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Conference scope 

More than ever in the past, climate change and the transition to carbon neutrality are at the 

center of many countries´ policies and research programmes. The building sector plays a 

crucial role in achieving these goals, considering the carbon emissions attributed to buildings’ 

construction and operation, and its potential for better energy performance. At the same time 

the COVID-19 crisis has emphasized the need to improve indoor air quality (IAQ) and 

ventilation in our buildings to reduce the risks of airborne virus transmission. All these 

challenges require a transformation of the existing building stock that at the same time 

achieves better IAQ and lowers environmental impact. 

In 2022 the Air Infiltration and Ventilation Centre organizes its first international conference 

since the beginning of the COVID-19 crisis. Therefore the conference organizers want to pay 

specific attention to the role of ventilation and infiltration in building decarbonization, and 

improvement of indoor air quality including epidemic preparedness. How can design, 

construction and renovation practices, innovative and digital technologies help in today’s 

challenges? 

This is the context defining the core theme of the joint 42nd AIVC, 10th TightVent and 8th 

venticool Conference: “Ventilation Challenges in a Changing World”. 

Within its 42th year of operation and annual Conference, the AIVC board decided to offer 

authors the opportunity for a peer review of their paper. The procedure was twofold including 

2 separate calls for abstracts & papers depending on whether the authors were 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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of industry and the well-being of society in a sustainable way. This is our mission and it is 

what drives us in our work every day. TNO is an independent research organisation that 

employs some 3,000 specialists. We believe in the joint creation of economic and social 

value. Our strategy is a reflection of the trends we observe in society and technology. Please 

visit our website to see our latest innovations and partnerships at: https://www.tno.nl/en/ 
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occupants in buildings and places of work around the world, and to make sure the knowledge 

from research on IEQ is implemented in practice by engineers and practitioners. 
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cooperation and collaboration between the member organizations on indoor environmental 

quality issues. The alliance is formed as an interdisciplinary, international working group of 

member organizations interested in indoor air quality, thermal comfort, lighting and acoustic 

science, technology, and applications to stimulate activities that will help in a significant way 

to improve the actual delivered indoor environmental quality in buildings. 
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SUMMARY 
 

By 2050, the entire built environment must be climate neutral. Before that final date, we have to find an alternative 

to the use of fossil energy in the built environment. The switch to a climate neutral built environment requires an 

integrated approach, focusing on switching to alternative, non-fossil fuels and on reducing the energy demand by 

taking energy efficiency measures.  

The European Commission concludes that the current renovation rate is about 0.8% per year. This must increase 

to at least 1.5% and for public buildings even to 1.7% per year if we want to achieve our final goal in time. The 

European Commission urges to start with the worst performing buildings, since this is most cost efficient and will 

lead to the highest emissions reduction in the short term. This requires actions from home owners, including 

housing associations, government, including municipalities, academia and business.  

We can use this effort to improve the quality of our living environment, show that renovation can also provide 

people with more comfort and save money. Renovation to keep your house warm and save heating costs, but 

without overheating on hot summer days and without reducing indoor air quality by sealing crevices too much.  

The energy and climate crisis exist, so we need to accelerate now. We can’t afford to get stuck on the question of 

who does what first. If we work together intensively, we can achieve the goals. It requires innovative, creative and 

heroic solutions. Continuing current building and installation practices will lead to poor solutions. Cooporation 

and exchange of information between many parties is required. We are not in a competition with each other, but 

with time. 

 

KEYWORDS 
European cooperation, climate change, existing building stock, fossil energy, retrofitting, comfort 
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SUMMARY 
 

Air cleaning has been considered an alternative method of improving indoor air quality and, in some cases, 

as a supplement to ventilation. The need for energy reduction to reduce the emission of CO2 into the atmosphere 

and subsequently combat the consequences of climate change has brought air cleaning into focus in recent years. 

The increased interest also is a consequence of increased particularly ambient air pollution in some parts of the 

world, but also indoor air pollution such as formaldehyde, and the need to protect the building occupants against 

the adverse effects of pollutants in ambient air. The recent COVID-19 pandemic has further amplified the interest 

in air cleaning and accelerated emerging of different new and advanced air cleaning methodologies. Zhang et al. 

(2011) documented some of these trends in their review paper. 

There are several air cleaning technologies (ASHRAE, 2013). The three major types of air cleaning are 

classified depending on the air pollutants removed. These are air filtration, which is used to remove particles, gas-

phase air cleaning, that is, removing gaseous pollutants, and air cleaners, which remove biological pollutants; some 

air cleaners remove different types of pollutants and can be classified across these categories. There are also air 

cleaners that combine different technologies to remove different types of air pollutants. The pollutants are removed 

using passive or active methods, by collection, removal, and transformation. In active air cleaners, the mechanical 

force needs to be used to remove pollutants. Some air cleaners are installed in the ventilation systems (in-duct), 

and some are portable.  

The performance of air cleaners is characterized by efficiency and effectiveness. The former characterizes 

how effectively the pollutants are removed. The latter characterizes how effective an air cleaner is in improving 

indoor air quality compared to other methods such as e.g., ventilation. High efficiency does not guarantee high 

effectiveness (Stephens et al., 2022). Air cleaners are also characterized by clean-air delivery rate (CADR) -  a 

pollutant-free air delivered by an air cleaner equivalent to outdoor air delivered by ventilation. 

 Zhang et al. (2011) evaluated the performance of different air cleaner technologies in terms of their 

efficiency in removing different pollutants. They concluded that there is no single technology that effectively 

removes all pollutants. Among the different technologies reviewed based on the information available in the 

literature, particle filtration and sorption of gaseous pollutants were found to be the most effective. The review 

could not provide credible information on the clean-air delivery rate of different air cleaning technologies; thus, 

they could not well characterize their effectiveness.  

ASHRAE (2013) published the position document on filtration and air cleaning to provide information on 

their health consequences, thus extending the work performed by Zhang et al. (2011). They concluded that there 

is limited direct evidence of the health consequences of using air cleaning. The only evidence for health benefits 

found was for particle filtration, and there was suggestive evidence for other technologies, but no firm conclusions 

could be made. Although claimed, the information on health benefits is notably missing for new and emerging 

technologies, many of which use special methods to remove and/or destroy pollutants; the lack of adequate and 

credible information also applies to their overall performance (Lei et al., 2022).  

There are several challenges associated with the use of air cleaners. Among the few that need to be mentioned 

is the lack of standard methods to characterize the performance of air cleaners, maintenance requirements, and 

information on the long-term performance of air cleaners. In many cases, one or two pollutants are used to test the 

efficiency of air cleaners, but air cleaners are claimed to improve indoor air quality as if they removed all 

pollutants,  similar to other methods such as ventilation. Many air cleaners produce the by-products during the 

process of removal of pollutants. Many of them are more toxic than their precursors. There are basically no 

regulations concerning the by-production of air pollutants by air cleaners. Some air cleaning technologies use, and 

some produce ozone or other highly active reagents during the air cleaning process. The presence of ozone during 

the air cleaning process results in a relatively high ozone concentration downstream air cleaners and the risk of 

chemical transformations within the air cleaner reactor and in a space that negatively impacts. These processes 

limit the use of air cleaning indoors. 
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The major challenge in the future is to produce standard methods to test air cleaning technologies. This 

challenge applies especially to gas-phase air cleaners and some that remove biological pollutants; an example of 

the method for testing gas-phase air cleaners will be presented. Minimum criteria should be defined based on 

which different air cleaning technologies could be classified. One potential is to develop labeling systems 

considering clean air delivery rates, by-product production, and energy use. The above is a minimum prerequisite 

for the broad application of air cleaning technologies in buildings without bringing unnecessary risks to their 

occupants.  

 

KEYWORDS 
 

Filtration; Gas-phase air cleaning; Clean-air delivery rate; Maintenance; Perceived air quality  
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SUMMARY 
 

There is large amount of research on COVID-19 infections including the spread and removal mechanisms of the 

virus in indoor spaces. Ventilation, air cleaning and air disinfection are the main engineering measures to control 

the virus spread in buildings. Wells Riley model allows to calculate the infection risk probability for any airborne 

virus aerosol-based transmission, but this calculation is overcomplicated in the ventilation design because of large 

amount of input data needed that is not easy to understand to ventilation designers. In this paper, an explicit 

equation derived for ventilation rate in the steady state at given infection risk probability is applied and further 

simplified to be suitable for practical design purposes. Application of the default input data for quanta emission 

rates, breathing rates and removal mechanisms by decay and deposition makes it possible to propose outdoor air 

ventilation rate equations which only parameters are the number of occupants and room volume. These equations 

for common indoor spaces make it possible to design pandemic ready buildings with ventilation and air cleaning 

solutions.  

