacon-frying was measured while maintaining the differential pressure of the  kitchen 
and adjacent zone at 0–1 Pa through the supply of outdoor air. Since the supply fan had no filter and the walls of 
the of the testbed were not sufficiently airtight, which is as same as typical dwellings, so an estimation of the 
particle concentration from the supply air or penetrated air had to be subtracted from the measured concentrations, 
to establish the concentration generated from bacon-frying alone. Within the particle diameter range of 0.3–10 μm, 
smaller particles with higher kitchen hood exhaust rate generally exhibited better capture efficiencies. Although 
the capture efficiencies at both exhaust rates (250 m3/h and 350 m3/h) were almost identical for similar particle 
diameters, (except for the 10 μm), the peak concentration and the time taken returning to the background 
concentration were reduced at an exhaust rate of 350 m³/h. 
 

KEYWORDS 
 
Capture efficiency, Kitchen range hood, Particulate matter  
  
1 INTRODUCTION 

 
Cooking is one of the biggest contributors to indoor particle concentration, increasing it by 

as much as 60 times during cooking (Kwon et al., 2013). Moreover, as building envelopes have 
become increasingly airtight, the generated particles are not easily removed without natural or 
mechanical ventilation. Consequently, range hoods, which directly and effectively remove the 
particles generated during cooking activities, have become an essential kitchen accessory. With 
the wide array of range hoods available on the market, the evaluation of hood performance has 
become an important issue. Several studies have been conducted evaluating the performance of 
hoods in various conditions using gas (SF₆, CO₂, etc.) or particles. 

Particles of diverse sizes are generated during cooking. For example, turning on a gas stove 
generates ultra-fine particles (UFPs), sautéing generates coarse particles, and frying generates 

927 | P a g e

Peer Reviewed Paper



both (Abt et al., 2000). Different particle sizes exhibit different behavioral properties, and a 
hood’s capture efficiency (CE) differs for fine and coarse particles. Several studies related to 
particle-capture efficiency have focused on UFPs (Lunden et al., 2015; Singer et al., 2012). 
However, the evaluation of hood performance on coarse particles is also needed, as pan frying 
and sautéing are common cooking methods. 

The exhaust rate of kitchen range hoods is another important factor related to the reduction 
of particle concentration during cooking. In general, the higher the exhaust rate, the more 
effective the hood’s air pollutant removal. However, this is only true if lower rates are 
inadequate: if particles can be sufficiently removed at lower exhaust rates, the use of higher 
exhaust rates might be unnecessary, and using lower rates can conserve energy and minimize 
noise. Accordingly, in this study, we analyze the CE of kitchen range hoods based on particle 
size and hood exhaust rate.  

The goal of this study is therefore to compare the performance of kitchen range hoods by 
calculating the CE during performance tests using various particle diameters, ranging from 0.3–
10 μm, and two different kitchen range hood exhaust rates, 250 m³/h and 350 m³/h. 
 
2 MATERIAL AND METHODS 

 
2.1 Testbed  

 
The experiments were conducted in a testbed in Seoul over about two months in January 

2020. The testbed consisted of a kitchen and two adjacent rooms, as shown in Figure 1. The 
dimensions of the kitchen were 3.35 × 2.5 × 2.4 m3 (width × length × height), respectively, and 
the volume was 20.1 m3. A U-shaped kitchen counter, sink, chimney type range hood, and 
highlight cooktop, and two cabinets, were installed in the kitchen. The kitchen range hood was 
mounted between the two cabinets, 60 cm above the cooktop. The exhaust air flow rate of the 
range hood was monitored using an air flow capture hood (420, Testo). The kitchen range hood 
(90 cm × 55 cm) was larger than the cooktop (60 cm × 51 cm). The cooktop power consumption 
was 220 Wh/kg. It had two medium-sized burners on the front and back on the left side, and 
one large-sized burner in the middle on the right side. We used the front medium-sized burner 
for cooking in this study. 

 

 
Figure 1: (a) Schematic floor plan and (b) cross-section of the testbed.  

Ductwork connected a fan located in room 2 with the kitchen.  
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Furthermore, in the testbed, there was a large window which was always kept opened, as 
well as a fan with no filter in room 2. Ductwork connected the fan to the kitchen to provide 
make-up air when operating the kitchen range hood and maintain the differential pressure 
between the kitchen and room 1 near zero. However, there was a construction site 
approximately 30 m away from the testbed, resulting in a high particle concentration in room 
2. Consequently, it was expected that some of the particles from construction were delivered to 
the kitchen via the fan and the ductwork. Hence, the pressure of the kitchen was maintained at 
0–1 Pa when the two doors (the kitchen and room) were closed during the experiments. The 
differential pressure of the kitchen and the room was monitored using a multifunction 
transmitter which had differential manometer functions (C310, Kimo).  

 
2.2 Particulate Matter Measurement 

 
Optical particle counters (OPCs) were placed in the kitchen and room 2, one for each 

zone. The OPCs used in these experiments (Aerotrak-9306, TSI Incorporated) measured 
particle sizes ranging from 0.3–25 μm with six channel sizes of 0.3, 0.5, 1, 3, 5, and 10 μm, 
respectively, at a flow rate of 2.83 L/min. The size resolution was less than 15% at 0.5 μm, and 
the counting efficiency was 50% at 0.3 μm. The sampling rate was set at 1 min. 

 
2.3 Cooking Procedure 

 
Bacon was chosen with the expectation that it would generate a similar number of 

particles for each cooking experiment, because of its even size, weight, and even distribution 
of fat. The weight of each piece of bacon was measured before every experimental case, and 
each piece was approximately 40 g. The bacon-frying procedure was as follows. First, the hood 
was turned on (or kept off, depending on the experiment). Then the pan was preheated until the 
surface temperature reached 210–230 °C, which took about 3 minutes. Next, the bacon was 
cooked for 3 minutes, turned over and cooked for another 2 minutes. Lastly, the pan was 
covered with a lid and removed from the testbed through room 2, with the kitchen door being 
closed immediately. The purpose of the removal of the particle source (bacon and pan) was to 
prevent further particle generation. After an interval, when the particle concentration returned 
to the original background concentration, the testbed was ventilated and wiped with wet tissue 
to remove any oil and particles attached to the walls, cooktop, and kitchen range hood. All doors 
were closed during experiments with the hood switched on. The experiment was repeated twice 
for the ‘hood off’ case and three times each for the range hood exhaust rates of 250 m3/h and 
350 m3/h. In the ‘hood on’ cases, the hood remained turned on at the same exhaust rates until 
the kitchen returned to the original background concentration. 

 
2.4 Calculation of Air Change Rate 

 
CO2 concentration, humidity, and the temperature of the kitchen were measured using a 

CO2/humidity/temperature monitor (MCH-383SD, Lutron Electronic). The air change rate per 
hour (ACH) of the kitchen when the fan and the kitchen range hood was not operating was 
calculated by the tracer gas decay method using CO2. The equation for calculating the ACH is 
based on the mass balance equation (Cui et al., 2015): 

 
 𝐴𝐶𝐻(𝑡) = −

1

𝐶𝐶𝑂2(𝑡)

𝑑𝐶𝐶𝑂2(𝑡)

𝑑𝑡
, (1) 

 
where, 𝐶𝐶𝑂2(𝑡) is the CO₂ concentration of the kitchen. The calculated average ACH of 

the kitchen was 0.98/h, which implies low airtightness of the kitchen.  
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2.5 Calculation of Capture Efficiency 

 
There is a standard test method for measuring capture efficiency of domestic range hoods, 

which requires tracer gas and measurement of its concentration in the exhaust air of the kitchen 
range hood. (ASTM E3087-18) Several studies share the equation quoted in this standard for 
their calculation of CE in experimental or computational fluid dynamics tests (Eom et al., 2023; 
Kim et al., 2018; Singer et al., 2012).  

However, in some circumstances, applying this approach can be difficult since it needs 
the measurement of the exhaust air of the range hood. This is especially true when using particle 
concentration to evaluate the on-site CE, owing to the challenging nature of using OPCs to 
measure concentration in the supply air and the exhaust air inside the kitchen range hood. 
Consequently, an alternative equation was applied (Lunden et al., 2015):  

 
 𝐶𝐸 =

𝑀𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑

𝑀𝑒𝑚𝑖𝑡𝑡𝑒𝑑
. (2) 

 
CE is the particulate mass (or number) exhausted through the kitchen range hood (mass 

captured in the hood, 𝑀𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑) divided by the mass (or number) emitted from the source 
(𝑀𝑒𝑚𝑖𝑡𝑡𝑒𝑑). In this study, the number of particles were measured to obtain the CE.  

To measure the mass of particles captured by the range hood, the OPC must be inserted 
into the exhaust duct. Furthermore, the measured particle mass by OPCs could be influenced 
by the large volumetric flow rate of the kitchen range hood because it does not have steady or 
calm airflows as the OPCs normally situates. Accordingly, the particle mass captured in the 
hood was calculated by subtracting the mass that was not captured in the hood but remained in 
the kitchen from the mass emitted by cooking: 

 
 𝑀𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 = 𝑀𝑒𝑚𝑖𝑡𝑡𝑒𝑑 − 𝑀𝑟𝑒𝑚𝑎𝑖𝑛𝑒𝑑. (3) 

 
Where 𝑀𝑟𝑒𝑚𝑎𝑖𝑛𝑒𝑑 is the mass of the pollutant in the kitchen. Substitution of Equation 3 

into Equation 2 yields first-pass CE, which is used as a metric of kitchen range hood ability to 
pull the pollutants originated from the cooktop directly into the range hood before mixing into 
the indoor air, and this is the same definition and methodology that Singer et al. (2012) and 
Lunden et al. (2015) followed. In studies of Singer et al. (2012) and Lunden et al. (2015), they 
measured CO2 concentration inside the exhaust downstream of the range hood so that they can 
subtract the room CO2 concentration from it to obtain the directly captured pollutant mass and 
compute the first-pass CE. However, since the use of OPCs in the exhaust hood airstream is 
limited, the mass that did not captured and remained in the room was subtracted from the 
𝑀𝑒𝑚𝑖𝑡𝑡𝑒𝑑, to compute the 𝑀𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 indirectly.  

To establish 𝑀𝑒𝑚𝑖𝑡𝑡𝑒𝑑, we measured the particle concentration in the kitchen during and 
after cooking with the hood and supply fan turned off. Although the kitchen was maintained at 
a slightly positive pressure to prevent particle penetration from the outside to the kitchen as 
much as possible, prior ACH measurements testify to the low airtightness of the walls between 
the kitchen and rooms. Hence, outside particles penetrated the room and kitchen, resulting in 
an increase of the kitchen particle concentration, which affected 𝑀𝑒𝑚𝑖𝑡𝑡𝑒𝑑. For 𝑀𝑟𝑒𝑚𝑎𝑖𝑛𝑒𝑑, the 
same procedure was used, but with the hood and the supply fan turned on. As stated, the supply 
fan had no filter and outdoor particles were delivered to the kitchen, resulting also in an increase 
in 𝑀𝑟𝑒𝑚𝑎𝑖𝑛𝑒𝑑.  

The particle concentration of the kitchen included not only the mass generated from 
cooking but also the mass coming in from other zones. Moreover, as the particle concentration 
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of the outdoor air fluctuated, so did that of the kitchen. To account for the effects of any outdoor 
concentration, 𝑀𝑒𝑚𝑖𝑡𝑡𝑒𝑑  and 𝑀𝑟𝑒𝑚𝑎𝑖𝑛𝑒𝑑 were converted as follows: 

 
 𝑀𝑒𝑚𝑖𝑡𝑡𝑒𝑑 = 𝑀ℎ𝑜𝑜𝑑 𝑜𝑓𝑓 − 𝑀𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑒𝑑, (4) 

 
 𝑀𝑟𝑒𝑚𝑎𝑖𝑛𝑒𝑑 = 𝑀ℎ𝑜𝑜𝑑 𝑜𝑛 − 𝑀𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑. (5) 

 
Here, 𝑀ℎ𝑜𝑜𝑑 𝑜𝑓𝑓 and 𝑀ℎ𝑜𝑜𝑑 𝑜𝑛 are the particle mass in ambient air of the kitchen when 

the hood was turned off and on, respectively; 𝑀𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑒𝑑  is the penetrated particle mass 
measured in room 1; and 𝑀𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 is the particle mass moved from room 2 to the kitchen via 
the fan and ductwork.  

Among the experimental studies on kitchen range hood performance regarding 
particulates, there is one study which was conducted in a chamber to prevent the above 
particulate contamination problem (Lunden et al., 2015). They equipped HEPA filters to their 
chamber to supply particle-free air so that they could focus only on the particles generated from 
cooking itself. Another laboratory study (O'Leary et al., 2019) used an HVAC unit equipped 
with an AFPRO F7 filter to supply air and thus evaluate the hood performance based on particle 
CE. Alternatively, other researchers (Rim et al., 2012) have suggested using particle reduction 
effectiveness, which is the ratio between the measured integrated particle concentration with 
the range hood on and it off, and conducted on-site experiments using this method. It is assumed 
that the ambient or background concentration was constant in their study. However, since, in 
the current study, the construction site was nearby, we considered the fluctuation of penetrated 
or supplied particle concentration. 

Equations (2), (3), (4), and (5) can be expressed as follows, by converting mass to 
concentration: 

 

 𝐶𝐸 = 1 −
𝑉 ∫ (𝐶ℎ𝑜𝑜𝑑 𝑜𝑛−𝐶𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑)𝑑𝑡

𝑡𝑏
𝑡0

𝑉 ∫ (𝐶ℎ𝑜𝑜𝑑 𝑜𝑓𝑓−𝐶𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑒𝑑)𝑑𝑡
𝑡𝑏

𝑡0

. (6) 

 
Where V is the volume of the kitchen. Since the concentrations in equation 6 indicates 

particle count per unit volume in the kitchen, not in the exhaust duct, so that to obtain the total 
particle number of the kitchen, total volume has to be multiplied and integrated with the time 
of measurement. The integral of concentration from the start of the experiment, t0, to the time 
taken to return to the background concentration, tb, is required because the mass in equations 
(1) to (4) refers to the total mass. The background concentration is the estimated concentration 
of the kitchen that formed due to penetrated or supplied particles (𝐶𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑒𝑑 and 𝐶𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑, 
respectively). tb in numerator and denominator is not necessarily same value, because it should 
represent the mass of the captured and emitted respectively, as stated in the Equation 2, at the 
end.  