 

 

KEYWORDS 
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1 INTRODUCTION  

 

EN 16798-1:2019 specifies indoor air quality (ventilation rates) design methods so that the 

method based on perceived air quality is the first method (6.3.2.2 Method 1 based on perceived 

air quality). Respiratory infection risk-based design method introduced in this paper is intended 

to complement this method so that the highest ventilation rate given by these methods shall be 

used.  

 

According to the standard, in non-residential buildings, ventilation rates are calculated from 

perceived air quality by the visitors (unadapted persons) depending on the emissions from 

humans and building materials. Outdoor air flow rate: 

 

���� = ��� + �	�
 (1) 

 

where 

qtot = total ventilation rate for the breathing zone, L/s  

N   = design value for the number of the persons in the room, 

qp  = ventilation rate for occupancy per person, L/(s person) 
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AR  = room floor area, m2 

qB   = ventilation rate for emissions from building, L/(s m2) 

 

For low polluting materials, outdoor air ventilation rates are according to Equation 1 (1 L/s = 

3.6 m3/h): 

 10 L/s per person + 1 L/s per floor area in Category I;  

 7 L/s per person + 0.7 L/s per floor area in Category II (default, representing a normal level 

of expectation);  

 4 L/s per person + 0.4 L/s per floor area in Category III.  

These ventilation rates should be compared with infection risk-based ventilation rates Q and 

the higher value shall be used. 

 

2 INFECTION RISK-BASED VENTILATION RATES 

 

Kurnitski et al. (2021) have used Wells Riley model to derive an explicit equation for ventilation 

rate in the steady state at given infection risk probability, fully mixing air distribution and one 

infectious person in the room: 

 

� = ���
�� ( �

���) − ����� + ��� (2) 

 

where 

Q  outdoor air ventilation rate (m3/h) 

p probability of infection for susceptible person (-) 

�  quanta emission rate per infectious person (quanta/(h pers)) 

Qb volumetric breathing rate of an occupant (m3/h), see Table 1  

D duration of the occupancy (h) 

λdep deposition onto surfaces (1/h) 

k virus decay (1/h) 

V  volume of the room (m3) 

 

The main parameters affecting the required ventilation rate are the quanta emission rate 

(=emission source intensity), occupancy duration, accepted level of probability of infection and 

room volume. This equation allows to include other removal mechanisms in addition to outdoor 

air ventilation, such as air cleaners or facial masks: 

 

� = ( !"#)$��( !"%)�
�� ( �

���) − ����� + � + �&�� (3) 

 

where 

I number of infectious persons (-), default value I = 1 

'( facial mask efficiency for susceptible person (-) 

') facial mask efficiency for infected person (-) 

kf filtration by portable air cleaner (1/h) 
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For a portable air cleaner, the filtration removal rate (kf) is calculated with the rate of airflow 

through the filter (Qf), the removal efficiency of the filter (ηf) and room volume V: 

 

�& = *"*
+  (4) 

 

For portable cleaners with a high-efficiency particle air (HEPA) filter, the clean air delivery 

rate (CADR, m3/h) can be used to calculate the filtration removal rate as kf = CADR/V. The 

removal efficiency of filters and the CADR are particle-size dependent. These parameters are 

to be estimated based on the size range of 0.3-0.5 μm (REHVA 2022). 

 

To derive simple ventilation rate equations which can used in the ventilation design, the 

following default values have been applied for input data of mask efficiency, other removal 

mechanisms, quanta emission rates and breathing rates: 

 facial cloth mask efficiency (Ueki et al. 2021) for susceptible person '(= 0.3 

 facial cloth mask efficiency for infected person ') = 0.5 

 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 for common respiratory viruses, long term (> 2h) occupancy q = 10 

quanta/(h pers) 

 quanta emission rate for common respiratory viruses, short term (≤ 2h) occupancy with 

active oral communication q = 20 quanta/(h pers) 

 number of infectious persons in the room I = 1 pers 

 breathing rate in offices and classrooms Qb = 0.60 m3/h 

 breathing rate in meeting rooms and restaurants Qb = 0.76 m3/h 

 occupancy duration D = 2, 5 and 8 hours in meeting rooms, classrooms and offices 

respectively 

 

An acceptable individual probability p for a specific room can be calculated from the event 

reproduction number R: 

 

- = 	$
.%

 (5) 

 

where 

R event reproduction number (-), default value R = 0.5 

Ns the number of susceptible persons in the room Ns = N – I  

 

At low number of susceptible persons in the room, Equation 5 gives high values of the 

probability which have been limited to p ≤ 0.1. 

 

It is possible to simplify equations 2 and 3 by using the Taylor approximation of an exponential 

/0 ≅ 1 + 3 at low doses, that allows to rewrite Wells-Riley equation - = 1 − /!0 as follows: 
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3 ≅  
 !� − 1 (6) 

 

where 

3  quanta inhaled by 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 − -) ≅ 1 + -⁄  that applies if 

|-| ≪ 1 equation 3 can be rearranged: 

 

� = ( !"#)��( !"%)�.%
	 − ����� + � + �&�� (7) 

 

This equation allows to calculate infection risk-based ventilation rates in simple fashion when 

substituting default values of quanta emission rate, breathing rate and occupancy duration. 

 

3 INFECTION RISK-BASED VENTILATION RATES FOR COMMON SPACES 

 

By applying Equation 7 and default values specified in Section 2, infection risk-based outdoor 

air ventilation rate equations for common spaces can be derived as shown in Table 1. These 

airflow rates apply for situation with no facial masks, no portable air cleaners and fully 

mixing air distribution. 

 

Table 1. Outdoor air ventilation rates Q (L/s) calculated from the number of persons in the room N (-) and 

volume of the room V (m3). 

 N ≥ 8 1 < N < 6 

Office Q = 26.7(N-1) – 0.242V Q = 133 – 0.242V  

Classroom Q = 16.7(N-1) – 0.242V Q = 83.3 – 0.242V 

Meeting room, restaurant Q = 16.9(N-1) – 0.242V Q = 84.4 – 0.242V 

Gym Q = 73.3(N-1) – 0.242V Q = 367 – 0.242V 

 

Outdoor air ventilation rates calculated with equations in Table 1 apply at full mixing air 

distribution. For other air distribution solutions the required supply airflow rate can be 

calculated with ventilation effectiveness defined in EN 16978-3:2017: 

 

�( = 
9:

 (8) 

 

where 

Qs required supply airflow rate at actual air distribution solution (L/s) 

;v ventilation effectiveness (-) 

 

Ventilation effectiveness can be calculated from measured tracer gas concentrations: 

 

;< = =>!=?
=#!=?

 (9) 
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where 

Ce  concentration in the extract air duct; 

Ci concentration in the breathing zone at studied location in the room; 

C0 concentration in the supply air. 

 

In the case of large rooms or rooms with partitions, the volume in equations in Table 1 should 

represent the volume of the zone where infectious quanta emission is expected to be spread and 

removed by extract air. Ventilation effectiveness values depend on the source location and the 

values representing a worst case or typical locations should be used. 

 

Portable air cleaners may compensate a considerable part of infection risk-based outdoor air 

ventilation rate. Portable air cleaners shall be located so that a fully mixing air distribution is 

achieved in the room or zone with volume V. For a portable air cleaner, the filtration removal 

rate kf (1/h) is calculated with the rate of airflow through the filter Qf (m
3/h), the removal 

efficiency of the filter ηf (-) and room volume V (m3): 

 

�& = *"*
+  (10) 

 

For portable cleaners with a high-efficiency particle air (HEPA) filter, the clean air delivery 

rate (CADR, m3/h) can be used to calculate the filtration removal rate as kf = CADR/V. 

Outdoor air ventilation rates with portable air cleaners for common spaces can be calculated 

with equations shown in Table 2.   

 

Table 2. Outdoor air ventilation rates Q (L/s) with portable air cleaners calculated from the number of persons in 

the room N (-) and volume of the room V (m3). 

 N ≥ 8 1 < N < 6 

Office Q = 26.7(N-1) – (0.87+kf)V/3.6 Q = 133 – (0.87+kf)V/3.6 

Classroom Q = 16.7(N-1) – (0.87+kf)V/3.6 Q = 83.3 – (0.87+kf)V/3.6 

Meeting room, restaurant Q = 16.9(N-1) – (0.87+kf)V/3.6 Q = 84.4 – (0.87+kf)V/3.6 

Gym Q = 73.3(N-1) – (0.87+kf)V/3.6 Q = 367 – (0.87+kf)V/3.6 

 

For high-capacity portable air cleaners it is possible that outdoor air ventilation rate Q 

becomes negative, indicating that air cleaners and deposition and decay removal mechanisms 

are sufficient to remove the virus. 

 

4 CALCULATION EXAMPLE 

 

Consider an open plan office of 6 persons, 50 m2 floor area and room height of 2.6 m. Impinging 

jet ventilation with ventilation effectiveness ;v=1.2 is used. 
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Figure 1. Layout of an open plan office of 50 m2. 

 

The following input data is used in the calculation of required ventilation rate: 

 event reproduction number R = 0.5 

 surface deposition loss rate λdep = 0.24 1/h 

 virus decay k = 0.63 1/h 

 quanta emission rate q = 10 quanta/(h pers) 

 number of infectious persons in the room I = 1 pers 

 breathing rate in offices and classrooms Qb = 0.60 m3/h 

 occupancy duration D = 8 hours  

 

An acceptable individual probability p for is calculated with equation 5: 

 

- = 	$
.%

= @.B× 
D! = 0.1  

 

Ventilation rate for fully mixing air distribution is calculated with equation 2: 

 

� = ���
�� ( �

���) − ����� + ��� =  @×@.D@×F
G0H �

��I.�J
− (0.24 + 0.63)130 = 342.5 PQ

R = 95.1 T
(

  

 

The same value calculated with simplified equation in Table 1 is slightly higher showing the 

highest possible deviation of 7% at maximum individual probability value of 0.1: 

 

� = 26.7(6 − 1) − 0.242 × 130 = 102.0 T
(  

 

Ventilation rate 95.1 L/s corresponds to 1.9 L/(s m2) that is in between Category I and II 

ventilation rates with low polluting materials of 2.2 and 1.5 L/(s m2) calculated with Equation 

1. Fully mixing ventilation airflow rate is recalculated to impinging jet ventilation with higher 

ventilation effectiveness with equation 8: 

 

�( = 
9:

= VB. 
 .W = 79.3 T

(  

 

Ventilation rate 79.3 L/s corresponds to 13.2 L/s per person or 1.6 L/(s m2). 
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SUMMARY 
 

The Airborne Infection Reduction through Building Operation and Design for SARS-CoV-2 (AIRBODS ) project 

aim is to deliver guidance on the ventilation operation and future design of non-domestic buildings and to quantify 

the risk of, and reduce the transmission of SARS-CoV-2 in buildings. It is doing this through experimentation, 

computer simulation and fieldwork supporting the guidance and tools. 
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1 BACKGROUND 

 

Airborne Infection Reduction through Building Operation and Design for SARS-CoV-2 

(AIRBODS) is an 18 month UK Research and Innovation funded research programme. It 

comprises seven research partner organisations and includes many of the contributors to the 

UK’s COVID-19 ventilation guidance (UK Government; 2020, 2021). The project runs until 

the end of 2022. Project objectives are defined by the work packages described in Table 1. 

 

The need to better understand airborne transmission of viruses such as SARS-CoV-2 within the 

built environment is now undeniable. It is well recognized that indoor locations, particularly 

when poorly ventilated, can increase the risk of infection transmission. The project is using 

experimentation, simulation, analysis and fieldwork to explore the physical and biological fate 

and transport of aerosols carrying virus particles under various scenarios.  The AIRBODS team 

is developing guidance on how to design and operate buildings to minimize the risk of airborne 

transmission acknowledging any implications on energy use and thermal comfort (especially in 

winter) along with indoor air quality and occupancy levels as a combined consideration. The 

Chartered Institution of Building Services Engineers are a project partner and work is being 

disseminated via their Emerging room Lockdown advice documents (CISBE 2021). The project 

will also provide guidance on the application of current simulation and analysis tools to more 

accurately estimate the benefits of possible mitigation measures that could be used to reduce 

airborne transmission now and in the future. 

 

Key questions being considered include: what do we mean by ‘poor’ and ‘sufficient’ 

ventilation?  How does ventilation and air movement affect transmission?  What’s an acceptable 

balance between conflicting drivers such as air change rate and energy consumption? To what 

extent can we use indoor air properties such as CO2, air temperature and relative humidity as 

proxies for airborne transmission risk?  
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Table 1: AIRBODS research objectives 

Work package Overview of work 

1. Experiments Use class 2 environmentally controlled chambers to provide experimental 

data on the transport and distribution of aerosols. 

2. Modelling Use simulation and analysis incorporating three key areas: 

i. Use analytical methods to develop an understanding of the physical 

processes involved in aerosol transport; in particular to consider the 

correlation between temperature, relative humidity and the behaviour and 

evaporation of aerosols. 

ii. Compare different computational fluid dynamics (CFD) modelling 

techniques, e.g. URANS and LES, and inform a Relative Exposure 

Index. The work will also underpin design and operation guidance for 

practicing engineers wishing to use CFD for other scenarios and 

geometries. 

iii. Augment an existing indoor environment Relative Exposure Index model 

using the mathematical models generated by the analytical models and 

outputs from the CFD simulations. Explore individual and population 

risks.  

3. Field studies It is now recognised that COVID-19 is airborne indoors and so indoor air 

quality and high standards of ventilation play a crucial part in enabling 

society to adapt to a new normal safely. Field studies are undertaken to 

understand the real-world air quality and ventilation of buildings in a wide 

variety of settings, to understand primarily where exhaled breath builds up 

indoors and why.  It is recognised that CO2 does not directly correlate to the 

concentration of the virus in the air, but correlates to exhaled breath in indoor 

air. Exhaled breath might accumulate because of poor ventilation for the 

space, high occupancy for the space (temporarily or consistently), or, more 

often, both.  

 

The field studies entail: 

 

 Air Quality measurement: CO2, temperature, relative humidity in a 

large number of internal spaces of various sizes with different 

ventilation schemes.  

 Airflow measurements, for validation of CFD simulations 

 Analysis of ventilation systems and their effectiveness 

 

And in some settings, also: 

 

 Microbiological sampling of surfaces and air; PCRs for SARS-

CoV-2 

 Crowd movement and analysis of social grouping 

 

The AIRBODS team has contributed to the UK Government’s Events 

Research Programme by carrying out the environmental study of a wide 

range of venues and events, between April and July 2021. This study helped 

to build the evidence base on air quality at a wide range of venues and events 

and improved understanding of potential risks of airborne transmission at 

events, and their mitigations. The study enabled the UK to re-open events in 

culture, music and sports industries whilst improving safety at these events. 

Analysis of the data is ongoing. 

4. Design guidance and 

dissemination 

Use the lessons learnt from Work Packages 1, 2 and 3 to inform practical 

guidance on responses to SARS-CoV-2 for at least the building typologies 

investigated, and provide prediction tools and modelling advice. 
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The impact of the COVID pandemic on the lives and livelihoods of everyone around the world 

has been substantial.  There will be many repercussions in the coming years as part of the 

endeavour to design and operate safer environments within which we live and work.  Some 

guidance has already been given on the opening up of shared indoor spaces, essential for 

economic recovery and mental wellbeing, as part of an emerging evidence base.  The 

development of validated biophysics models within this project with a built environment 

context, together with better wellbeing standards supporting better indoor air quality and 

productivity, can only be further supported by an increased industry and public focus on 

ventilation and understanding of airborne transmission risk. 

 

1.1 Measurements 

 

AIRBODS contributed to the UK Government’s Events Research Programme (UK 

Government, 2022) by carrying out the environmental study of a wide range of venues and 

events, between April and July 2021. This study helped to build the evidence base on air quality 

at a wide range of venues and events and improved understanding of potential risks of airborne 

transmission at events, and their mitigations. The study enabled the UK to re-open events in 

culture, music and sports industries whilst improving safety at these events. Analysis of the data 

is ongoing. 