The experimental cases and estimated parameters are shown in Table 1. 
 

Table 1: Experimental cases and estimated parameters 

Case Supply Fan 
Exhaust  

Flow Rates 

Repeated 

# 

Estimated 

Parameters 

Estimated 

Concentration 

Hood off Not operated  2 Penetration Coefficient, 
Deposition Rate 𝐶𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑒𝑑 

Hood on Operated 250 m³/h 3 Removal Efficiency of 
the Fan, Deposition rate 𝐶𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 350 m³/h 3 
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2.6 Calculation of Penetration Coefficient and Deposition Rate 

 
To calculate the mass in the kitchen formed by factors other than emission, 

𝑀𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑒𝑑estimation of the penetration coefficient and deposition rate is required. Penetration 
coefficient (𝑃)is the rate at which the particle penetrates inside, and it can be differ by the shape 
or roughness of the exterior wall. Deposition rate ( 𝐾 ) is the rate of decay due to the 
sink(deposition) of the particles. Both penetration coefficient and deposition rate are depend on 
the particle size. If the generation and resuspension of particles is ignored, the particle mass 
conservation equation can be expressed as follows: 

 
 𝑑𝐶𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑒𝑑(𝑡)

𝑑𝑡
= 𝑎𝑃𝐶𝑟𝑜𝑜𝑚2(𝑡) − (𝑎 + 𝐾)𝐶𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑒𝑑(𝑡), (7) 

 
Where 𝐶𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑒𝑑 is time-varying concentration of the kitchen depend on infiltration 

and deposition and does not consider the emission. 𝑎 is the average ACH calculated in section 
2.4 and 𝐶𝑟𝑜𝑜𝑚2(𝑡) is the time-varying particle mass concentration in room 2.  

Rim et al. (2012) suggested a method for approximating dC(t) in linear terms, which is 
permissible if the time step is relatively small (1 min for this study). 

 
 𝐶𝑝𝑒𝑛𝑒𝑛𝑡𝑟𝑎𝑡𝑒𝑑(𝑡 + 1) = 𝑎(𝑡)𝑃𝐶𝑟𝑜𝑜𝑚2(𝑡)∆𝑡 + {1 − (𝑎(𝑡) + 𝐾)∆𝑡}𝐶𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑒𝑑(𝑡) (8) 

 
The estimation was based on the data of two repeated experiments conducted six hours 

after cooking activity when the hood was off.  
 

2.7 Calculation of Removal Efficiency of the Fan and Deposition Rate 

 
𝐶𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 can be calculated using the same method as above, this time substituting 𝑎 and P 

for Q/V and (1-𝜀), since any air change occurred mainly through the supply air and hood exhaust 
as the kitchen environment was maintained at a positive pressure.  

 
 𝐶𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑(𝑡 + 1) = (1 − 𝜀)

𝑄

𝑉
𝐶𝑟𝑜𝑜𝑚2(𝑡)∆𝑡 + {1 − (

𝑄

𝑉
+ 𝐾) ∆𝑡}𝐶𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑(𝑡) (10) 

 
The estimation was based on data captured 10 minutes after cooking activity when the hood 

was on. 
The penetration coefficient P, deposition rate K, and supply fan removal efficiency 𝜀 were 

approximated by the least squares method, in a way that minimizing the difference between the 
modeled and actual concentration using a Microsoft Excel solver. When calculating the CE, the 
background mass (𝑀𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑒𝑑 and 𝑀𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑) was estimated and subtracted from the actual 
particle mass in the kitchen  (𝐶ℎ𝑜𝑜𝑑 𝑜𝑛 and 𝐶ℎ𝑜𝑜𝑑 𝑜𝑓𝑓). 

 
3 RESULTS AND DISCUSSION 

 
3.1 Removal Efficiency of the Fan and Ductwork 

 
The particle removal efficiency of the fan and ductwork (𝜀) tended to increase as the 

particulate diameter increased, as shown in Figure 2. The larger the hood exhaust rate, the 
greater the supply air needed, hence the greater the required fan speed. Nonetheless, the removal 
efficiency was similar for both exhaust rates, 250 m3/h and 350 m3/h. In general, the removal 
efficiencies at 350 m3/h were slightly smaller than those at 250 m3/h for particle sizes 1–10 μm 
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with some minor variations. The removal efficiency was zero for 0.3 μm and 0.5 μm at both 
exhaust rates. 
 
3.2 Calculated Kitchen Concentration 

 
Figure 3 shows the particle concentration of the kitchen calculated by subtracting the 

estimated background concentrations (penetrated concentration when the hood was off and 
supplied concentration when the hood was on) from the measured kitchen concentration to 
remove the effect of any outdoor concentration infiltrated from other zones (as in equations (4) 
and (5)). Two hood off repeated experiments display distinctive time-varying concentration 
patterns from each other, one of them is showing bigger peak concentration throughout the 
particle size bins, indicating that the emission rates might be different since the penetration 
coefficient and deposition rate were set to be the same. We attempted to generate same amount 
of particles throughout the experiments by tightly control cooking protocols, but the fat 
distribution of the bacon or the degree of cleanliness of the frying pan can be differ by the tests, 
which leads to failure of the exactly reproducible experiment. For accounting the uncertainty 
of the mass emitted by cooking, both hood off experiments were accounted when computing 
the CE.  

The 0.3 μm- and 0.5 μm-diameter particles did not settle easily: the time taken for the 
kitchen to return to the background particle concentration was approximately 10 hours when 
the hood was off. When the hood was on, it took just 20 minutes for all particle sizes, except 
for 0.3 μm and 0.5 μm, to return to the background concentration, and this process was faster at 
350 m3/h than at 250 m3/h. In particular, the particle concentration of 0.3 μm did not increase 
when the hood was operated at 350 m3/h. The peak concentration of all particle diameters 
decreased as the exhaust rate increased.  

 
3.3 Capture Efficiency 

 
The CEs of the range hood for various particle diameters at different exhaust flow rates 

were calculated for each experimental case (three cases each for the 250 m3/h and 350 m3/h 
flow rates and two for the ‘hood off’, for a total of eight cases), as shown in Figure 4. Note that  
𝐶ℎ𝑜𝑜𝑑 𝑜𝑛 − 𝐶𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑  at 350 CMH sometimes did not exceed zero concentration, (Figure 3) 
yielding the calculated CE over 1 (100%). This is assumed that exhaust flow rate of the range 
hood was adequate or higher than the kitchen needed to remove the particles. (Generated by 
cooking and supplied through the diffuser). One of the experiment cases with 350 CMH was 

 
Figure 2: Particle removal efficiency of the fan and ductwork  

according to particle diameter and exhaust flow rate. 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

≥ 0.3 ≥ 0.5 ≥ 1 ≥ 3 ≥ 5 ≥ 10

Fa
n

 R
em

o
va

l E
ff

ic
ie

n
cy

Particle Diameter (㎛)

933 | P a g e

Peer Reviewed Paper



excluded in Figure 4 for this reason, to get conservative results.   
CE generally improved with the range hood exhaust rate, especially for the small and large 

particles, owing to the CE of upward convex shape as the particle size increases at the 250 
CMH, while CE decreases when the particle size increases at the 350 CMH. This implies that 
for both exhaust rates, larger particles are harder to remove through range hoods, but the 
efficiency differs by the exhaust rates for the smaller particles. In this study, it assumes that 
smaller particles are harder to remove with the lower exhaust rates and the efficiency improves 

 
Figure 3: Measured particulate concentration of the kitchen subtracted from the estimated background 

concentration. Estimations were based on the approximated penetration coefficient and deposition rate for the 
‘hood off’ case, and the removal efficiency of the supply fan and deposition for the ‘hood on’ case. 

Experiments were repeated twice for the ‘hood off’ case and thrice each for the ‘hood on’ cases at exhaust 
rates of 250 m3/h and 350 m3/h, respectively. All experimental cases in this study are shown in the graphs. 
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sharply as the exhaust rates increases. Similar CE at the particle size between 1 μm to 5 μm was 
observed. (0.89 - 0.97 at 250 CMH and 0.91 – 0.99 at 350 CMH) At this particle size range, 
there is no substantial difference in the CE.  

The positive correlation between exhaust flow rates and CEs can also be observed in other 
studies. Although the CE was calculated by concentration of CO2 in the study of Singer et al. 
(2012), the CE also increased with increasing exhaust flow rate. Lunden et al. (2015) also found 
that the CE increased with exhaust flow rate for a particle size range of 6–15 μm when using 
the front burner (as was the case in our study) for all hood types, fan speed settings, and particle 
diameters. However, the CEs observed by Singer et al. were much lower than ours, being 4–
39%, even though the exhaust flow rate was 51–138 l/s. (183.6–496 m3/h) This indicates that 
the experimental setting, location of OPCs, and calculation method can lead to different CE 
results. 

There are some limitations in this study: (1) measurement of the ultrafine particles (UFPs) 
was not conducted. Cooking activity generates substantial amount of UFPs and other similar 
studies reported the efficiency of the range hood regarding UFPs. For example, Rim et al. (2012) 
showed reduction effectiveness of UFPs increased with the particle diameter up to 14 nm. (2) 
The complete mixing of the kitchen is not guaranteed. Some study utilized mixing fan to 
minimize the impact of short circuiting and to achieve generally well-mixed condition around 
the room. (Lunden et al., 2015) Because of the intensive generation (bacon-frying) and removal 
(kitchen hood exhaust) of particles in a specifically small area, a well-mixed particle 
concentration within the kitchen volume is difficult to achieve. Hence, the CE in equation 6 in 
the section 2.5 refers to the value at the measurement point, not the representative average value. 
However, considering the small size of the kitchen in this study, the calculated CE is expected 
to be similar except right below the range hood. 
 
4 CONCLUSIONS 

 
This study compares the coarse particle removal performance of range hoods at exhaust 

flow rates of 250 m3/h and 350 m3/h, respectively, based on CE. The experiments were 
conducted in a test testbed designed as a kitchen, but which was not completely air-tight and 
used an unfiltered air supply, as is common in most households. To determine the CE under 
these conditions, the unfiltered particle concentration was estimated and subtracted from the 
measured concentration to establish the contribution of cooking only to the particle 
concentration. The CEs of most of the evaluated particle sizes at an exhaust rate of 250 m3/h 
were 0.63–0.93, while those at 350 m3/h were 0.81–0.99, indicating that  CEs were greater at 

 
Figure 4: Capture efficiency of particles generated from bacon-cooking  

for the chimney type kitchen range hood at an exhaust flow rate of 250 m³/h and 350 m³/h, respectively. 
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350 m3/h than at 250 m3/h with slight differences, except for the middle size ranged particles  
that showed similar CEs at both exhaust rates.  The CEs of the smaller particles (≤ 3 μm) was 
harder to remove through the exhaust range hood when it is operating at 250 CMH, so higher 
exhaust rate is needed to improve the CE since most of the particles generated from the cooking 
activities are smaller particles. 
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ABSTRACT 

 
In the residential sector, there are several indoor sources of pollutants related to activities such as cooking, cleaning 
and heating, besides those from occupants, building materials, finishing and furniture. Considering these sources, 
the kitchen appears as the space in the house that has the largest number of sources, with cooking being the most 
relevant source. In addition, meal preparation generates derivative processes related to cleaning utensils and the 
environment, in which detergents, air fresheners and other categories of cleaning products are used. The main goal 
of this study is to understand the main indoor pollutants in-kitchen, their source and transformation to further 
contribute to improve indoor air quality (IAQ). Therefore, an investigation focused on cooking-related pollutants 
is shown in the present study. The sources of pollutant related to the cooking process are separated in three main 
categories: the first is the type of fuel and stove, the second is related to the type of procedure used to prepare the 
food (frying, grilling, steaming, boiling and roasting processes) and the third is related to the type of food. The 
cleaning process including surface cleaners and dishwashing detergents is also discussed.  
 

KEYWORDS 
 
In-kitchen indoor pollutants, Cooking, Cleaning, Indoor air quality (IAQ). 
  
1 INTRODUCTION 

 
Until a few years ago, the biggest concern was in relation to outdoor pollution, air, water and 
soil. However, it has now been recognized that indoor air pollutants (IAPs) play an equally 
important role in human health, comfort and productivity as a result of the increasing time we 
spend indoors (Paleologos et al., 2021; Shayegan et al., 2022). In many situations, indoor 
environments can be more polluted than outdoors (Alves et al., 2021; Guyot et al., 2022; 
Vicente et al., 2020; Zhang et al., 2021). The concern about exposure to IAPs has worsened due 
to COVID-19-derived restrictions. The pandemic has changed the work dynamics, such as the 
increase in remote work, cleaning frequency, cooking routine, more occupation, hence, more 
emissions and longer occupant's exposure (Guyot et al., 2022). 
In residences, there are several sources of pollution in which the kitchen appears as the space 
in the house that has the largest number of sources, with cooking being the most relevant (Jeong 
et al., 2019; Pantelic et al., 2023). Many studies in the literature have reported that heating 
different oils can generate a wide variety of aldehydes and ketones (Zhang et al., 2023). 
Depending on the procedure used, the preparation of a complete meal can generate high 
concentrations of PM2.5 (O’Leary et al., 2019), aldehydes (Alves et al., 2021) and PAHs (Saito 
et al., 2014). Furthermore, the type of stove/fuel also contributes to the IAPs formation (Lebel 
et al., 2022). Meal preparation generates derivative processes related to cleaning utensils and 
the environment, in which detergents and other categories of cleaning products are used. 
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Building materials and furniture are also important sources of VOC emissions, mainly in newly 
built houses (Harb et al., 2018; Poirier et al., 2021; Xu et al., 2022). The VOCs are one of the 
main causes of deterioration in IAQ and directly affect the health of humans harming the 
respiratory and nervous systems (Xu et al., 2022). Although building materials and furniture 
contribute significantly to the deterioration of IAQ, currently, due to the wide range of 
commercial products, emissions from these sources can be considered avoidable, unlike 
emissions from cooking processes. In this way, it is essential to develop technologies that 
reduce people's exposure to pollutants without changing the routine in dwellings. 
This study brings an investigation of the main pollutants emitted in kitchens considering both 
cooking and cleaning activities. For the first one, the process involves the type of stove, the 
cooking procedure, and the type of food. The cleaning process considered the products related 
to cooking derivative activities such as cleaning utensils and the environment, hence, surface 
cleaners and dishwashing detergents were investigated. The information organized in this study 
may contribute to the development of modelling studies and implementation of policies to 
effectively improve indoor air quality in the residential sector.  
 
2  POLLUTANTS RELATED TO COOKING PROCESS 

 
In residential buildings, cooking is considered the primary source of pollutants and, in the 
kitchen environment, the pollutants are presented in both gas-phase and particulate-phase (Lai 
and Chen, 2007). The sources of pollutant related to the cooking process can be separated in 
three main categories: i) type of fuel and stove; ii) type of cooking procedure (frying, grilling, 
steaming, boiling, roasting processes, so on) and iii) type of food and its combination to 
compose a meal. 
 
2.1 Type of cooking fuel 

 
One of the first challenges is to identify the main fuels used worldwide, considering that there 
is a great diversity of customs within each country. Here, in this section, the most widespread 
ones in the literature are discussed. 
Although new forms of energy have emerged to replace the use of firewood for cooking and 
heating, the solid fuels such as biomass and coal is still part of the energy matrix of many 
countries (Abdullahi et al., 2013; Gioda, 2019). According to the World Health Organization 
(WHO), around 3 billion people worldwide do not have access to clean cooking fuels and use 
open fires or simple stoves applying wood, charcoal, animal dung, crop residues, coal, and 
kerosene (Chomanika et al., 2022; Rupakheti et al., 2019). Kumar and collaborators (Kumar et 
al., 2022) performed a study in which they evaluated CO2 exposure in kitchens of 12 major 
cities from 4 global regions. According to the authors, the cooking fuel type used in the homes 
evaluated are natural gas (NG), liquefied petroleum gas (LPG), kerosene, ethanol, electric and 
the different combinations of them (Kumar et al., 2022b). Likewise, in the emission inventory 
(EI) for the major anthropogenic sources of Indonesia performed by Permadi et al. (2017), it 
was shown that, in 2010, 46% of households used LPG for cooking, 39 % used fuel wood, 12% 
used kerosene and 3% used charcoal and coal (Permadi et al., 2017). Considering the 
aforementioned fuels, Table 1 presents the main emissions produced from each one. 
 

Table 1: Main emissions related to the combustion of different fuels. 
Fuel Main emissions Authors 

Natural gas (NG) CO2, CO, steam, NO, NO2, CH2O, CH4 and PM (Lebel et al., 2022; Singer 
et al., 2017; Zheng et al., 
2022) 

Liquefied petroleum 
gas (LPG) 

CO2, CH4, CO, SO2, NO, NO2, PM10, PM2.5 and HC (Oke et al., 2020; Permadi 
et al., 2017) 
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Charcoal CO2, CH4, N2O, PM10, PM2.5, SO2, CO, NOx, black 
carbon (BC), organic carbon (OC), non-methane 
volatile organic compounds (NMVOC) 

(Permadi et al., 2017) 

Ethanol CO, CO2, PM2.5 (Chomanika et al., 2022) 
Kerosene CO2, CH4, N2O, PM, SO2, CO, NOx, BC, OC, NMVOC (Permadi et al., 2017) 
Coal CO2, CH4, PM, SO2, CO, NOx, BC, OC, NMVOC (Permadi et al., 2017) 
Raw wood-based fuel  CO2, H2O, NO, NO2, SOx, CO, CH2O, PM and VOCs (Kuye and Kumar, 2023) 

 
Many countries have implemented policies to encourage the use of cleaner fuels for cooking 
and heating. After a government policy for switching kerosene fuel by LPG fuel in domestic 
cooking, the Indonesian kerosene usage decreased by 92% in less than ten years (Thoday et al., 
2018). The government of Ecuador created a campaign called National Efficient Cooking Plan 
(NEFC) aiming to switching 3 million of LPG based cookers to electric induction stoves 
(Martínez-Gómez et al., 2016). A national energy strategy has also been developing in Nigeria 
to replace the kerosene and biomass fuel to a cleaner fuel such as ethanol (Ozier et al., 2018). 
Chomanika et al. (2022) performed a study to compare the use of charcoal with ethanol 
briquettes by means of two different cookstoves named Chitetezo Mbaula (CM) and Kenya 
Ceramic Jiko (KCJ). The consumption of charcoal to prepare a complete meal in KCJ stove 
was high, reaching around 665 g of fuel per kg of cooked food (g/kg), while the consumption 
of ethanol briquettes was around 453 g/kg. The consumption of ethanol briquettes in the CM 
stove was 477 g/kg. The CO emissions from charcoal in the KCJ stove was 20.71 g/min while 
from ethanol briquettes in the KCJ and in the CM stoves the emissions rate were 0.029 g/min 
and 0.050 g/min, respectively. The PM2.5 emissions rate were 1398.03 mg/min, 0.0931 mg/min 
0.1009 mg/min from charcoal in KCJ cookstove, ethanol briquettes in KCJ and ethanol 
briquettes in CM stove (Chomanika et al., 2022). 
Zhao and Zhao (2018) compared the use of gas stove with electric stove in pollutant emission. 
In a commercial kitchen, the concentration of CO, CO2, NO, NO2, and TVOC was reduced by 
around 40%, 26%, 86%, 42% and 48%, respectively, by replacing the gas stove by an electric 
stove. The authors also stated that steaming and stir-frying may result in higher concentrations 
of CO, CO2, and TVOC in domestic kitchens. In the next section of the present study, the impact 
of cooking procedure is discussed, but here is important to note that the emissions of CO and 
CO2 were not attributed only to cooking time and methods, but also occurred as a result of 
burning LPG (Zhao and Zhao, 2018). 
Martínez-Gómes et al. (2016) performed a study comparing LPG, electric resistance and 
induction cookers in terms of CO and CO2 emissions, time spent, energy consumption and final 
price during the preparation of typical Ecuadorian dishes. The induction stove was more 
efficient in all of evaluated parameters (Martínez-Gómez et al., 2016). The discussion regarding 
the CO and CO2 emissions presents high correlations with the cooking procedure and type of 
ingredients, which is presented in more details in Sections 2.2 and 2.3 later. However, in a 
general view, the CO and CO2 emissions presented the highest concentration when LPG stove 
was used due to the fuel combustion. As the total emissions are also time dependent (duration 
of each dish cooking process), the higher calorific power used in the LPG stove during cooking, 
the higher the CO2 and CO emissions (Martínez-Gómez et al., 2016). For comparative purposes, 
during the preparation of grilled chicken considering hood idle mode, the CO2 emissions 
reached 3500 ppm to LGP stove while the concentrations to induction and electric stove were 
near 500 ppm. The CO concentration reached 23 ppm to LGP stove and was lower than 4 ppm 
to induction and electric stove (Martínez-Gómez et al., 2016). In complement, compared to 
induction stove, the cooking time increased between 20% and 396% (depending on the dish) to 
LGP stove and between 200% and 1700% to electric stove. The energy consumption increased 
between 44% and 170% to LGP stove and between 24% and 80% to electrical stove. Finally, 
the energy consumption reflects the cost for final users – compared to induction stove, the final 
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cost increased between 41% and 167% to LGP stove depending on the dish and, between 24% 
and 80% to electric resistance stove (Martínez-Gómez et al., 2016). 
 
2.2 Type of cooking procedure  

 
Several studies have reported that the procedure used to prepare food has a great influence on 
the pollutant formation. Many methods are described in the literature such as boiling, grilling, 
steaming, stewing, braising, stir-frying, pan-frying, deep-frying and roasting (Zhao and Zhao, 
2018). According to some authors, frying and grilling produces more particulate matter than 
boiling and steaming food processes, especially if the food is Maillard browned or charred. 
Balasubramanian 2008 (apud Zhao and Zhao 2018) investigated the PM2,5 emissions related to 
different cooking methods of preparing tofu. The PM2,5 average mass concentrations obtained 
during the cooking process of 150 g of tofu were: 65,7±7.6 µg/m3, 81.4±9.3 µg/m3, 120±13 
µg/m3, 130±15 µg/m3 and 190±20 µg/m3 for steaming, boiling, stir-frying, pan-frying and deep-
frying processes, respectively. In some studies, the boiling process was shown to form more 
PM than the frying process, using the same food. However, the vapor emission can affect the 
performance of light scattering measurement devices. Furthermore, high relative humidity is 
related to hygroscopic growth of particles (aqueous aerosols), and larger particles can be more 
easily detected by analysers (O’Leary et al., 2019).  
In addition to the preparation process itself, factors such as the type of pan also affect the indoor 
air pollutants. O’Leory et al. (2019) showed in their study that replacing a non-stick pan by a 
stainless-steel pan during meal preparation, resulted in a 940% increase in PM2,5 emissions. 
Considering that the ingredients and the method of preparation used were the same in both 
experiments, the justification was in relation to the thermal conductivity of the pan, its surface 
temperatures, and the adhesion between the food and the pan. In the stainless-steel pan, it was 
observed that the food stuck to the surface, being charred later. However, the PM2,5 formation 
decreased in subsequent experiments, indicating that the age of the pan may have an influence 
on emissions due to the changing properties of the pan's surface (O’Leary et al., 2019). 
In the studies performed by Martínez-Gómez et al. (2016), it was presented that the cooking 
techniques, like boiling or frying, are responsible to increase the emissions of CO and CO2. In 
addition, the authors showed how the frying process increased the concentrations of CO and 
CO2. Although the preparation of grilled chicken was performed with the lowest final 
temperature, 72°C, this dish was the only one that used oil. However, the CO and CO2 emissions 
resulted from this study are not only due to the cooking procedure, but also due to the LPG 
combustion. (Martínez-Gómez et al., 2016). 
 
2.3 Type of food 

 
The difficulty related to the pollutant analyses consist of all these parameters related to cooking 
fuel, procedure, ingredients, combination and catering types vary widely depending on the 
location and reflect economic and cultural factors, hence, the emission profiles cannot be 
generalised (Alves et al., 2021).  
It is known that frying food is one of the procedures that emits the most pollutants (Liu et al., 
2022). In this way, many studies have evaluated the difference among edible oils (Liu et al., 
2022; Zhang et al., 2023), the effect of the addition of seasonings (Liu et al., 2017) and the 
combination of different ingredients to compose a complete meal (Zhang et al 2023; Alves et 
al., 2021; O’Leary et al., 2019). In studies carried out by Zhang et al. (2023), the formation of 
13 aldehydes and ketones were identified during the use of 5 different edible oils – soybean oil, 
peanut oil, rapessed oil, sunflower seed oil and lard. The aldehydes and ketones identified were 
acetaldehyde, acrolein, propanal, methylacrolein, n-butyl aldehyde, amyl aldehyde, hexanal, 
acetone, methyl vinyl ketone, butanone, 2 - pentanone, 3 - pentanone and methyl isobutyl 
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ketone. The emission factor of aldehydes and ketones ranged from 250.87 µg/(goil.hr) to 436.12 
µg/(goil.hr), being higher for rapeseed oil and lower for lard. For the 5 types of oil, the 
proportion of aldehydes in the total emissions varied between 61 and 78%, with acetaldehyde, 
acrolein and hexanal being the main compounds most formed. Liu et al. (2017) also evaluated 
the emissions resulting from the heating of corn oil. The main volatile organic compounds 
formed, dominated by aldehydes, were Ethanal, Propanal, Butanal, Methylpyrrole, Pentadienal, 
Toluene, 1,3-Cycloheptadiene/Phenol, Xylene/Benzaldehyde and Heptenal (Liu et al., 2017). 
Many authors also investigate the effect of adding seasonings on the formation of pollutants 
during the heating of edible oils and also during the preparation of complete meals (Liu et al., 
2017; Zhang et al., 2023). The habit of stir-frying spices prior to stir-frying the food to improve 
the flavour of the dish is a common practice in some cultures (Liu et al., 2017). Despite the 
health benefits of using certain seasonings, this high-temperature stir-frying procedure can emit 
large concentrations of monoterpenes, which can later react with oxidants such as ozone and 
form a secondary organic aerosol (SOA) and thus affect health (Liu et al., 2017).  
In studies carried out by Zhang et al 2023, chili powder, Chinese prickly ash and garlic slices 
were added to the oils. Emissions of aldehydes and ketones increased, with aldehyde being the 
largest proportion of total emissions, ranging between 59.3 and 71.5%. When chili powder, 
Chinese prickly ash and garlic slices were added to soybean oil, aldehyde emissions increased 
by 7.5%, 38.5% and 6.5%, respectively. When these spices were added to peanut oil, aldehyde 
emissions increased by 66.4%, 80.0%, and 14.9%, respectively. The authors correlated the 
addition of seasonings to the formation of larger molecular aldehydes; hence, their 
concentration was significantly greater compared to that of small molecular aldehydes (Zhang 
et al., 2023). 
Liu et al., 2017 investigated the effects of adding garlic, ginger, myrcia and zanthoxylum 
piperitum (Sichuan pepper) in heated corn oil (stir-frying process). In addition to aldehydes, 
stir-frying spices also generated large amounts of other compounds. The stir-frying garlic 
process majority emitted the compounds methylpyrrole, dihydrohydroxymaltol and 
diallyldisulfide (DADS), the stir-frying ginger process emitted propanal, butanal, 
methylpyrrole, toluene, heptanal, monoterpenes and terpenoids, the stir-frying myrcia process 
emitted methylpyrrole, monoterpenes and terpenoids and, the stir-frying process of 
zanthoxylum piperitum emitted methylpyrrole, toluene, methylpyridine and monoterpenes. The 
addition of garlic and ginger to the heating corn oil almost had no influence on primary organic 
aerosol (POA) emissions. The POA concentration obtained due to the heating of pure corn oil, 
corn oil plus stir-frying garlic, ginger, myrcia and zanthoxylum piperitum in the reactor were 
approximately 42 µg/m3, 44 µg/m3, 46 µg/m3, 71 µg/m3 and 86 µg/m3, respectively. 
Furthermore, garlic and ginger had no influence on SOA emissions, while large amounts of 
SOA were formed from the emissions of stir-frying myrcia and zanthoxylum piperitum (Liu et 
al., 2017). 
The formation of pollutants during the preparation of complete meals is also widely studied and 
different emissions are reported. Zhang et al. (2023) compared the formation of aldehydes and 
ketones during the preparation of four different meals: Scrambled eggs with tomato and 
soybean oil, scrambled eggs with tomato and peanut oil, fried pork with chili and soybean oil 
and fried meat with chili and peanut oil. Acetone and acetaldehyde were the most abundant 
carbonyl compounds CCs in the kitchen. The highest acetaldehyde concentration (12329.93 ± 
524.66 µg/m3) was obtained during the fried meat preparation while the lowest was during the 
scrambled eggs with tomato and soybean oil (558.41 ± 27.47 µg/m3). On the other hand, the 
last-mentioned meal presented the highest Acrolein concentration – 424.23 ± 17.46 µg/m3 
(Zhang et al 2023) being 100 times greater compared to the guidelines provided by Office of 
Environmental Health Hazard Assessment (OEHHA), ranging from 235.18 for scrambled eggs 
with peanut oil to 498.71 μg/m3 for fried pork. O’Leary et al. (2019) compared the formation 
of PM2.5 during the cooking of (1) chicken breast fillet and pre‐sliced pre‐cooked potatoes fried 
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in olive oil and French/green beans boiled in water, (2) chicken breast fillet fried in olive oil 
and French/green beans and pre‐sliced pre‐cooked potatoes boiled in water, (3) pasta Bolognese 
composed of dried farfalle durum wheat pasta boiled in water, smoked lean bacon lardons, 
chopped onion, tomatoes and garlic fried in olive oil and minced/ground beef fried in own fat 
and (4) stir‐fry of pre‐sliced chicken breast, pre‐chopped fresh vegetables, white cabbage, red 
pepper/capsicum leek, French/green beans, bean sprouts and straight to wok noodles all of then 
stir-fried in olive oil. The highest PM2.5 formation was obtained during the stir-fried chicken 
breast preparation (3.2 ± 0.24 mg/min), while the lowest concentration was obtained to meal 1 
– chicken breast fillet (0.62 ± 0.041 mg/min). Saito et al. (2014) grilled different ingredients 
such as prawns, corn, trout, beef and pork to investigate the polycyclic aromatic hydrocarbons 
(PAHs) formation. The PAHs ranged from 0.0039 µg/m3 for grilled corn to 78 µg/m3 for grilled 
pork.  
 