 

1.2 Risk metrics 

 

Uncertainty in the parameters required to estimate probability of becoming infected in an indoor 

space is so significant that it has little utility. We established a Relative Exposure Index (REI) 

that reduces the need to understand the infection dose probability but is nevertheless a function 

of space volume, viral emission rate, exposure time, occupant respiratory activity, and room 

ventilation (Jones et al. 2021). This metric is used to consider personal risk in a space. However, 

the number of occupants in a space influences the risk of airborne transmission of SARS-CoV-

2 because the likelihood of having infectious and susceptible people both correlate with the 

number of occupants. Therefore, a Proportion of the Population Infected (PPI) metric has been 

developed to consider how indoor spaces can be manipulated to minimize the transmission risk 

to a wider population of people (Iddon et al. 2022). 
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SUMMARY 

 

ASHRAE’s 2022 publication of a new position document on indoor carbon dioxide (CO2) has been a significant 

contribution to ongoing discussions of how indoor CO2 can be used to understand ventilation and indoor air 

quality (IAQ). The position document clarifies what is known about the relationship between CO2 concentrations 

and ventilation rates, the effects of CO2 on building occupants, and how CO2 concentrations relate to airborne 

infectious disease transmission. While the position document is a key step to addressing ongoing debate and 

occasional misunderstanding about indoor CO2, this summary speaks to additional efforts that are needed to 

further resolve these matters and advance the application of indoor CO2 measurements and analyses in 

understanding and characterizing IAQ. This paper proposes a number of follow-up activities and research topics 

that should be addressed, which can then be considered in the next version of the position document and help to 

advance the application of indoor CO2 measurements and analyses. 

 

KEYWORDS: carbon dioxide, guidance, indoor air quality, research, ventilation  

 

 

1 BACKGROUND 

 

Indoor CO2 has been considered in the context of building ventilation and IAQ for centuries. 

While the relationships between indoor CO2, ventilation and IAQ have been studied for 

decades, misinterpretation and misapplication of CO2 as an indicator of IAQ and ventilation is 

still too common. Moreover, a variety of organizations and government bodies have issued 

standards and regulations for indoor CO2 concentrations in workplaces, and CO2 sensors have 

become less expensive and more widely deployed. Indoor CO2 monitoring has also been 

promoted as a ventilation indicator to help manage the risks of airborne disease transmission. 

Finally, many recent research activities have been directed towards examining the impacts of 

CO2 on human cognitive performance at commonly observed indoor concentrations that were 

previously thought not to be of concern.  

 

These factors motivated the development of the ASHRAE Position Document on Indoor 

Carbon Dioxide, which was approved in early 2022 and is available for free download. The 

document discusses the following topics: i. the history of indoor CO2 concentrations in the 

context of ventilation and IAQ, ii. health and cognitive impacts of exposure to CO2, iii. 

existing standards and regulations for indoor CO2 concentrations, iv. CO2 as an indicator of 

IAQ and ventilation, v. use of CO2 as a tracer gas for estimating ventilation rates, vi. increases 

in outdoor CO2 concentrations, vii. air cleaning directed at CO2 removal alone, and viii. CO2 

as an indicator of the risk of airborne disease transmission. 

 

The Position Document states the following positions, paraphrased for this summary:  
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• Indoor CO2 concentrations, although useful, do not provide an overall indication of IAQ. 

• Existing evidence for impacts of CO2 on health, comfort, and performance is inconsistent 

and does not justify changes to ventilation and IAQ standards. 

• Using indoor CO2 to assess airborne disease transmission must account for the definition 

of acceptable risk, space type, and differences between CO2 and infectious aerosols. 

• Differences between indoor and outdoor CO2 concentrations can be used to evaluate 

ventilation rates and air distribution using established tracer gas measurement methods. 

• Sensor accuracy, location, and calibration are critical for interpreting CO2 concentrations. 

• Air cleaning that removes only CO2 will not necessarily improve overall IAQ. 

 

The Position Document also recommends research in several areas and the development of 

guidance on indoor CO2 measurement and application.  

 

2 AREAS MERITING FOLLOW-ON EFFORTS 

 

This section summarizes some key activities to pursue based on the Position Document: 

 

 Detailed and practical guidance is needed on how to measure and interpret indoor CO2 

concentrations. This guidance needs to cover sensor performance and location in a range 

of building spaces, reflecting differences in how they are ventilated and their occupancy 

schedules. This guidance also needs to address sensor calibration, data interpretation 

and the information that needs to be reported in conjunction with measured 

concentration data, e.g., ventilation system design information, occupant characteristics 

and schedule, sensor type and accuracy, and measured outdoor concentrations. 

 

 Given the inconsistent results to date and the controversy regarding how CO2 exposure at 

typical indoor levels affects humans, research is needed on CO2 impacts on the health, 

comfort, work, learning, and sleep quality of building occupants. This research needs to 

include investigations of physiological mechanisms for any observed effects. 

 

 Many applications of indoor CO2 require values for the CO2 generation rates from 

building occupants. While methods to estimate these generation rates have improved, the 

uncertainty of these estimations are not known. Also, they require values for the level of 

physical activity (met), and improved guidance on the selection of met rates for different 

spaces and activities is needed, which may require additional research and analysis. 

 

 There has been a longstanding desire for reliable and comprehensive IAQ metrics. While 

there has been progress in the development of such metrics, additional research is needed 

on metrics that capture the wide range of indoor air pollutants of interest, including CO2. 

 

 The prominence of indoor CO2 measurement and analysis in light of the COVID-19 

pandemic highlights the need for additional research and guidance on the relationship 

between indoor CO2 concentrations and infection risk. These efforts need to distinguish 

between using CO2 to judge ventilation adequacy and to quantify infection risk. 

 

3 CONCLUSIONS 

 

The ASHRAE Indoor CO2 Position Document will be considered for re-approval or revision 

in 2025. Progress on the identified activities and others will improve the next published 

version of the document.  
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SUMMARY 

 

Ventilation and air cleaning of interior spaces are promising methods for the reduction of 

airborne pathogen spread and may reduce the number of (airborne) infections. With this in 

mind, and in response to the 2020-2022 COVID-19 pandemic, the Dutch Ministry of Health, 

Welfare and Sport (VWS), in collaboration with TNO have initiated this research program 

focusing on ventilation (P3VENTI) as part of the larger Pandemic Preparedness Program of 

VWS (300 million Euros, annually). In the P3VENTI program the importance of aerogenic 

transmission in total viral transmissibility will be researched, and how ventilation and air 

cleaning can mitigate this airborne transmission in the long-term healthcare sector and the social 

sector more broadly. In support of this, research on dose-response relationships, indoor 

environmental conditions and the cost/benefits across a variety of use cases in these sectors will 

be performed across 6 program lines. The results will inform ventilation strategies to better 

combat the spread of SARS-CoV-2; they will also be extrapolated to apply to possible future 

pandemics. Finally, a 7th program line will collect these results into a knowledge base and 

network, where information, knowledge and ideas can be generated, collected exchanged, and 

disseminated, both nationally and internationally. 
 

KEYWORDS 
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1 INTRODUCTION  

 

Airborne or aerosol transmission plays a role in the spread of many infectious diseases and 

other pathogens. This transmission route is defined by the Word Health Organization as 

transmission of infection through very small droplets that are able to stay suspended in the air 

for longer periods of time; it plays a role in COVID-19, but also for example in influenza. The 

replacement of contaminated air with fresh outdoor air by means of ventilation reduces the 

number of virus particles present in a room and can thus help reduce the risks related to airborne 

transmission.  
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Upgrading ventilation systems – whether in combination with air purification or not – may help 

in ensuring the accessibility of societally important facilities – such as healthcare facilities, and 

public spaces such as libraries and schools – and help safeguard continuity and quality of 

service provision during a pandemic. Research is needed to be able to use ventilation 

effectively. 

 

 

 

2 KNOWLEDGE GAPS  

 

Based on available literature, six knowledge gaps with regard to the role of ventilation have 

been defined by the Dutch National Institute for Public Health and the Environment (RIVM). 

The RIVM defined these knowledge gaps specifically for SARS-CoV-2, but they are generally 

applicable to infectious diseases (and indeed other pathogens) where airborne transmission 

potentially plays a role. Bridging these knowledge gaps is essential in the effective deployment 

of ventilation and air purification measures. For example, as long it is unclear what proportion 

of infections is attributable to airborne transmission, the potential preventative value of 

ventilation measures cannot be assessed. 

 

The knowledge gaps defined by the RIVM are: 

 

1. The contribution of aerogenic transmission to the total transmission of the SARS-CoV-2 

virus 

2. The dose-response relationship in air. In other words, how many virus particles (viral load) 

are needed in aerogenic transmission to cause an infection? 

3. What is the contribution of ventilation and the use of air purifiers etc. to the prevention of 

Covid-19? 

4. In which social sectors is (investing in) ventilation as a prevention measure most needed 

and most effective? (Prioritization) 

5. What are the proportionality and costs/benefits of applying ventilation? 

6. What is the influence of indoor environmental conditions such as humidity and 

temperature? 

 

The following paragraph offers a brief examination of each knowledge gap. 

 

 

2.1 Contribution of aerogenic transmission to total transmission 

There are two main reasons for the current lack of understanding of the contribution of 

aerogenic transmission. 

1) Current detection methods do not provide sufficient insight into the virulence of aerogenic 

virus particles, as most detection methods only use RNA typing. Detection methods do 

provide insight into the virability of virus particles, but not whether they are also virulent 

after a longer period of time in the air. 

2) Under operational conditions, it is very difficult to categorically exclude non-aerogenic 

transmission routes. Only a few case studies are known in the research literature and 

review articles point to methodological bottlenecks in these case studies. 
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2.2 Dose-response relation in air 

1) This is the most fundamental knowledge gap. Based on the current state of research, there 

is no good insight into this. This applies not just to airborne transmission, but to all 

transmission routes. 

2) The question is complicated: whether someone becomes infected depends not only on the 

amount of virus emitted by a carrier, but also on the circumstances, the duration of 

exposure, the variant of the virus that is involved, the state of health and underlying 

pathologies of the recipient, other physiological details of the recipient that do not affect 

health but in one way or another affect vulnerability to the virus, as well as possible other 

variables that are not yet (well) understood. 

3) Fundamental multidisciplinary and interdisciplinary research is necessary. The most 

logical candidates to carry out this research are specialized medical knowledge institutes 

and university medical centres. As far as the authors are aware, this fundamental research 

is currently getting into gear at the national and international level, for example through 

research lines and programs within the Horizon Europe program. 

 

2.3 Contribution of ventilation and air purification to prevention 

It is currently insufficiently well understood how airborne particles spread through different 

types of indoor spaces under operational circumstances. Measurement and modelling methods 

do not take adequate account of the influence of room dimensions, technical building and 

installation specifications, ventilation system characteristics, placement of system components 

and other functional and technical elements potentially affecting particle spread and 

ventilation system performance. 

Measurement and modelling methods generally assume the presence of a single, continuous 

or one-time emission source and instant or near-instant homogeneity of particle distribution 

through the indoor space. On the basis of emerging research it is increasingly likely that virus 

particle emission varies over time, and that the spread patterns of airborne particles in the 

early phases of emission play a role in transmission risk.  

Equally importantly, better and more sophisticated understanding of utilization patterns of 

different types of indoor spaces is needed, to better gauge exposure risk (a factor of proximity 

of contact, duration of contact and activity intensity) and to be able to assess the feasibility 

and impact of utilization on prevention measures. 

 

 

2.4  In which sectors is (investing in) ventilation as a prevention measure most needed 

and most effective? 

Under pandemic outbreak conditions, or more generally when there is an actual or likely 

large-scale outbreak of infections, governments are under pressure to deploy public funds 

towards prevention and mitigation. Since public funds are limited and cannot be deployed 

indiscriminately, which sectors and sub-sectors to prioritize and why requires decision-

making that is both complex and politically fraught.  
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Compounding this, the knowledge base for responsible and accountable decision-making is 

under-developed. Whether or not to allocate public funds requires insight into three distinct 

issues: 

I. The potential impact of infections (e.g. in terms of expected excess mortality, adverse 

health effects, loss of continuity and/or quality of service provision, follow-on effects 

such as unemployment). 

II. The likelihood that deploying or upgrading ventilation and/or air purification measures 

will be effective in reducing risk (e.g. in terms of utilization patterns, availability of 

technical solutions, suitability of buildings and spaces for deployment).  

III. The extent to which sector or sub-sector organizations are able or unable to finance 

ventilation and/or air purification measures.  

 

 

2.5 Proportionality and costs/benefits of ventilation 

Investing in ventilation systems and/or air purification technologies comes at a cost. It 

involves investments in purchase, implementation and maintenance of systems as well as 

costs associated with operational and organizational adjustments required for the effective 

functioning of prevention measures. Additionally, up-front investment may well be required 

to enable research and innovation to develop new and improved, more fit-for-purpose 

ventilation systems. Costs will need to be borne not just by the public purse, but also by 

individual for-profit and not-for-profit actors in the sectors and sub-sectors involved.  

To enable decision-making on whether or not investment is justified, improvements to the 

current state of the art are needed in the application of cost/benefit1 analysis models and 

methodologies to the issue of ventilation as an infection prevention measure. This build-up of 

knowledge is required, not just to inform public sector policy development and decision-

making, but also to incentivize private sector actors to commit to appropriate investment 

levels.   

 

 

2.6 Influence of indoor environmental conditions 

Current methods for measuring and modelling particle behaviour and ventilation and/or air 

purification system performance do not take adequate account of the influence of indoor 

environmental conditions, particularly relative humidity and air temperature. There is research 

to suggest that extremes in these parameters affect both particle characteristics over time 

(such as degradation and dehydration) and system efficacy. There is as yet insufficient 

knowledge how these factors apply specifically to potentially virus-bearing particles. Further 

research and analysis is also needed to establish how these indoor environmental conditions 

interact with the particle- and system-affecting parameters that are addressed under 

knowledge gap 3 (see paragraph 2.3 above).  

 

 

 

3 P3VENTI- A RESEARCH PROGRAM DESIGNED TO HELP ADDRESS THE 

KNOWLEDGE GAPS AND PROVIDE ACTIONABLE KNOWLEDGE 

 

A research program has been initiated under the acronym P3Venti with the objective of 

addressing the aforementioned knowledge gaps identified by the RIVM. P3Venti, short for 

the Pandemic Preparedness and Ventilation program, has been initiated by the Dutch Ministry 

 
1 economic, health and social 
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of Health and is carried out on behalf of the Ministry of Health, Welfare and Sport (VWS) by 

a flexible consortium of universities and knowledge institutes.  

These work in varying constellations on research projects that have been or are still being 

defined within the program.  

 

An outline project plan with an expected duration of 3 years (August 2022 – July 2025) has 

been drawn up for the program, as well as a detailed annual plan for each calendar year. Each 

annual plan describes the projects to be carried out in that year, and for each project, it also 

states which program participants are involved, and it provides a budget estimate, broken 

down per partner. 

 

 

3.1 Program lines  

 

The research program is organized into six substantive program lines (PLs) and one PL 

addressing networking and knowledge sharing. Each PL serves one or more research areas, 

with projects defined and implemented under them. 

Administration and technical management of the program are provided by TNO. 

 

The seven program lines of the P3Venti program are defined as follows: 

 

I.  Inventory and analysis of operational conditions 

II. CFD analysis 

III.  Experimental research on ventilation and particle behaviour 

IV.  Risks, impact and market 

V.  Costs and benefits 

VI.  Infectivity and dose-response relationship 

VII.  Networking and knowledge assurance 

 

The six substantive PLs I-VI represent three distinct methodological research domains, or 

Blocks. PLs I-III (Block 1) comprise technological research; PLs IV-V- (Block 2) address 

social and policy research; PL VI (Block 3) is focused on microbiology and virology.  

 

 

3.2 Block 1 – Technology-based research 

PLs I-III carry out technology-based research. This research aims to take steps in knowledge 

building and concept development on the following issues: 

• Aerosol particle behaviour in indoor environments 

• Possible differences in behaviour between bioaerosols containing virus particles and inert 

aerosols of equal size 

• The role of functional and technical features of spaces, and the influence of human 

presence and interactions between persons (staff, clients, visitors) 

• The role and importance of human presence and interactions on the quality and 

effectiveness of processes (such as care delivery) that take place in indoor environments 

• The performance of fixed and mobile air handling systems in a variety of room types and 

under differing usage patterns 

• The specific influence of the indoor environment (temperature humidity) on both particle 

behaviour and performance of air handling systems 
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This research does not need to start from scratch as there is an existing knowledge base. 