3 CLEANING PROCESS 

 
The cleaning process involves products including floor/surface cleaners, dishwashing 
detergents and air fresheners (Huang et al., 2011). This study focused only on the cleaning 
products related to cooking process, i.e., surface cleaners and dishwashing detergents. These 
products are mainly sources of volatile organic compounds (VOCs), which can react with 
oxidants present in the environment as soon as they are emitted and generate secondary 
pollutants.  
Huang et al. (2011) investigated the VOCs emissions from different cleaning categories 
including kitchen cleaners (KC) and dishwashing detergents (DD) in the household products in 
Hong Kong. The authors evaluated four different commercial products for each cleaning 
category. In addition, they evaluated the kinetic of reactions between the biogenic VOCs and 
the environmental oxidants hydroxyl radical (•OH) and ozone at 298 K. The results showed 
that within the same category, the chemical composition and concentration of individual 
biogenic VOC varied widely with household products considering their different functions and 
scents as indicated on the labels. The identified VOCs were α-Pinene, β-Pinene, Myrcene, p-
Cymene, D-Limonene, Eucalyptol, γ-Terpinene, Linalool and α-Terpineol. No association was 
established between the presence of fragrance in the products and the VOCs emissions (Huang 
e al., 2011). 
Milhem et al. (2021) investigated the emissions of 6 different essential oil-based cleaning 
products and the correlation between their fragrance chemicals and volatile fraction. The 
cleaning products were classified in 5 categories: 2 kitchen degreasers, 2 general (multiuse) 
cleaners, 1 surface cleaner, and 1 glass cleaner. Based on information given by the 
manufacturer, the natural fragrance of each individual product was lemon oil, eucalyptus oil, 
citrus oil, lemon oil, lavender oil and eucalyptus oil for kitchen cleaner 1 (KC1), kitchen cleaner 
2 (KC2), multiuse cleaner 1 (MC1), multiuse cleaner 2 (MC2), surface cleaner (SC) and glass 
cleaner (GC), respectively (Milhem et al., 2021). The main terpenes identified in the 6 evaluated 
cleaning products were α-pinene, limonene, linalool, Eucalyptol, Cymene, Bergamol, 
Camphor, β-pinene, γ-terpinene, α-terpineol, Menthol, and others with the mass concentration 
varying from 1.0 ± 0.3 to 2230.8 ± 71.4 μg of terpene per g of product. The results showed no 
correlation between the total terpene mass concentrations in the liquid phase of the selected 
cleaning products with the total amount of terpenes transferred to the gas phase. The total gas-
transferred concentrations varied from 125 ± 15 to 85225± 5500 μg/m3. The multiuse cleaners 
(1 and 2) presented an equivalent volatile concentration in the gas phase of 27000 μg/m3 
whereas their total terpene mass concentrations in the liquid phase differed by a concentration 
ratio of 2:1. The surface cleaner SC1 and the kitchen cleaner KC2 presented similar pattern 
with the gas-transferred concentrations for both products reaching approximately 80 000 μg/m3. 
However, the terpene content of the surface cleaner SC1 was half of that of the kitchen cleaner 
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KC2 (3200 ± 270 μg/g). In contrast, the two-household products SC1 and MC1 had equivalent 
terpene mass contents but gas-transferred concentrations that differed by a factor of 3 (Milhem 
et al., 2021). 
To investigate the individual gas-transferred concentration using a microchamber experiment, 
the authors correlated the volatile/liquid fraction concentration ratio (V/L) with the saturation 
vapor pressure (VP) of the terpene pure molecules. This relationship was only met for a-pinene. 
For the other terpenes, the behaviour was not predictable, hence, the solvent properties showed 
higher influence in the transfer to the gas phase than the intrinsic properties of the pure 
molecule. 
The experiments to evaluate the primary emissions after the application of essential oil-based 
product were performed under realistic application conditions, in a 1-m3 test chamber. This 
analysis was performed using one product from each category: SC1, MC1 and KC2. 
Considering the 23 TerVOCs contained in the three liquid cleaners, 19 of them were identified 
in the gas phase. For the three products, the results showed a fast increase after the cleaning 
application in which the total TerVOCs highest concentration peaks (300 ppb to SC1 and MC1 
and 160 ppb to KC2) were achieved around 30 minutes. Then, a gradual decreasing was 
observed and, after 3.5 hours, the total TerVOCs concentration was approximately 100 ppm to 
SC1 and MC1 and 50 ppb to KC2. It is important to highlight that KC2 presented the highest 
concentration of TerVOCs (3200 ± 200 μg/g) in the liquid phase among the three cleaners, 
reinforcing the lack of correlation between the total terpene mass concentrations and the total 
amount of terpenes transferred to the gas phase (Milhem et al., 2021). 
The authors also performed a temporal evolution of the mass emission rate profiles of individual 
TerVOCs of the three cleaning products (SC1, KC2 and MC1) to estimate the time required to 
each terpene to reach the maximum emission rate, the maximum reached value and the time in 
which the emission source is depleted. Then, the mass emission rate profiles were evaluated 
considering the air exchange-corrected concentration and also air exchange plus deposition-
corrected concentration. For all terpenes evaluated, the time to reach the maximum emission 
rate was 8 min after cleaning and the magnitude of the peak emission rate was around 710 μg/h 
linalool from SC1, 1550 μg/h eucalyptol from MC1 and 5000 μg/h eucalyptol from KC2. 
Eucalyptol was the only terpene emitted from the three evaluated cleaning products, presenting 
a wide variation in the peak emission rate between them: 620 ± 20 μg/h for the SC1, 4900 ± 
110 μg/h for the KC2 and 1460 ± 30 μg/h for the MC1. Limonene was emitted from two 
cleaning products: 240 ± 30 μg/h for KC2 and 1100 ± 80 μg/h for MC1. KC2 presented the 
highest emission rate between the cleaning products categories and the emission of eucalyptol 
and menthol from KC2 was exhausted within 50 min and after 30 min for limonene. The total 
TerVOC emissions from SC1 and MC1 were exhausted within only 24 min (Milhem et al., 
2021). The emissions of formaldehyde, acetaldehyde and acetone (the oxygenated VOCs – 
OVOCs) were also investigated during the experiments with SC1, KC2 and MC1. The emission 
values varied from one product to another presenting ranges from 6 to 18 ppb to formaldehyde, 
22 to 210 ppb to acetaldehyde and 18 to 108 ppb to acetone (Milhem et al., 2021). The 
maximum emitted concentration of formaldehyde was observed 3.5 h after the product has been 
applicated, indicating delayed emission kinetics that may be related not only to a primary 
release of the cleaning product itself but also to other factors (Milhem et al., 2021).  
 
4 CONCLUSIONS 

 
This manuscript provides an investigation on the main sources of pollutants in kitchens. 
According to the findings, the related-pollutant emissions encompass a wide range of 
compounds such as CO2, CH4, particulate matter, SO2, CO, NOx, volatile organic compounds 
(VOC), among others, varying in different concentrations depending on the type of stove, 
cooking fuel, cooking procedure, cooking ingredients and the cleaning products used. In many 
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evaluated studies, the contaminants exceeded the maximum threshold concentrations defined 
by the World Health Organization (WHO) based on health effects, indicating the importance of 
developing new strategies for reducing occupants’ exposure. 
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ABSTRACT 
 
The measurement of particulate matter (PM) in rooms has gained interest in the last decade. However, the sensors 
that are currently used are intended for use in still standing air and cannot be applied to ventilation ducts with a 
typical velocity up to a couple of meters per second. Therefore, a prototype of a measurement module for 
particulate matter has been developed for use in ducts of ventilation systems. To the author’s knowledge, this has 
not been done before. 
The PM2.5 values as measured by the prototype in an extract duct, were compared with the values as measured in 
the room where the air is extracted from. The differences between the measured PM2.5 values were 2 to 4%, which 
was a sufficient accuracy for the prototype. 
Three field tests were carried out in three houses with a balanced ventilation system in The Netherlands, with a 
distance between the houses of 50 km up to 150 km. For each field test, two PM measurement modules were 
installed near the balanced ventilation unit; one in the extract duct and one in the supply duct. During the measured 
period in the heating season, the heat recovery ensured similar temperatures in the extract and supply ducts, 
resulting in PM2.5 values that could easily be compared with each other. 
The measured PM2.5 values in the extract ducts showed typical indoor PM sources like cooking, but also showering 
and steam ironing because water droplets are also measured by the sensor. In the supply air, peaks caused by 
incidental recirculation of chimney smoke into the fresh air intake were visible. Moreover, the effect of filter type 
(fine or coarse) and of filter age (old or new) within the ventilation unit could be found. 
 

KEYWORDS 
 
Particulate matter, air duct sensor, balanced ventilation 
  
1 INTRODUCTION 

 
Particulate matter in dwellings has gained a lot of interest as buildings are getting airtight and 
because it is harmful to a person’s health. The levels of indoor particulate matter in airtight 
dwellings depends on indoor sources (kitchen, candles) and outdoor sources (traffic, industry, 
agriculture). Mechanical ventilation can reduce particulate matter levels from indoor sources 
and filtering of supply air reduces particulate matter levels from outdoor sources. Simulation 
studies have shown that penetration of PM2.5 outdoor pollutants can be limited by a good PM2.5 
filter efficiency (Verheyleweghen et al., 2022). Also, in a practical study in occupied dwellings 
it has been shown that air supply filtration has a real impact on the levels of particles entering 
the dwelling (Golaz et al., 2022). 
Particulate matter can be measured by low-cost sensors, but most of them are used to indicate 
a level in a room. Sensors for measurement of particulate matter in ducts would help to indicate 
the average levels of the indoor air as well as the levels of the supply air of the ventilation 
system. 
This study aims to develop a PM sensor prototype for application in air ducts. In a test room, 
the PM sensor prototype in ducts is evaluated against measurement by a sensor component in a 
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room. After this, the PM sensor prototype is used to indicate PM levels in extract air and in 
supply air of a balanced ventilation system. 
 
2 DEVELOPMENT OF A PM SENSOR FOR MEASUREMENT IN DUCTS 

 
Commercially available low-cost PM sensor components are mostly suitable for 
implementation into sensors that can be placed in a room. The velocity of the air that is sampled 
cannot be higher than 1 m/s. This makes the components not suitable for measurement of 
particulate matter in ducts of ventilation systems with typical air velocity up to a couple of 
meters per second. 
In order to measure the particulate matter in ducts, a prototype of a PM sensor for ducts has 
been developed. Schematically, the prototype consists of an inlet cone in which the air from the 
duct is drawn into the prototype in an isokinetic way (air velocity in inlet cone is equal to the 
air velocity in the duct). The air is directed in a direction perpendicular to the main air direction 
in the duct and it is slowed down to an air velocity lower than 1 m/s. This air is led over the PM 
sensor component after which it is directed to an outlet in the downstream direction of the air 
duct. 

 
Figure 1: Schematic principle of PM measurement in a duct (blue). Blue arrows indicate air direction in the PM 

sensor prototype and the PM sensor component is indicated in green. 

 
The prototype (dimensions 10 x 10 x 2 cm) was built with 3D printing. In figure 2, the prototype 
is shown with the inlet cone on the left. In the top, the PM sensor component (Sensirion SPS30) 
can be inserted into an opening in such a way that the sampled air is led via the measuring side 
of the sensor. 
 

a)   b)  
Figure 2: a) 3D printed PM sensor prototype, b) close-up of upper part of the prototype with the green PM sensor 

component inserted 
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In order to get an idea of the measured values of the prototype, an experimental set-up has been 
made as shown in figure 3. A test chamber (volume 19.5 m3) was provided with a PM sensor 
component (Sensirion SPS30). Air from the test chamber was extracted via ducts from 
Expanded Polypropylene (EPP) with an inner duct diameter of 160 mm. The air was extracted 
by a balanced ventilation unit. The supply air from the balanced ventilation unit was led back 
into the test chamber.  
The PM sensor prototype was placed just upstream of the balanced ventilation unit, in the duct. 
Particulate matter was introduced in the test chamber by burning incense sticks prior to the 
measurement, as this is producing mainly PM2.5 according to literature (Goel et al., 2017). 
The ventilation flow rate was varied during the 20 minute experiment. This resulted in an 
increasing trend of average air velocity through the duct that was 1.2 m/s (0-3 min), 2.1 m/s (3-
8 min), 3.5 m/s (8-13 min) and 4.8 m/s (13-20 min). 
The measured PM2.5 values from the sensor in the test chamber and the sensor in the PM sensor 
prototype were compared with each other. Figure 4 shows the decay of PM values in time. 
Although the experimental set-up resulted in a closed system, the PM2.5 values showed a decay 
because the test chamber was not fully airtight. 
 

a)   b)  
Figure 3: a) Experimental set-up of validation measurement for the PM sensor prototype and  

b) measured PM2.5 values (sensor values in test chamber in orange and PM sensor protype values in blue) 

 
3 DESCRIPTION OF FIELD TESTS 

 
In order to test the PM sensor prototype in real life ventilation systems in houses, a field test 
was conducted. Three houses with balanced ventilation units, located in The Netherlands, were 
selected. They were situated in Helmond, Lettele and Zwartsluis. The distance between these 
houses was between 50 km and 150 km. The balanced ventilation units were provided with an 
EPP module and connected on top of the unit. On top of the EPP module the extract duct and 
the supply ducts were installed. The EPP module contained two PM sensor prototypes, one in 
the extract duct and one in the supply duct (see figure 4). 
Placement of the PM sensor prototype in the supply duct has two advantages over placement 
outdoors. First, the supply duct contains air that is already filtered by the ventilation unit. This 
means that it is actually reflecting the PM values that are supplied to the rooms in the house. 
Second, measurement of particulate matter is sensitive to variations in operating temperature 
(Liu, 2019). Because of the heat recovery, the supply air temperature is close to the extract air 
temperature and therefore the PM values can better be compared with each other (as opposed 
to measurement in cold or warm outdoor air). 
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Figure 4: Schematic principle balanced ventilation system with PM measurement in extract and in supply air 

 
4 RESULTS 

 
4.1 Measured PM2.5 values in three field tests 

Figure 5 shows a week of the PM2.5 values in the ventilation system in Helmond. The extracted 
air shows distinct peaks that were caused by cooking. The peak values ranged between 30 and 
200 g/m3, depending on the prepared meal, with the exception of a peak value of 400 g/m3 
when something had burned in the oven. There were also numerous smaller peaks that were 
caused by showering, and by steam-ironing. 
The larger peaks of PM2.5 took about 3 to 4 hours before they were ventilated out of the house. 
The PM2.5 values in the supplied (filtered) air were below 12 g/m3 for the whole week.  
 

 
Figure 5: PM2.5 values in extract air (yellow) and in supply air (red) in Helmond. 

 
Figure 6 shows a week of the PM2.5 values in the ventilation system in Lettele. The extracted 
air shows distinct peaks that were caused by cooking. The peak values ranged between 100 and 
600 g/m3.  
The larger peaks of PM2.5 took about 1 hour before they were ventilated from the house. 
The PM2.5 values in the supplied (filtered) air were mostly below 30 g/m3 for the whole week 
except for a number of peaks in the supply air. The peaks in the supply air were thought to be 
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originating from exhaust air from a wood stove that was recirculating back into the fresh air 
intake on the roof.  
On Feb 6th it seems that a high PM2.5 value in the supplied air also leads to higher values of the 
internal PM2.5 values, as reflected by the higher values in the extract. 
 

 
Figure 6: PM2.5 values in extract air (yellow) and in supply air (red) in Lettele. 

 
Figure 7 shows a week of PM2.5 values in Zwartsluis. The peaks in the extract PM2.5 values are 
lower than in the other houses. This is believed to be the result of a good function cooker hood, 
which is working separately from the residential ventilation system. Therefore, the PM2.5 
resulting from cooking is directly extracted by the cooker hood and brought out of the house. 
There is one exception with a peak value of 85 g/m3, originating from the opening of a wood 
stove. 
The PM2.5 values in the supplied air seem on average a higher value than the houses in Helmond 
and Lettele.  
 

 
Figure 7: PM2.5 values in extract air (yellow) and in supply air (red) in Zwartsluis. 
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4.2 Comparison of PM2.5 values in supply air of all field tests 

Interesting is the PM2.5 values in the supplied air during the same period in the three houses. 
Figure 8 shows nearly two months of PM2.5 values in the (filtered) supply air. It also shows the 
filters that are used: a new ePM1/F7 filter in Helmond and a new Coarse/G4 filter in Zwartsluis. 
The ventilation system in Lettele had a 3-month-old ePM1/F7 filter which was replaced by a 
clean ePM1/F7 filter on Feb 27th.  
The results show that the trend of the PM2.5 values in the supply air are similar for the Coarse/ 
G4 filter and the old ePM1/F7 filter (except for the peaks resulting from re-intake of exhaust 
air from a wood stove chimney). Despite the 50 km distance between the field test locations, 
the external PM2.5 values and the filter efficiency lead to a similar daily trend. Only the larger 
filtration efficiency of the new ePM1/F7 filter leads to low PM2.5 values in the supply air. After 
Feb 27th, when the 3 month old ePM1/F7 filter is replaced with a clean ePM1/F7 filter, the 
PM2.5 values in the supply air are suddenly getting low. After a week, the lower filtration 
efficiency of the Coarse/G4 filter leads to higher supply PM2.5 values again. 
 

 
Figure 8: PM2.5 values in supply air in Helmond (red), in Zwartsluis (yellow) and in Lettele (blue). 

 
5 DISCUSSION 

 
The measurement of particulate matter in ducts proved to be a difficult task. In order to measure 
the right values of the PM concentration, the air as to be sampled in an isokinetic way and the 
air has to be slowed down before it is reaching the PM sensor component. This development 
has led to the application of a patent. 
With the available equipment, the measurement accuracy of the PM sensor prototype could 
only be assessed relative to the measurement values of the PM sensor component in still 
standing air. The decaying PM2.5 signal of the PM sensor component in the room was closely 
followed by the PM2.5 signal of the PM sensor prototype. The difference between the two 
signals stayed within 4%. There was no clear dependency of the relative difference between the 
signals with the air velocity through the duct. 
The measured PM2.5 values in balanced ventilation systems installed in three Dutch houses have 
been investigated.  
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The PM2.5 values in the extract air showed peaks when typical indoor sources like cooking, 
showering, or steam-ironing occurred. An increasing trend of the PM2.5 signal in the supply air 
(originating from increasing trend outdoors), led to an increasing trend of the PM2.5 signal in 
the extract. This indicates that the PM2.5 level indoors is the result of a combination of indoor 
sources and outdoor sources. 
The PM2.5 values in the supply air show a trend that is largely dominated by the outdoor PM 
concentration. All three locations of the investigated houses, although distance between houses 
ranged from 50 km to 150 km, seem to be influenced by the same outdoor trend.  
The exact values in the supply air are also influenced by filter efficiency. It can be seen that an 
ePM1/F7 filter leads to lower PM2.5 values in the supply air than a Coarse G4 filter. There is 
also the observation that the new ePM1/F7 filter leads to lower PM2.5 values in the supply air 
than a 3-month-old ePM1/F7 filter. 
 
6 CONCLUSIONS 

 
For measurement of particulate matter in air ducts, a PM sensor prototype has been developed. 
The prototype has been validated against values of a commercial sensor in still standing air and 
leads to good agreement. 
The developed PM sensor prototype has been used to measure PM2.5 values in the extract air 
and the supply air of a balanced ventilation system. In three Dutch houses, the prototype showed 
values that indicate indoor sources of PM2.5 and outdoor sources of PM2.5. 
Furthermore, the measured PM2.5 values in the supply air seem to be dependent on the filter 
type and the filter age. 
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ABSTRACT 
 
Achieving energy-efficient dwellings has become a vital part of the global climate action plan to reduce energy 
usage and carbon emissions. Deep energy retrofits (DER) can help reduce residential energy use significantly. 
However, evidence on how DER impacts on indoor air quality (IAQ), and consequently, occupant health, is 
scarce. More in-depth analysis of IAQ data before and after energy retrofits is essential to understand the indoor 
environmental challenges of adopting energy efficiency measures. DER will be required to achieve the EU target 
of zero emission building stock by 2050, and such studies can inform policy as retrofit strategies evolve. This 
study evaluates the IAQ in a sample of domestic dwellings (n=12) in Ireland before and after undergoing DER, 
as part of the SEAI funded research project (ARDEN). IAQ pollutants, including PM2.5, carbon dioxide (CO2), 
carbon monoxide (CO), formaldehyde, radon, nitrogen dioxide (NO2), and BTEX (Benzene, toluene, 
ethylbenzene, and xylenes) were measured over a period of 48 hours to three months (depending on the 
pollutant) using continuous and passive sampling methods. This study further assesses the performance of the 
mechanical ventilation systems installed in the homes post DER. The results show that higher concentrations of 
PM2.5 were recorded in some homes post-retrofit compared to pre-retrofit. This was likely due to a combination 
of factors – increased air tightness (i.e., reduced infiltration), the new mechanical ventilation systems not 
achieving design flow rates, and varied occupant activities during measurement period. Overall, formaldehyde 
concentrations significantly increased (p <0.001) post-retrofit, most likely due to the use of building materials, 
paints, and furnishings during retrofitting. Radon levels measured post-retrofit were below the Irish national 
reference level (i.e., <200 Bq m-3) for most homes sampled (n=26), except for four homes which were in high 
radon areas. Results suggest that more emphasis is needed on improving the design, installation, commissioning 
and maintenance of ventilation systems, along with raising homeowner’s awareness regarding IAQ, and how to 
operate and maintain their ventilation systems in an efficient and effective manner. This would support good 
IAQ in the energy efficient homes, ensuring health and wellbeing. 
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Indoor air quality, Deep energy retrofit, Ventilation, PM2.5, Formaldehyde  
  
 

954 | P a g e



 
 
1 INTRODUCTION 

 
Ireland plans to halve its greenhouse emissions by 2030 and achieve net zero emissions by 
2050. Towards this goal, the Irish programme for Government and  Climate Action Plan 
(CAP23) have set targets to design and construct all new dwellings to Zero Energy Building 
(ZEB) and retrofit 500,000 existing dwellings to a building energy rating (BER) of B2 or 
cost-optimal equivalent by 2030. The Deep retrofit multi-annual pilot programme (DER) was 
introduced in 2017 and managed by the Sustainable Energy Authority of Ireland (SEAI) 
aiming to upgrade homes to, at least, an A3 BER by adopting a whole-house retrofit, 
including the requirement for a high performing fabric, reduced thermal bridging, improved 
air tightness (≤5 m3 h-1 m-2 @ 50 Pa), use of renewable fuels, and installation of mechanical 
ventilation to support air quality.   
 
Ventilation is a vital component of energy efficient homes, to ensure healthy indoor air 
quality for occupants. Increased building air tightness, post retrofit, in the absence of proper 
ventilation has been shown to compromise the quality of indoor air for its occupants (Wang et 
al., 2022). Increased concentration of pollutants, often above recommended guidelines, of 
particulate matter, carbon dioxide, formaldehyde, and radon have been frequently observed in 
homes post energy renovations (Du et al., 2019; Földváry et al., 2017). Poor indoor air 
quality, mainly due to inadequate ventilation, has been shown to be the most influential risk 
factor associated with respiratory conditions in the household (Wimalasena et al., 2021). 
Issues of mould growth and noise from the mechanical ventilation systems have also been 
reported post retrofit (Elsayed et al., 2022).  
 
The lack of occupant knowledge on how to operate and maintain newly installed ventilation 
systems is another factor that will impact on indoor air quality. Coggins et al. (2022) study on 
indoor air quality, in deep energy retrofitted dwellings in Ireland, found that air quality was 
negatively impacted by improper handover and inadequate cleaning and maintenance of 
ventilation systems. Similarly, in the study of Pedersen et al. (2021), although tenants 
perceived better ventilation post renovations, many tenants were not adequately informed 
regarding how the ventilation systems in their homes operated.  
 
Healthy indoor air quality in highly efficient homes can be achieved by ensuring sufficient air 
change rates through properly installed and maintained ventilation systems (Dovjak et al., 
2022), as well as raising occupants awareness regarding IAQ and promote positive 
engagement with building ventilation systems.  
 
In this study, we evaluate the IAQ in a sample of Irish dwellings (n=12), pre and post energy 
renovations. Furthermore, we assess the performance of the mechanical ventilation systems 
installed as part of the retrofit.  

 

2 METHODOLOGY 

 
Ethical approval for this study was obtained from the Research Ethics Committee of the 
University of Galway. Homes which had participated in the SEAI DER programme were 
recruited to participate in this study. Twelve dwellings were selected to assess the IAQ and 
thermal comfort pre-retrofit. The participating dwellings were located across Ireland in both 
urban, sub-urban and rural locations. All homes underwent a deep energy retrofit between 
2019 and 2020, and were > 36-months post retrofit at the time of this study. The pre-retrofit 
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IAQ measurements were collected in 2019 and 2020. However, due to the COVID19 
restrictions, to ensure the safety of the homeowners and the researchers, sampling was 
suspended during the pandemic. Post-retrofit measurements resumed in winter of 2022 and 
through the summer of 2023, after the pandemic restrictions had been lifted.  
 
2.1 Indoor Air Quality Monitoring  

 
The following IAQ parameters were measured in the bedrooms and living rooms of the 
recruited homes over a period of 48-72 hours: particulate matter (PM2.5), total volatile organic 
compounds (TVOCs), carbon monoxide (CO), carbon dioxide (CO2), temperature (T oC), and 
relative humidity (RH%). Concentrations were measured at 1-minute (PM2.5) or 5 minute 
intervals (TVOCs, CO2, CO, T, and RH). Passive samplers were used to collect formaldehyde 
samples (over a period of 72 hours) for the same rooms. Additionally, radon was measured 
for a period of 3 months in 3 homes pre-retrofit and all the 12 homes post retrofit.  
 