However, this knowledge base relies on the use of highly simplified model-based assumptions 

for particle behaviour and equipment performance and falls short in the following areas:  

• Most importantly, an adequate understanding of the spread of particles and the effects of 

ventilation under sector-specific operational conditions is still lacking.  

• For healthcare, in particular long-term care, there is still insufficient insight into the 

influence of variation in the following operational conditions:  

• Room typologies 

• Use of space 

• Applied ventilation systems 

• Other characteristics of the indoor environment that can realistically be expected 

to vary in practice, but have not yet been systematically identified. 

 

Exposure is used in Block 1 as an – initially relatively crude – proxy for infection risk. 

Insights into the infectivity and dose-response relationship of aerogenic pathogens, built up in 

other PLs and research programs, will be used in Block 1 for the technical research lines to 

refine this proxy relationship. 

 

The following knowledge, expertise and experience is mobilized in the P3VENTI program for 

the implementation of the research in Block 1: 

• Domain knowledge of the sector domains, primarily (long-term) care 

• Functional and technical descriptions and characterizations of (care) buildings 

• Insight into the current state of buildings and equipment in (long-term) care 

• Observation and classification of human behaviour and interactions 

• Particle measurement in high-risk environments 

• Research into particle emission and particle behaviour in practical settings for SARS-

CoV-2 research 

• In-depth knowledge of installation technology, ventilation systems and equipment, and 

Indoor Air Quality 

• Modelling behaviour and performance of physical systems and devices 

• CFD modelling and simulations 

• “State of the art” test facilities 

 

3.3 Block 2 – Social sciences and policy sciences research 

 

The research in PLs IV and V is aimed at building up and facilitating the access to knowledge 

which supports decision making by e.g. governments, other actors in the public sector and 

social and not-for-profit organizations in the effective and proportional use of ventilation as a 

virus transmission mitigation measure. In other words, the deployment of measures according 

to clear, specific and measurable objectives, with a clear idea of expected effects and 

effectiveness, and with a keen awareness of economic and social costs and benefits.  

Block 2 (PLs IV and V) will address knowledge gaps 4 and 5 as described in sections 2.4 and 

2.5: 

• In which sectors (and possibly segments within sectors) is investing in ventilation most 

useful and necessary? (knowledge gap 4) 

• What level of investment is feasible and responsible and what negative and positive side 

effects occur, for business operations within the sector but also on the broader social 

playing field? (knowledge gap 5) 
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In order to be able to bridge these knowledge gaps, Block 2 brings together the following 

areas of knowledge and expertise, in addition to the expertise mentioned for technical 

research: 

• Business management issues and priorities in the sectors the research focuses on 

• Risk and process analysis 

• Cost/benefit and business case analysis 

• Health impact analysis 

• SCBA analysis 

• Foresight 

 

Block 2 initially focuses on care (long-term care and primary care and/or paramedical care) as 

an application domain, but have the ambition to broaden research and applicability of research 

outcomes to other sectors over the course of the implementation of the P3Venti programme.  

 

3.4 Block 3 - Microbiology and virology research 

The research in PL VI, focuses on knowledge gaps 1 and 2, as identified by the RIVM. A key 

objective for this is to make sure that the research results are not just relevant for SARS-CoV-

2, but also offer actionable knowledge for other pandemic threats. This poses a major 

methodological challenge as virus properties that influence infectivity and the dose-response 

relationship can vary greatly from virus to virus or even from variant to variant. Nevertheless, 

methodological principles and approaches from the research in these PLs can feasibly be 

distilled to accelerate and improve specific research on other pathogens. Also, from specific 

findings regarding SARS-CoV-2, more broadly applicable principles for prevention and 

mitigation can be derived, which can have value as guidelines for policy and implementation, 

especially in the early phases of future pandemics. Given the potential value of such broadly 

applicable knowledge, generalizability of research outcomes will be a major focus of the PL.  

 

For example, the 2020-2022 Corona pandemic has shown, among other things, that 

contamination from person to person via the ambient air is a very important factor in the 

spread of disease (Figure 1). It also became clear that many parameters play a role in this, but 

that factual knowledge is often lacking. 

 

  
Figure 1 Example of person-to-person spread of disease. 
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By conducting research on the areas described in section 3.2 with a variety of different virus 

strains, it may be possible to discover characteristics of the virus and its relationship with the 

infectivity of emitted particles, under the influence of the environmental parameters 

mentioned. Identifying characteristics can then contribute to the possibility of predicting the 

virability of those viral particles in new outbreaks and to what extent these can be influenced 

by distance, hygiene and ventilation. This in turn builds knowledge in regard to the current 

Corona pandemic, but also for a possible novel future outbreak. 

 

 

3.5 PL VII – Networking and knowledge assurance 

 

In addition to the substantive research lines, an important aim of the program is to strengthen 

and develop the available knowledge base and research capacity in the field of ventilation and 

pandemic preparedness. To this end, PL VII aims to set up a knowledge network that, over 

the course of the P3Venti program, should develop into a knowledge platform: 

 

• Where relevant knowledge (in and outside the program) is brought together and connected 

• Where ideas and priorities for research and innovation are generated 

• That generates collaborations and research and knowledge-sharing alliances 

• That forms a basis for the exchange of knowledge and data with institutes and networks 

abroad 

• That provides an easy-to-locate, easy-to-access source of information which (mainly) 

public sector organizations, but also companies and citizens can use as a resource for 

practical knowledge, methods and instruments 

 

In this way, the research program not only provides answers to the specific research questions 

that have been defined for this programme, but it also contributes to the strengthening and 

growth of the knowledge base. Through this, new research questions and needs can in turn be 

identified in a timely and effective manner. 

 

 

3.6 Governance of the program  

 

In order to properly shape the programme, a governance structure has been set up consisting 

of a coordination meeting, an advisory board and a general assambly consisting of all parties 

from the adaptive consortium. The coordination meeting and advisory board have an 

independent chair who facilitates the consultation. 

 

Decisions in principle about the program (program annual plans, project plans) are made by 

the coordination meeting. The Ministry of VWS endorses this decision or deviates from it. A 

schematic representation of the governance structure is shown in Figure 2. 
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Figure 2 Schematic overview of the organizational structure (as an indication). 
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SUMMARY 
 

As part of the mandated standards for estimating the energy performance of buildings CEN 16798-1 and -2 was 

developped to provide input for the indoor environment (thermal comfort, air quality/ventilation, lighting, 

acoustic) to energy calculations and design of buildings with its heating, cooling, ventilation, and lighting systems. 

A revision of this standard has now been started. 
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1 ORGANISATION OF THE REVISION 

The existing standard was developped under CENTC156 Ventilation in Buildings.  As the 

standard also deals with other aspects of the indoor environment than ventilation, there were 

several complaints from other TC’s. It has now been agreed that the standard will be divided 

in 5 main parts split up on 4 different TC’s: 

1. Overarching  TC371WG3 

2. Thermal Comfort TC371WG4 

3. Indoor Air Quality TC156WGxx 

4. Lighting  TC169 

5. Acoustic   TC126 

The standard will still be issued as one standard. 

 

2 SCOPE OF THE REVISION FOR INDOOR AIR QUALITY 

The standard specifies the relevant parameters for determining the indoor air quality in 

buildings and how these parameters are used for building systems, design, assessment, 

operation, and energy performance calculations. 

The standard is applicable where the criteria for indoor air quality are set for human 

occupancy and where the production or process does not have a major impact on indoor air 

quality.  

The standard includes design criteria for the ventilation of buildings in both residential and 

non-residential buildings. 

The standard does not specify design methods but gives the relevant input parameters for the 

design and assessment of the ventilation, air treatment systems, building automation and 

control systems. In addition, it proposes methods for determining the indoor air quality and 

classes for different limit values. 