Occupants were asked to complete an activity diary to trace occupant’s activities during the 
sampling periods, and a questionnaire form to obtain feedback on the dwellings energy 
consumption, cleaning and cooking routines, and ventilation systems. Bedroom ventilation 
rates [Air Change Rates (h-1) and l/s per person] were calculated using the steady-state 
method and night-time CO2 concentrations, based on number of occupants and average CO2 
generation rate for sleeping occupants (Batterman, 2017; Persily & de Jonge, 2017).  
 
3 RESULTS AND DISCUSSION 

 
Post retrofit, all homes were upgraded to a post building energy rating (BER) of A3 or better, 
with post building air tightness values of between 2.7 – 5.0 m3 hr-1 m-2, as shown in Figure 1. 
The BER provide an indication of the energy performance of the dwelling (SEAI, 2023). Each 
rating corresponds to an energy use per unit floor area per year [EUI = kWh/m2 year]. Eleven 
dwellings had oil-fired boilers and one dwelling had a gas-fired boiler as primary space 
heating pre retrofit. In addition, all dwellings had either an open fire or solid multi-fuel stove 
as secondary heating. All the retrofits involved the substitution of the previously used fossil 
fuel based heating systems with an air to water (A2W) heat pump.  
 
Mechanical ventilation systems were installed in all homes. Homes either had demand control 
ventilation (DCV) where airflow volume was adjusted based on humidity (n = 10), or 
mechanical ventilation with heat recovery MVHR (n = 2). Ventilation rates, calculated using 
night-time CO2 concentrations, were considerably lower in retrofitted homes (1.6 – 8.2 l/s per 
person; avg. = 4.0 l/s per person) compared to before the retrofit (1.4 – 32.2 l/s per person; 
avg. = 8.2 l/s per person).  During the field surveys, many problems were observed with the 
newly installed ventilation systems (i.e. low pressure below design flow rates, and dust 
deposits on the vents).  
 
PM2.5 concentrations were higher in some homes post retrofit. The 24-hr PM2.5 average 
concentration (n=24) ranged from 5.5 µg m-3 to 56.7 µg m-3 pre retrofit, and from 4.6 µg m-3 

to 353.8 µg m-3 post retrofit. The maximum median concentration was recorded (3 day 
median = 245 µg m-3) in a bedroom (Home 5). This home also had the lowest measured 
bedroom ventilation (1.6 l/s per person) of all homes studied. Home 5 was most likely under 
ventilated during the sampling period. In this home, only one of the wet rooms had an extract 
vent (bathroom), while the extract vent in the other wet rooms (kitchen) was removed by the 
homeowner post retrofit due to issues related to noise and draught. Figure 2 shows a time 
series profile of the PM2.5 concentrations in the same bedroom. There were several peak 
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concentrations (up to 1980 µg m-3) during the sampling period. According to the homeowner, 
the bedroom door was closed during 2nd night-time, and pets were present in the room 
overnight.  
 

 
Figure 1 (a) Energy use intensity (EUI) and (b) Air tightness, pre and post retrofit for the studied homes. Each 

home is labelled by its BER rating for each retrofit status 
 

 
           Figure 2 Time series of PM2.5 bedroom concentrations in Home 5 over a 3 days sampling period 

 
Overall, there was a significant increase in Formaldehyde concentrations (72-hr average) post 
retrofit (p <0.001) compared to pre retrofit values, with post retrofit concentrations exceeding 
the ATSDR annual long-term health-based guideline value of 10 μg/m3, which is also 
recommended by Public Health England (ATSDR, 2005; PHE, 2019). The materials used in 
the renovation works including furnishings, paints, and insulation materials, are major sources 
of formaldehyde and could be contributing to these high levels in the homes.  
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Radon levels were measured post-retrofit in 26 homes (14 extra homes in addition to the 12 
homes in this study). Radon levels exceeding the national guideline level (i.e., 200 Bq m-3) 
were recorded in four of the homes located in high radon areas, as per EPA’s radon risk map 
(EPA, 2023).  
 

                                         
Figure 3: Formaldehyde concentrations [µg m-3] in bedrooms and living areas over a 3 day period pre and post 

retrofit  

 
4 CONCLUSIONS 

 
Post deep energy retrofit assessments showed significant increases in some indoor air 
pollutants. Estimated ventilation rates were lower (on average) post energy renovations, 
which, along with occupant activity, are likely to impact on measured pollutant levels. In 
most of the homes, problems with ventilation systems and/or visible signs of 
underperformance and lack of maintenance (i.e. low pressure or dust deposits on the vents) 
were observed. Future work will include a statistical analysis to investigate possible 
associations between pollutant concentrations and factors associated with the retrofit. 
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ABSTRACT 
 
In the context of energy saving, new buildings are becoming more airtight and purpose-provided, often central 
mechanical ventilation is required to create and sustain a healthy indoor air quality (IAQ). This policy is summed 
up by the well-known energy efficiency mantra “Build tight, ventilate right”.  
 
Central mechanical ventilation systems require ductwork systems to distribute air inside the building, but in 
practice, they are often not airtight. The numerous issues caused by leaky ductwork, including excessive fan energy 
use, acoustic discomfort and possibly even poor IAQ, if the ventilation system is not commissioned correctly, have 
been well outlined in literature, but there still appears to be a lack of awareness about the impact of such issues in 
the construction industry. 
 
A simple tool was developed using a simplified model to estimate the financial impact of leaky ductwork in 
buildings over their whole life. It assumes that the design or hygienic flow rates in all habitable and wet rooms are 
achieved, and it is based on two previous publications from the 40th (Leprince et al., 2019) and 42nd (Hurel and 
Leprince, 2022a) AIVC Conferences. The purpose of this user-friendly tool is to help to raise awareness about this 
issue and encourage the design and installation of airtight ventilation ductwork systems, which are readily available 
on the market. 
 
Case studies for 4 houses and one of the 10 AHU of a school building are presented as examples of energy and 
financial impact of ductwork leakage. It is found that if the fan fully compensates, a very leaky ductwork (class 
3A) induces an increase of fan energy use ranging between 58% and 173% for the 4 single-family houses, and of 
33% for the school AHU. The financial impact of this poor ductwork airtightness level for 80 years of operation 
ranges from 4.0 k€ to 33.2 k€ for the 4 single houses and reaches 74 k€ for the school AHU (out of the 10 AHU).  
 

KEYWORDS 
 
Ductwork leakage, calculation tool, energy savings, financial impact, case study 
  
1 INTRODUCTION 

 
In the context of energy saving, new buildings are becoming more airtight and purpose-
provided, often central mechanical ventilation is required to create and sustain a healthy indoor 
air quality (IAQ). This policy is summed up by the well-known energy efficiency mantra “Build 
tight, ventilate right”.  
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Central mechanical ventilation systems require ductwork systems to distribute air inside the 
building, but in practice, they are often not airtight. The numerous issues caused by leaky 
ductwork, including excessive fan energy use, acoustic discomfort and possibly even poor IAQ, 
if the ventilation system is not commissioned correctly, have been well outlined in literature 
and summarised recently in (Leprince et al., 2020), but there still appears to be a lack of 
awareness about the impact of such issues in the construction industry. Measurements 
performed in France in the context of the Effinergie + (Moujalled et al., 2018) have shown that 
almost 50% of the ductwork systems in the tested houses have ductwork airtightness 2.5*class 
A or worse. This stresses the need to change construction habits because the ductwork in most 
of the tested buildings was designed to achieve at least class A (required by the Effinergie + 
label), but missed the target.  
 
A simple tool was developed using a simplified model to estimate the financial impact of leaky 
ductwork on fan energy use in buildings over their whole life. The impact on other things, for 
example the heating and cooling energy losses in case the air is pre-conditioned, have not been 
considered. This tool assumes that the design or hygienic flow rates in all habitable and wet 
rooms are achieved, and it is based on two previous publications from the 40th (Leprince et al., 
2019) and 42nd (Hurel and Leprince, 2022a) AIVC Conferences. It has been designed for central 
mechanical ventilation systems with energy recovery and central mechanical extract ventilation 
systems  
 
The purpose of this user-friendly tool is to help to raise awareness about this issue and 
encourage the design and installation of airtight ventilation ductwork systems, which are readily 
available on the market. 
 
A case study is presented using the same 4 houses as Leprince et al.(2019), as well as a school 
building from the PromevenTertiaire project (Hurel and Leprince, 2022b) as examples of 
energy and financial impacts. 
 
2 MODEL FOR THE LEAKAGE IMPACT CALCULATION  

 
The model used in the calculation tool is detailed below. It is based on two studies by Leprince 
et al. (2019) and Hurel and Leprince (2022a).  
 
2.1 Fan energy use  

The electrical AHU fan power (PAHU) depends on its flowrate (QAHU) and pressure (ΔpAHU): 

𝑃𝐴𝐻𝑈 =
Δ𝑝𝐴𝐻𝑈 × 𝑄𝐴𝐻𝑈

𝜂 × 3600
 (1) 

PAHU W Electrical fan power 
ΔpAHU Pa Pressure induced by the fan 
QAHU m3/s Flowrate delivered by the fan 
η  - Fan efficiency 
 

The higher the pressure loss in the ductwork system, the more the fan needs to produce flowrate 
and pressure to compensate this resistance and meet the hygienic flowrates to ensure a good 
IAQ. As illustrated in Figure 1, depending on its settings and characteristics, the fan can be: 

- In full compensation of leakage if the ATDs flowrates are the one expected (good IAQ 
but electrical overconsumption)  
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- In zero compensation of leakage if no additional flowrate in provided to compensate for 
leakage (poor IAQ but no electrical overconsumption)  

- In partial compensation, with an IAQ more or less deteriorated and a more or less 
significant electrical overconsumption depending on the compensation rate  
 

 

Figure 1- Impact of leaky ductwork 
The fan efficiency (η) varies with its flowrate, but for simplification purposes, it is considered 
constant in this study whatever the airtightness level of the ductwork.  
 
2.2 Pressure losses 

 
Pressure drop in ductwork systems is due to the irreversible transformation of mechanical 
energy into heat (ASHRAE, 2013). There are two types of losses: 

• friction losses (occurring along the ductwork) 
• and dynamic losses (occurring at bends and junctions) 

Friction losses  

 
Friction losses occur along the entire length of duct. They are due to fluid viscosity. Friction 
loss can be calculated using the Darcy equation (ASHRAE, 2013): 

∆𝑝𝑓 =
1000𝑓𝐿

𝐷ℎ
∗

𝜌𝑉2

2
 (2) 

 
Δpf  Pa Friction losses in terms of total pressure 
f   - Friction factor 
L   m Duct length 
Dh  m Hydraulic diameter 
V   m/s Velocity 
ρ  kg/m3 Air density 

Friction losses are proportional to the flow velocity to the power of 2 so also to the square of 
the flowrate. 
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Dynamic losses 

 
Dynamic losses result from flow disturbance caused by duct accessories, which change the 
direction of the flow (bends) and of the hydraulic diameter (adaptors) and at 
converging/diverging junctions. 
Dynamic loss can be calculated using the following equation (ASHRAE, 2013): 

∆𝑝𝑡 =
𝐶𝜌𝑉2

2
 (3) 

 
C  - Total loss coefficient (from all flow disturbances) 
Δpt  Pa Total pressure loss due to dynamic losses 

Total pressure loss in the ductwork 

 
Total pressure loss in a duct section is calculated by combining friction and dynamic losses. 

∆𝑝𝑙𝑜𝑠𝑠 = (
1000𝑓

𝐷ℎ
+ ∑ 𝐶) (

𝜌𝑉2

2
) 

 
(4) 

Therefore, the pressure loss in the ductwork system is proportional to the square of the flowrate 
and the higher the flowrate to overcome ductwork leakage, the higher resistance in the 
ductwork. 
 
2.3 Electrical overconsumption calculation in full compensation conditions 

The fan electrical overconsumption is estimated assuming a full compensation of ductwork 
leakage. The fan flowrate increases therefore with the air permeability of the ductwork: 

𝑄𝐴𝐻𝑈,𝑟𝑒𝑎𝑙 = 𝑄𝐴𝐻𝑈,0 + 𝑄𝑙,𝑟𝑒𝑎𝑙 (5) 
 
QAHU,real m3/h Fan flowrate with the real ductwork airtightness level  
QAHU,0 m3/h Fan flowrate with no ductwork leakage  
Ql,real m3/h Leakage flowrate within the ductwork  

With: 
𝑄𝑙,𝑟𝑒𝑎𝑙 = 𝐴𝑑𝑢 × 𝐶𝑙 × Δ𝑝𝑎,𝑑𝑢

0.65 × 3600 (6) 
 
Adu  m² Ductwork area  
Cl  m3/s/m² at 1Pa  Airtightness factor of the ductwork  
Δpdu Pa Average pressure difference between inside and outside the ductwork 

The average pressure difference between inside and outside the ductwork is given by: 

Δpa,du =
ΔpATD + ΔpAHU

2
 (7) 

Δpa,du Pa Average pressure difference between inside and outside the ductwork 
ΔpATD Pa Required pressure at air terminal devices to provide required airflow  

The pressure induced by the fan ΔpAHU depends on the airtightness level of the ductwork as 
more leakage increase the total flowrate and therefore the pressure losses (see equation (4)). 

To simplify the calculation and to avoid cross-reference, the ductwork leakage is calculated 
using equation (6) assuming a constant average pressure in the ductwork, which is the value 
without leakage: 
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Δpa,du ≈
ΔpATD + ΔpAHU,0

2
 (8) 

The airtightness factor of the ductwork characterizes the level of airtightness. The limit values 
for each airtightness classes used in this study can be read in Table 1. 