The scope includes now also parameters for assessment and design of air treatment systems, 

building automation and control systems 
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3 PROPOSED REVISIONS 

The overall concept of the standard will stay the same including an Annex A for national 

criteria, Annex B with recommended criteria. It should still include the three methods: 

1. Method 1 based on perceived air quality 

2. Method 2 based on individual substances 

3. Method 3 based on simple table values 

Following several of the proposed changes are discussed 

 

3.1 Alignment of Method 1 and 2 

In the existing standard Method 2 will be based on higher CO2 concentrations than Method 1, 

which will result in less ventilation and decrease in air quality. There is a need to provide 

more consistency between the methods 

 

3.2 Use of CO2 as control set-point for demand control ventilation 

In general, it is assumed that if the ventilation is controlled after a fixed CO2 level during 

variable occupant density will provide the same level of air quality. This is only true if people 

are the only sources of emissions. Therefore, the set-point should vary with occupant density 

and building category (low emission, very low emission) 

 

3.3 Health criteria 

In the existing standard a minimum ventilation rate of 4 l/s per person is recommended. Due to 

the risk of cross contamination and experience from the pandemic additional health related 

ventilation requirements will be established. In the standard health criteria for only a few 

substances are included. There is a need to include more substances like particles. 

  

3.4 Air cleaning 

Since the standard was issued the use of different air cleaning technologies in buildings has 

increased significantly. The standard must in the future include more in relation to the effect 

of air cleaning on health and indoor air quality. 

 

3.5 Personalised Environmental Control Systems 

Because of individual comfort, cross contamination, individual control there is an increasing 

interest for personalised systems. There is, however, a need for design criteria and methods to 

evaluate the performance of such systems. 

 

3.6 Key performance indicators 

To be able to express the yearly performance regarding indoor air quality we need to establish 

methods to integrate the performance over a year 
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ABSTRACT 
 

Air leakage in building envelopes is responsible for a large portion of the building’s heating and cooling 

requirements. Therefore, fast and reliable detection of leaks is crucial for improving energy efficiency. 

This paper presents a new approach to determining air leakages in a building’s envelope from the outside, 

combining lock-in thermography and thermal excitation by a blower door system. The blower creates a periodic 

overpressure within the building, inducing periodic temperature variations of the surfaces near the leaks on the 

outside surface, the façade. With the temperature variations excited at a known frequency, Fourier transforms of 

the time-series of the thermal images at the excitation frequency result in amplitude and phase images highlighting 

the areas affected by leaks. Periodic excitation and detection by an IR camera is known as lock-in thermography 

and is widely used to characterize semiconductor devices and in non-destructive testing. Excitation is usually 

achieved by optical, electrical, or mechanical energy input.  

For this work, measurements of outside façades have been performed with three excitation cycles of a period of 

40 seconds at a 75 Pa pressure difference, leading to a total measurement time of only 2 minutes. Measurements 

have been performed with air temperature differences of 5 to 7 K at highly variable conditions of irradiance, wind, 

and cloud cover. The measurements show higher detection quality and less impact from changing ambient 

conditions than the state-of-the-art differential infrared thermography measurements. With the method 

highlighting the variations in the amplitude image only at the excitation frequency, variations caused by 

environmental effects are filtered out. A temperature difference as low as a few Kelvin is therefore sufficient, and 

large façades can be examined from the outside. This amplitude image is already clearer than an image created 

with differential thermography. A further reduction of unwanted artefacts in the image is demonstrated using 

phase-weighing of the amplitude by scalar product. 

 

 

KEYWORDS 
 

Lock-In, Thermography, Blower Door, Airtightness, Leak Detection, Building Envelope, Building Energy 

Efficiency  
 

 

1 INTRODUCTION 

 

Uncontrolled airflow through building envelopes is responsible for 30-50 % of a building’s 

heating energy consumption (Kalamees, 2007; Jokisalo et al., 2009; Jones et al., 2015). Thus, 

the assessment of airtightness, particularly a fast and reliable localization of leaks, is crucial for 

reducing heating energy demands. 

The fan pressurization method, or blower-door test, is specified in several international 

standards (Deutsches Institut für Normung e. V., 2018; ASTM, 2019) and measures the integral 

airtightness of buildings. However, the localization of leaks is cumbersome and requires 
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experience and persistence. For the detection, additional equipment, e.g., smoke generators or 

anemometers, is needed. 

It is also possible to find leaks with infrared thermography (IRT). Building IRT is a common 

method of visualizing the temperature distribution of the building envelope’s surface. 

Temperature is derived from measured infrared radiation and physical properties (e.g., 

emittance) of the surface, surrounding conditions, and the measurement system itself. This 

makes a visual inspection of defects, such as leaks, thermal bridges, and insulation defects in 

the building envelope easy. 

A measurement method combining both building IRT and fan pressurization method is 

described in the DIN EN 13187 standard (Deutsches Institut für Normung e. V., 1999). The 

application of the fan (cf. Figure 1a) allows for a defined, high-pressure difference between the 

building and ambiance, resulting in controlled local airflow through the leaks. The building 

envelope can be investigated from the inside or the outside depending on the placement of the 

IR-Camera and application of over- or under-pressure. Also necessary is a difference in air 

temperature between inside and outside, which leads to a temperature change of surface near 

the leaks, that can be detected by the IR camera. The comparison to reference images from 

before the fan was activated – referred to as active IRT – allows for a distinction between heat 

bridges and air leakages. Usually, a room under investigation is depressurized, and ambient air 

enters the room through the leaks, affecting the temperature of the adjacent surfaces. These 

temperature changes are recorded by an IR camera. A differential image, subtracting the 

thermal images before and after operating the blower, highlights changes in the scene, therefore 

the leaks. The time between images using differential thermography is not described in the 

standard. Many authors (Lerma et al., 2018; Mahmoodzadeh et al., 2020) used this active IRT 

for localization of the air infiltrations in buildings. Kalamees et al. (Kalamees, 2007) 

investigated leaks at a building’s inner surface using differential thermography after the 

pressure difference was applied for 30 min.  

 

 

Figure 1: Measurement setup (a), the principle of pressure difference (grey), and anticipated temperature profile 

of air at leakage (red) using differential thermography (b) and lock-in thermography combined with a blower (c) 

 

However, the infrared image of the building’s outside surface is influenced by environmental 

conditions. Hence, variations of these influences, like wind, irradiation, shadow casting, sky 

cover, or moving objects in the background between the acquisition of reference and 

measurement image, are also detected. For this reason, inspections with active IRT are often 

conducted on the inside facing side of the building’s envelope. The temperature difference 

between inside and outside is recommended to be at least 5 K, better 10 K (Wahlgren and 

46 | P a g e



Sikander, 2010). Scanning an entire façade from the outside remains a desirable goal, as this 

contains the prospect of a faster and more cost-effective measurement. Fox et al. (Fox et al., 

2015) introduced time-lapse thermography, which tracks the temperature changes on building 

outside walls over a duration of 15-63 h and allows the detection of minimal temperature 

changes. 

Commercial software (BlowerDoor GmbH, 2018) is available that combines air leak location 

using pressure differential measurements and thermography. In this process, several recorded 

thermograms are evaluated in an examination period, and only the changes between these 

thermograms are visualized. However, this software seems also to be tailored to be used for 

inside surfaces. 

 

This paper explores the combination of active IRT with lock-in amplification. Lock-in 

amplifiers are algorithms – or machines – for high-precision measurements developed in the 

1940s (Stutt, 1949) to reduce measurement noise (Breitenstein et al., 2018). This is achieved 

by modulation of the excitation of a system – here the blower door fan – with known frequency; 

compare Figure 1b and Figure 1c. The measurement, where the IR image constitutes multiple 

measurements, is recorded as time series. By applying the Fourier transformation to the time 

series of measurements, one can determine the system’s response to the excitation in amplitude 

and phase. In the classical application as a lock-in amplifier, the user is primarily interested in 

quantitative measurements. With the improved availability of infrared cameras, the lock-in 

concept was also applied to materials and component testing, especially of electronic devices, 

where it developed into the established lock-in thermography (LIT) technique (Breitenstein et 

al., 2011). In that application, the object’s surface is periodically excited to induce a temperature 

change of the surface, e.g., with pulsed lamps, laser, ultrasound, or electrical means. While in 

the latter case, the amplitude response is also of interest, usually, the phase is the primary carrier 

of information, as the phase corresponds to the penetration depth of the temperature wave, 

which allows for the detection of bonding defects and delamination in devices. 

As the main obstacles to active IRT at the outside building façade are disturbances like wind, 

sun, etc., and the detection limit of small leaks is primarily given by the signal-to-noise ratio, 

the lock-in amplification provides an appropriate means to improve the signal-to-noise ratio 

and to filter out disturbances at other frequencies. 