Table 1 - Classification of ductwork airtightness according to EN 16798-3 (CEN, 2017) 

Airtightness classes Air leakage limit (fmax) according to the 

test pressure (pt) [m3.s−1.m−2] Prev. name New name 

3A - 0,0810 x pt
0,65 x 10−3 

2,5A ATC 6 0,0675 x pt
0,65 x 10−3 

1,5A - 0,0405 x pt
0,65 x 10−3 

A ATC 5 0,027 x pt
0,65 x 10−3 

B ATC 4 0,009 x pt
0,65 x 10−3 

C ATC 3 0,003 x pt
0,65 x 10−3 

D ATC 2 0,001 x pt
0,65 x 10−3 

- ATC 1 0,00033 x pt
0,65 x 10−3 

 
For each airtightness level, the pressure at the fan is calculated as follows: 

Δp𝐴𝐻𝑈,𝑟𝑒𝑎𝑙 = ΔpATD + Δploss,real (9) 
 
Yet, according to equation (4) the pressure losses inside the ductwork increase with the square 
of the flowrate when leakages are compensated:  

Δ𝑝𝑙𝑜𝑠𝑠,𝑟𝑒𝑎𝑙

Δ𝑝𝑙𝑜𝑠𝑠,0
=

(
1000𝑓

𝐷ℎ
+ ∑ 𝐶𝑡) (

𝜌𝑉𝑟𝑒𝑎𝑙
2

2
)

(
1000𝑓

𝐷ℎ
+ ∑ 𝐶𝑡) (

𝜌𝑉0
2

2
)

=
𝑉𝑟𝑒𝑎𝑙

2

𝑉0
2 =

𝑄𝐴𝐻𝑈,𝑟𝑒𝑎𝑙
2

𝑄𝐴𝐻𝑈,0
2  (10) 

Combining equations (9) and (10): 

Δp𝐴𝐻𝑈,𝑟𝑒𝑎𝑙 = ΔpATD + (Δp𝐴𝐻𝑈,0 − ΔpATD) ×
𝑄

𝐴𝐻𝑈,𝑟𝑒𝑎𝑙
2

𝑄
𝐴𝐻𝑈,0
2

 (11) 

 
The fan power PAHU,real (W) is calculated for each airtightness level using equations (1), (5) and 
(11): 

PAHU,real =
Δp𝐴𝐻𝑈,𝑟𝑒𝑎𝑙 × 𝑄𝐴𝐻𝑈,𝑟𝑒𝑎𝑙

𝜂 × 3600
 (12) 

The power difference between the real and no leakage cases is given by:  

Δ𝑃𝐴𝐻𝑈,𝑟𝑒𝑎𝑙 = 𝑃𝐴𝐻𝑈,𝑟𝑒𝑎𝑙 − 𝑃𝐴𝐻𝑈,0  (13) 
  
2.4 Related extra costs calculation 

The extra costs related ductwork leakage fully compensated are calculated with the fan 
overconsumption, the yearly operating time (tAHU,y) and the electricity price (priceelec):  
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𝑒𝑥𝑡𝑟𝑎_𝑐𝑜𝑠𝑡𝑙 =
Δ𝑃𝐴𝐻𝑈,𝑟𝑒𝑎𝑙

1000
× 𝑡𝐴𝐻𝑈,𝑦 × 𝑝𝑟𝑖𝑐𝑒𝑒𝑙𝑒𝑐 

 
(14) 

 
3 RESULTS 

 
3.1 Calculation Tool 

 
A calculation tool was developed using the above model. A screenshot is presented in Figure 
2. The objective is to raise awareness about the negative impact of leakage and encourage the 
design and installation of airtight ventilation ductwork systems, which are readily available on 
the market. This tool is designed to be user-friendly with few simple inputs: 

- Designed fan characteristics: flowrate, pressure and power  

- Ductwork area: with a tool to estimate it from ductwork dimensions if the data is not available 

- Annual operating time: with a tool to estimate it if the data is not available 

- National cost of a kWh: to translate the energy losses into costs 

- Years of operation: to estimate the impact through the whole ductwork lifespan, with a tool 

to estimate it if the data is not available according to data provided by Andersen and Negendahl 

(2023). 

 
Figure 2 - Calculation tool (for the case study of house 1) 

As an output, the impact of the ductwork leakage is calculated using the equations presented in 
section 2 for the various ductwork airtightness classes (see Table 1), with the following 
parameters: 

- The annual energy overconsumption compared to a perfectly airtight ductwork given in kWh 

and as a percentage of the fan consumption without leakage. 

- The financial cost of the ductwork leakage compared to a perfectly airtight ductwork, given 

both annually and as a total for the estimated years of operations. 

 

965 | P a g e



3.2 Case studies 

The following four scenarios have been simulated (data from (Leprince et al., 2019)): 
- House 1 is a medium-sized house with a central mechanical ventilation system with heat 

recovery. The ductwork system is a radial air distribution system using semi-rigid plastic 

ductwork. The diameter of the ductwork is 75mm and the total length is 125m. It is assumed 

that the ductwork is equally split between supply and extract. 

- House 2 is also a medium sized house a central mechanical ventilation system with heat 

recovery. The ductwork system is a trunk and branch air distribution system using metal or rigid 

plastic ductwork with 6m of ductwork DN160mm and 40m of ductwork DN125mm. It is 

assumed that the ductwork is equally split between supply and extract. 

- House 3 is a large house with a central mechanical ventilation system with heat recovery. The 

ductwork system is a radial air distribution system using semi-rigid plastic ductwork. The 

diameter of the ductwork is 75 mm and the total length is 200 m. It is assumed that the 

ductwork is equally split between supply and extract. 

- House 4 is a large house with a humidity-based extract only ventilation system, with self-

adjusting ATD. The average flowrate is 100 m3/h. The required pressure at the ATD is 70 PA. The 

ductwork area is assumed to be 7.4m² (radial air distribution system).  

For the houses 1 to 3, the fan power value is read from the performance curves of a ventilation 
unit with heat recovery with a high efficiency (provided by the manufacturer). The 
corresponding fan efficiency calculated according to equation (1) is 26% for houses 1 and 2, 
and 27% for house 3. The fan power value for the house 4 is calculated with equation (1) 
assuming a similar fan efficiency of 27%. 
 
In addition, one of the 10 AHU of a 4500 m² French school building (for 500 children) has been 
simulated (data from the PromevenTertiaire project (Hurel and Leprince, 2022b)).  

Table 2 – Parameters of the ventilation systems for the 5 case studies (for houses 1 to 3: data apply to both 
exhaust and supply systems) 

 
House 1 House 2 House 3 House 4 School (1 AHU) 

 Exh./Sup. Exh./Sup. Exh./Sup. Exh. Exh. Sup. 
Fan flowrate (m3/h) 225 225 300 100 13500 11855 
Fan pressure (Pa) 110 110 160 150 130 130 
Pressure ATD (Pa) 10 10 10 70 43 35 
Fan power (W) 26 26 49 15.4 4701 4143 
Ductwork area (m²) 14.72 9.36 23.6 7.4 317 279 
Operating time (h/y) 8760 1140* 

* 2000 hours (10 h/d; 5 d/w; 40 w/y) x 57% due to CO2 regulation (value from the Avis Technique of the ventilation system) 

The annual energy overconsumption resulting from ductwork leakage is presented in Table 3 
with both the value in kWh and as a percentage of the fan consumption without leakage. If the 
fans are able to fully compensate for leakage, the annual energy use increase for a very leaky 
ductwork (3A) compared to an airtight one ranges between 58% and 173% for the 4 single-
family houses, and is of 33% for the school AHU.  
 
The corresponding financial losses assuming 80 years of operation and an electricity cost of 
0.28 €/kWh (EU average in the second half of 2022 according to Eurostat1) are presented in 
Table 4. For very leaky ductwork (3A), they range from 50€ to 415€ per year (4.0 k€ to 33.2 
k€ after 80 years) for the single-family houses, and 922€ per year (74 k€) for one of the school 

1 https://qery.no/consumer-energy-prices-in-europe/ 
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AHU. As there are in total 10 AHU in the school, the total financial impact would probably be 
in the order of magnitude of 10 k€ each year for this airtightness level. 
 
In addition, the annual fan(s) energy uses for each building are plotted in Figure 3 according to 
the ductwork airtightness level. One can note that the energy use strongly decreases by 
improving the ductwork airtightness until ATC 4 (class B) and then tends to decrease more 
slowly when improving until ATC 1.  
 

Table 3 – Annual energy overconsumption due to ductwork leakage (absolute value and percentage of fan 
energy use) according to the ductwork airtightness level for the 5 case studies 

Airtight. classes House 1 House 2 House 3 House 4 School (1 AHU) 

Prev. New kWh %fan kWh %fan kWh %fan kWh %fan kWh %fan 

3A - 451,7 99,2% 262,6 57,6% 1482 173% 180,1 133% 3293 33% 
2,5A ATC 6 361,4 79,3% 213,0 46,8% 1164 136% 142,1 105% 2697 27% 
1,5A - 199,5 43,8% 121,1 26,6% 617,6 71,9% 76,1 56,4% 1562 15,5% 

A ATC 5 127,5 28,0% 78,6 17,2% 386,4 45,0% 47,9 35,5% 1023 10,2% 
B ATC 4 40,1 8,8% 25,2 5,5% 118,1 13,8% 14,8 10,9% 333,1 3,3% 
C ATC 3 13,1 2,9% 8,3 1,8% 38,2 4,5% 4,8 3,6% 110,2 1,1% 
D ATC 2 4,3 1,0% 2,8 0,6% 12,6 1,5% 1,6 1,2% 36,6 0,4% 
- ATC 1 1,4 0,3% 0,9 0,2% 4,2 0,5% 0,5 0,4% 12,2 0,1% 

 

Table 4 - Annual and total (for 80 years of operation) cost of ductwork leakage according to the ductwork 
airtightness level for the 5 case studies 

Airtight. classes House 1 House 2 House 3 House 4 School (1 AHU) 

Prev. New Annual Total Annual Total Annual Total Annual Total Annual Total 

3A - 126 € 10 117 € 73,5 € 5 881 € 415 € 33 199 € 50,4 € 4 035 € 922 € 73 772 € 
2,5A ATC 6 101 € 8 095 € 59,7 € 4 772 € 326 € 26 071 € 39,8 € 3 182 € 755 € 60 415 € 
1,5A - 55,9 € 4 469 € 33,9 € 2 713 € 173 € 13 834 € 21,3 € 1 706 € 437 € 34 999 € 

A ATC 5 35,7 € 2 855 € 22,0 € 1 760 € 108 € 8 655 € 13,4 € 1 073 € 287 € 22 924 € 
B ATC 4 11,2 € 898 € 7,1 € 565 € 33,1 € 2 645 € 4,1 € 331 € 93,3 € 7 463 € 
C ATC 3 3,7 € 294 € 2,3 € 186 € 10,7 € 856 € 1,3 € 107 € 30,8 € 2 468 € 
D ATC 2 1,22 € 97 € 0,77 € 62 € 3,53 € 282 € 0,44 € 36 € 10,26 € 820 € 
- ATC 1 0,40 € 32 € 0,26 € 21 € 1,17 € 94 € 0,15 € 12 € 3,41 € 273 € 

 
 

 
Figure 3 - Annual fan energy use for each case study according to the ductwork airtightness level 

967 | P a g e



 
4 CONCLUSIONS 

 
A simple tool was developed using a simplified model to estimate the financial impact of leaky 
ductwork in buildings over their whole life. It assumes that the design or hygienic flow rates in 
all habitable and wet rooms are achieved, that is to say that the fan fully compensates for 
ductwork leakage. The purpose of this user-friendly tool is to help to raise awareness about this 
issue and encourage the design and installation of airtight ventilation ductwork systems, which 
are readily available on the market.  
 
It has been designed for central mechanical ventilation systems with energy recovery and 
central mechanical extract ventilation systems 
Case studies for 4 houses and one of the 10 AHU of a school building show the significant 
impact of ductwork leakage on energy use and electricity bills. It is found that a very leaky 
ductwork (class 3A) induces: 

-  an increase of fan energy use ranging between 58% and 173% for the 4 single-family houses 

(180 to 1482 kWh) and of 33% for the school AHU (3293 kWh).  

- a financial impact for 80 years of operation ranging between 4.0 k€ to 33.2 k€ for the 4 single-

family houses and reaching 74 k€ for the school AHU (out of the 10 AHU).  

To conclude, this tool shows the significant financial benefits of installing airtight ventilation 
ductwork systems in all buildings, including single-family houses with rather small ductwork 
areas. For larger buildings with more powerful fans and larger ductwork areas, the energy use 
and financial impact are vastly increased. A good level of ductwork airtightness also reduces 
the risks of noise and/or odour hindrance, and in case the air is preconditioned the energy and 
financial savings are even more substantial. 
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SUMMARY 
 
In celebration of its 30th Anniversary in 2022, the International Society of Indoor Air Quality and 
Climate (ISIAQ) organized a groundbreaking webinar series that spanned the entire year. This series 
brought together esteemed researchers who have made significant contributions to the field of indoor 
air sciences, as well as young and promising researchers who are shaping the future of research in this 
domain. 
 
Comprising six informative webinars (https://www.isiaq.org/webinars.php), the series covered a wide 
range of crucial topics. The first webinar, titled "30+ Years of Knowledge Creation: Indoor Air 1991-
2021," delved into the wealth of knowledge accumulated over three decades in the realm of indoor air 
quality, focusing on research published in the Indoor Air journal. It explored the evolution of research, 
advancements in technology, and the current state of understanding in the field. 
 
The second webinar, "What We Know and What We Should Know About Indoor Environmental 
Quality," tackled the existing knowledge and identified areas that require further exploration and 
understanding in the realm of indoor environmental quality. It provided insights into the latest research 
findings and highlighted important knowledge gaps that need to be addressed. 
 
Recognizing the often-overlooked exposure route, the third webinar, "Dermal - the often-overlooked 
exposure route," shed light on the significance of dermal exposure in indoor environments. Experts 
discussed the impact of various chemicals and pollutants that can affect human health through skin 
contact. 
 
In light of the pressing challenges posed by energy crises, pandemics, and climate change, the fourth 
webinar, "Winter is coming: challenges for indoor air sciences in times of energy crisis, pandemics & 
climate change," explored the unique challenges faced by indoor air sciences in these complex times. It 
emphasized the importance of developing sustainable, resilient, and healthy indoor environments. 
 
Shifting the focus from research to practical application, the fifth webinar, "From Research to Practice: 
Past Successes and Remaining Gaps," examined the successful translation of research findings into 
practical solutions for improving indoor air quality. It identified areas where further research and 
collaboration are needed to bridge remaining gaps between theory and practice. 
 
Lastly, the series concluded with a webinar titled "The long history of airborne infection transmission: 
why don't we use the knowledge we have," which addressed the historical knowledge and understanding 
of airborne infection transmission. Experts emphasized the importance of utilizing existing knowledge 
and implementing appropriate measures to mitigate the spread of airborne diseases. 
 
Overall, the ISIAQ's 30th Anniversary webinar series provided a comprehensive platform for renowned 
researchers and emerging talents to exchange insights, discuss pressing issues, and highlight the future 
directions of indoor air sciences. It celebrated the past achievements of the society while also 
recognizing the importance of continuous research and collaboration in ensuring healthy and sustainable 
indoor environments. 
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ABSTRACT 
 

 

To reduce the carbon footprint of the built environment, a significant overhaul of the existing housing stock is 

essential. This entails not only ensuring proper insulation and airtightness in residences but also optimizing their 

ventilation systems. To precisely gauge the impact of an advanced ventilation system, the use of a pressure node 

model, such as multizone ventilation models like COMIS or TNO's AirMAPs model, is indispensable. However, 

when dealing with existing dwellings, numerous unknown variables, including interior door usage, can introduce 

substantial variations in results. A simplified approach can also lead to reduced calculation times. This paper 

employs a simplified approach, comparing advanced ventilation solutions in a specific dwelling based on limited 

building and user behaviour data. We present the current progress in modelling choices, and the initial results are 

promising. Initial results from the first comparison between the Dutch standard ventilation method (BKN) and the 

single-zone model are promising. When examining manually operated mechanical exhaust and natural supply 

systems (C1) alongside manually operated balanced heat recovery systems (D2), the ventilation flows align well. 

Furthermore, the CO2-controlled systems demonstrate a reasonable and as might be expected reduction of 

ventilation flows in relation to the actual CO2-control as being used . 

 

KEYWORDS 
 

Simulation, ventilation system, retrofitting, energy efficiency, indoor air quality, simplified one zone, multizone 

models 

  

1 INTRODUCTION 

 

To mitigate the carbon footprint of the built environment, a substantial transformation of 

existing housing stock is imperative. This involves not only ensuring proper insulation and 

airtightness in residences but also optimizing their ventilation systems. In recent years, there 

has been a surge in innovative ventilation solutions in the market, enabling precise timing and 

location of ventilation based on occupancy patterns. This leads to a significant reduction in 

overall ventilation and, consequently, reduced heating requirements. 

 

Numerous programs are available for simulating heat losses and gains and indoor 

environmental quality in dwellings, ranging from basic RC networks to more advanced tools 

such as TRNSYS or EnergyPlus. To accurately evaluate the impact of an advanced ventilation 

system, a pressure node multizone ventilation model such as  COMIS [1] or the AirMAPs 

model [2] [3] developed by TNO is indispensable. However, when dealing with existing 

dwellings, several unknown variables, such as interior door, can introduce substantial 

variations in results. A simplified approach can also lead to reduced calculation times. This 
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paper adopts a simplified approach, comparing advanced ventilation solutions in a specific 

dwelling based on limited building and user behaviour data. 

 

Moreover, there is a multitude of systems designed to recover heat or cold from exhaust air, 

subsequently using it to heat or cool supply air or provide hot tap water. To make informed 

decisions among these various ventilation system options and combinations for reducing the 

carbon footprint, it is crucial to understand their effects within a specific home. These effects 

depend on various factors, including the insulation quality of the building envelope, which 

influences the duration of the heating or cooling season. Additionally, factors such as 

infiltration and window usage play a pivotal role in determining heating and cooling demands. 

Furthermore, infiltration rates vary, depending on whether a balanced ventilation system or a 

system that creates over or under pressure is employed. 

 

 

2 SIMPLIFIED MODELING APPROACH ENERGY AND IEQ 

 

To achieve a precise evaluation of thermal comfort and energy consumption, it is imperative to 

employ a fine spatial resolution, involving multiple zones, in the modelling process, as opposed 

to using a single zone for a house. In our approach of reduced-order modelling, the primary 

focus is on employing a multizone RC-model (heat model). It's important to note that a 

multizone ventilation model demands a substantial number of input parameters and 

considerably extends the calculation time. Hence, we aim to integrate this multizone RC model 

with a one-zone ventilation model, a strategy that not only curtails the volume of required input 

parameters but also minimizes simulation time. The integration of models with different 

number of zones for the thermal and ventilation model necessitates a flexible coding framework 

for the comprehensive model. 

 

2.1 Multizone RC network 

In order to develop a more precise reduced RC model, we will employ a variety of standardized 

dwelling layouts that accurately represent the Dutch building stock. These layouts are visually 

depicted in figure 1 and encompass an apartment (or single-story dwelling) as well as 2-story 

or 3-story single-family houses. The number of thermal zones will range from 2 to 4, enhancing 

spatial detail. In the context of an apartment, a minimum of 2 zones is essential to replicate the 

influence of diverse room orientations. Typically, residents in the Netherlands tend to heat 

either the living room or, in some cases, both the living room and the bedroom, and occasionally 

even the attic. This leads to a maximum of 4 thermal zones. Each dwelling layout includes 

zones oriented in different directions, a crucial factor for investigating potential overheating 

issues. 

 

For a specific dwelling, based on a pre-established Building Information Model (BIM), 

specifically gbXML in this case, an RC-model will be created [4], serving as a Building Energy 

Model (BEM). Given that both models function as network models, the transition from BIM to 

BEM is automated. 
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Figure 1: Reduced thermal model layouts characteristic for the Dutch building stock 

 

2.2 Ventilation model 

In order to reduce the number of input parameters of the ventilation model and reduce 

simulation time, we will implement a one-zone ventilation model, integrated with a multizone 

RC network. Within this model the ventilation features, including mechanical flows and 

ventilation grilles, based on the ventilation system, the envelope's leakages and the windows, 

will be automatically incorporated to align with the underlying multizone RC-model. This 

means, for instance, that the ventilation model includes envelope leakages and ventilation 

grilles, if present,  for each zone within the thermal model. The ventilation flow in each zone is 

calculated by considering both the airflow through cracks, window openings, and grilles in the 

façade, as well as the mechanical ventilation provision within the zone. Figure 2 illustrates an 

example of the one-zone ventilation model for a mechanical exhaust system in a single-family 

house, with a 4-zone thermal RC-model delineated by a dotted line. 

 

 
Figure 2: One zone ventilation model in combination with single-family house RC-model 
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2.3 Driving forces 

The ventilation model will consider various driving forces, including wind pressures, thermal 

buoyancy and mechanical fans. To simulate wind pressures, we will create several sets of 

wind pressure coefficients tailored to different dwelling typologies, such as sheltered 

locations and non-sheltered locations. For thermal buoyancy, we will utilize the indoor 

temperatures calculated using the RC model and the placement of openings aligns with the 

BIM model. 

 

2.4 Ventilation systems 

We have integrated various types of ventilation systems and ventilation system controls into 

the ventilation simulation, all of which are commonly utilized in Dutch houses. Here are the 

details, including their respective names according to the Dutch Standard for energy 

performance building calculations (NTA8800): 

 

a) Manual control of mechanical exhaust systems with standard grilles or self-controlled 

grilles based on 1 Pa (Type C2 and C2a). 

b) Manual control of balanced ventilation systems (Type D2). 

c) CO2-controlled exhaust systems (Type C4a and C4c). 

d) CO2-controlled balanced ventilation systems (Type D3). 

e) Fans (central or decentralized) with CO2 control on a per-room basis (Types C5b, D5a, and 

D5b). 

 

These ventilation systems encompass the ones currently used in Dutch houses and those that 

can be implemented during renovations. They range from systems primarily operated 

manually to those equipped with room-level CO2 control.For the manual control of 

ventilation provisions, we extract data from schedules (time series). CO2 control is 

automatically simulated based upon the presence of individuals in various zones, as dictated 

by occupancy patterns. 

 

2.5 Presence and occupant behaviour 

The presence of individuals and their behavior regarding the manual use of ventilation 

systems, internal doors and windows is determined through schedules (time series). We 

employ hourly schedules for both weekdays and weekends. To model the utilization of 

ventilation systems and windows, multiple schedules are created, each assuming different 

usage patterns for these elements. 

 

Regarding occupancy, it's common for people to be present for a few hours during the day or 

evening in the living room, and during the night in the bedroom(s). The number of bedrooms 

in use is determined based on the number of individuals in the household. This information is 

especially significant for CO2-controlled ventilation systems, where occupancy plays a 

crucial role. 

 

2.6 Indoor Air Quality 

The RC-model encompasses the living and sleeping zones. By using the square meter data 

from the BIM file, the ventilation provisions are established in accordance with Dutch 

building standards for each thermal zone. This approach provides a clear understanding of the 

required ventilation for each zone when occupied. When combined with the concurrently 

simulated ventilation, it offers insights into indoor air quality throughout the simulated time 

period. When individuals are present in a thermal zone, we assess the Indoor Air Quality 

(IAQ). We calculate the IAQ by determining the ratio between the ventilation rate and the 
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number of individuals multiplied by the required ventilation per person, which is fixed at 25 

m³/h and 70% of 25 m3/h during sleeping due to the lower metabolism. 

   

Formula: IAQ(zone) = ventilation / (number of persons * 25 m³/h)  (1) 

 

As KPI is considered the percentage of time with IAQ < 1 (based on the time a person is 

present in a zone or in the dwelling). 

In cases of exfiltration, we take into account the average pollution of the rest of the dwelling 

and use that to determine IAQ of room. 

 

2.7 Window modelling 

We will investigate the significance of turbulent air exchange, where both ingoing and 

outgoing airflow occur simultaneously when windows are open (as depicted in figure 3) [5]. 

This turbulent air exchange is influenced by factors such as the temperature disparities 

between the indoor and outdoor environments, as well as the dimensions and surface area of 

the window [6]. 

 

 
 

Figure 3: Turbulent air exchange open window 

 

2.8 Internal door modelling 

The state of internal doors, whether open or closed, has a substantial impact on ventilation 

flow, particularly when grilles or windows are open on both sides of a building. This 

consideration notably applies to bedroom doors. In the Netherlands, there are varying 

practices, with some individuals keeping them closed almost all the time while others leave 

them open frequently. The latter approach enhances cross-ventilation by exploiting pressure 

disparities created by wind affecting different building facades. We will explore scenarios 

with bedroom doors either consistently closed or consistently open. 
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In the case of closed internal doors, the ventilation model will account for additional 

resistance in the openings of ventilation grilles or windows. This approach addresses the 

typical challenges associated with ventilating bedrooms located on the leeward side of single-

family houses. 

 

2.9 Airtightness 

The airtightness of a specific dwelling will be determined either through measurements, if 

available, or calculated in accordance with the Dutch NTA8800 standard, taking into 

consideration the construction year and the type/layout of the dwelling. 

 

3 VALIDATION OF THE SIMULATION MODEL 

 

Simulations are conducted using a ground-based row dwelling as the basis for comparison. 

These simulations are compared with simulations based on the multizone ventilation model 

COMIS, following a standardized Dutch method (BKN). 

 

3.1 Comparison between simplified method and standardized Dutch method 

A comparison is conducted using a typical row dwelling, considering both the standardized 

Dutch method (BKN) and the simplified method as shown in figure 4. In figure 4 the 

ventilation due to the ventilation system (without leakages) is given. The assessment involves 

scenarios for the simplified 1 zone model used by a household of 2 or 4 persons, utilizing a 

mechanical exhaust system with manual control and a grills in the façade (C1), as well as a 

manually controlled balanced ventilation system with heat recovery (D2). The ventilation 

flows in these scenarios align closely with each other. 

 

Additionally, various other ventilation systems are evaluated using the simplified method, and 

the resulting ventilation flows appear reasonable or as might be expected. The reduction of 

the ventilation is in line with the reduction for the different ventilation systems according to 

the Dutch Standard to calculate the EPBD (NTA8800), this will be reported more extensive in 

future publications. Furthermore the following can be concluded: 

- The flow with CO2-controlled systems (exhaust systems C4a, C4c and C5b and 

balanced systems D3, D5a and D5b) are substantial reduced in relation to the manual 

controlled systems (respectively C1 and D2). 

- Systems C4a and C4c have the same flows in case of a household with 2 persons, 

because these 2 persons only use the zones equipped with  CO2-control according 

system C4a (living room and main bedroom). So the CO2-control in the other zones in 

case of system C4c (living room and all bedrooms) is not used. With 4 persons 

however the ventilation with system C4c increases to some extend in relation to 

system C4a, because of the fact that in case of 4 persons also other bedrooms (besides 

the main bedroom) are used. Thus the ventilation increases using system C4c, but also 

the IAQ improves. 

- System D3 has a very low ventilation. This is due to the fact that only the living room 

is CO2-controlled. When people use the bedrooms in case of system D3 the 

ventilation is not increased, while the system D5a and D5b have CO2-control in all 

bedrooms and thus increase the ventilation in case the bedrooms are used. The system 

D5a and D5b thus have a higher ventilation compared to system D3, but also a better 

IAQ. Overall the system D5a and D5b thus are better. 
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Figure 4: Average ventilation flows are compared in dm3/s between the standardized Dutch 

BKN method and the simplified 1 zone method for 2 persons and 4 persons household using 

manual controlled ventilation systems C1 and D2. Including calculations of the 2 persons and 

4 persons household of the 1 zone ventilation model using different controlled ventilation 

systems (C2a, C4a, C4c, C5b, D3, D5a and D5b). 

 

4 CONCLUSIONS 

Initial results from the first comparison between the Dutch standard ventilation method (BKN) 

and the single-zone model are promising. When examining manually operated mechanical 

exhaust and natural supply systems (C1) alongside manually operated balanced heat recovery 

systems (D2), the ventilation flows align well. Furthermore, the CO2-controlled systems 

demonstrate a reasonable and as might be expected reduction of ventilation flows in relation to 

the actual CO2-control as being used, and these reductions are also in line with the Dutch 

Standard for EPBD Calculations (NTA 8800). 

Additionally, more in-depth investigation is required to compare ventilation flows per zone 

calculated in a multi-zone model, with particular attention to the zoned ventilation system.  

We will further research a one value KPI for IAQ to compare different renovation measures 

with end users. 
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