 

 

2 METHOD 

 

2.1 Fourier Transform 

 

The measurement setup is shown in Figure 1a. A blower pressurises a building in regular 

intervals with a periodic time of excitation ��,�, equivalent to an angular frequency of �� =2� ��,�⁄  and a frequency of 
� = 1 ��,�⁄ . The IR camera images the façade. For each pixel of 

the façade’s image, a time series of temperature values �� to � is measured at regularly spaced 

times �� to �. The lock-in algorithm is implemented in this case by calculation of the discrete 

Fourier transform ��� for each pixel (compare Figure 2) and frequency given by 

 

��� = � �� exp �− � 2�� ��� = ��� + � !"�, � = 0,1, … , � − 1        %1&'(

�)�
 

 

which can be separated into a real part ��� and an imaginary part !"�. 
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Amplitude *� and phase response +� can be calculated by 

 

*� = ,���- + !"�-                                                                                                   %2& 

+� = tan'( �!"���� �                                                                                                  %3& 

 

As seen from Eq. 1, the discrete Fourier transform yields a system response at the angular 

frequencies �� = 2�� %�2( − ��&⁄ . Hence, to yield a result exactly at the excitation frequency ��, the time period �2( − �� must fulfil the relationship 

 �2( − �� = � ��,�                                                                                                    %4& 

 

where � represents a whole number as introduced in Eq. 1. 

 

 

Figure 2: Visualization of FFT calculation for each pixel in their IR time series 

 

Results can be visualized as images of amplitude *� and phase +�. The unprocessed phase 

image, however, in lock-in thermography usually the most expressive means to visualize 

processes, does not appear to be useful here. On the other hand, the amplitude image makes 

leaks visible at high contrast. However, the amplitude image still shows features resulting from 

changes in the environment during the measurement if they have some frequency component 

at the excitation frequency. As these features have – in general – not the same phase as the 

leaks, a phase-weighted amplitude is defined to investigate further the possibility of suppressing 

these unwanted features in the image. 

 

2.2 Phase-weighted amplitude by Scalar Product 

 

The Fourier transform ��� can be interpreted as a vector ���4444⃗  in the complex plane, see Figure 3. 

 

 

Figure 3: Representation of Fourier transform- and evaluation phase as a vector in the complex plane 
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The Fourier transform vector ���4444⃗  shall be evaluated at phase +. Hence, an additional evaluation 

vector 674444⃗  with length 1 is introduced, which can be written as a complex number   67 = cos + + � sin +. The phase-weighted amplitude *�,7  shall be defined using the scalar 

product of ���4444⃗   and 674444⃗  by  

 

*�,7 ∶= =���4444⃗ ∙ 674444⃗ = ��� cos + + !"� sin +0    �
 ���4444⃗ ∙ 674444⃗ > 0
�
 ���4444⃗ ∙ 674444⃗ < 0                           %5& 

 

The goals of the definition in Eq. 5 are to preserve the amplitude *� for parallel vectors 674444⃗  and 

���4444⃗  and to yield zero for negative scalar products. 

 

 

3 MEASUREMENT CONFIGURATION 

 

The goal of a measurement campaign performed in October 2021 was the demonstration of 

lock-in thermography in combination with a blower door system at a building and to compare 

the results to state-of-the-art differential thermography measurements. 

All measurements were carried out at the roof terrace of a large multi-storey office building 

built in the 1970s, located in the city of Sankt Augustin, Germany. During all measurements, 

the camera remained stationary outside the building. Figure 4a shows a vis-image of the façade. 

The imaged part consists primarily of large windows of the height of the total level. The middle 

window can be opened like a door. Also, in the image is at the bottom of the floor of a terrace 

and at the top a small part of a protruding roof.  

For these tests, additional plastic strips were pinched at two points on the door frame seal, 

creating artificial and reproducible leaks in the building envelope to be detected (black circles 

in Figure 4a). Figure 4b shows a representative IR image. The IR images were taken with an 

InfraTec Image IR 8380 camera with a spectral range between 2 and 5 µm and a resolution of 

640x512 pixels. No leaks are visible in the IR image. The circular feature in the upper left 

corner of the image is an internal reflection within the camera’s optics. The glass surface of the 

windows shows reflections of the terrace opposite to the window. Figure 4c shows the 

installation of the blower door system at the door of the room adjacent to the window under 

investigation. The temperature difference between inside and outside was between 5 and 7 K 

for all measurements. During the measurement, weather was highly variable, with phases of 

calm and gusty wind and partial cloud cover leading to variable irradiation conditions of direct 

or diffuse sunlight on the façade. This led to – in conditions of direct sunlight – shadow casting 

in the upper part of the imaged façade from the protrusion of the roof. 
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Figure 4: The examined window of the building façade, including inserted plastic stripes – black circles (a), 

captured IR-image (b), and blower door system in a door frame within the building (c) 

 

For the differential thermography measurements, an initial IR image is taken at the beginning 

of the measurement period. Then, the blower is switched on, which generates an overpressure 

of 75 Pa inside the room, leading to an outgoing airflow near the leaks and a change in local air 

temperature. Another image is taken after a short period of 20 s and a more extended period of 

30 min. The basic principle is shown in Figure 1b. 

In this measurement campaign, the total duration of the lock-in thermography measurements 

was 2 min. The IR camera recorded during the entire measurement period. Similar to Figure 1c, 

3 periods of ��,� = 40 s were recorded, where the blower is periodically switched on and off 

for 20 s each. IR images were taken during the measurement period of 2 min with a recording 

frequency of 2 Hz. Thus, 240 images of the scene were recorded for each measurement. 

 

 

4 RESULTS AND DISCUSSION 

 

4.1 Differential infrared thermography 

 

 

Figure 5: Differential IR images after 30 min (a) and 20 s (b) 

 

Figure 5a shows the differential image of the exterior window façade after 30 min operation of 

the blower, a time difference often used in building testing. The colour scales for Figure 5 and 

Figure 6a are selected to show minimum and maximum values.  

During this period, the blower door system created a constant pressure difference and, therefore, 

a significant temperature change at the leaks due to generated airflow. However, these 

temperature changes are not visible in the IR image. A substantial problem with differential 
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images taken outside a building, compared to inside recording, is the changing weather 

conditions (e.g., solar radiation, clouds) between acquisition of the images. These externally 

induced temperature changes on the building surface have, in this case, a much higher impact 

over this period than the local temperature changes created by the blower door system. 

Another differential image (Figure 5b) is taken with a time difference of 20 s. This shorter 

measurement period dramatically reduced the influence of changing weather conditions on the 

measurement. At the positions of the plastic strips, temperature differences of ~0.5 K can hardly 

be seen. Clearly visible, however, is a large leak at the window frame’s upper left corner, where 

the plastic strips open the window. Additionally, the image shows several features in the 

reflections of the glass, artefacts of changing ambient conditions. 

This measurement procedure is a considerable improvement compared to the measurement with 

30 min time difference and functions as a benchmark for the following lock-in thermography 

measurements. 

 

4.2 Lock-In infrared thermography 

 

Seven datasets of lock-in measurements were taken. Figure 6 shows the amplitude and phase 

images (cf. Eq. 2 and 3) of one dataset of the lock-in measurements. With a periodic time of 

excitation of 40 s, the evaluation takes place at a frequency of 0.025 Hz. The amplitude image 

(Figure 6a) is similar in structure to the differential image in Figure 5b. It shows the deliberate 

leaks, where the plastic stripes are inserted, and a larger area in the upper left corner of the 

window. However, the image is much clearer with a better signal-to-noise ratio. The artefacts 

are still visible in the image, e.g., reflections on the ground in the front part of the image or 

reflections of the railings in the window. The phase image is shown in Figure 6b. While the 

window terrace and railings are clearly visible, the phase image itself does not seem to be useful 

in highlighting the leaks. However, the phase image does indicate that certain features are 

connected to specific phases in the Fourier transform. 

 

 

Figure 6: Amplitude pixel values (a) and phase pixel values (b) of FFT at a frequency of 0.025 Hz 

 

Combining amplitude and phase promises to separate different artefacts or temperature changes 

from different sources in the amplitude image. Thus, a weighting of the amplitude values with 

phase values is implemented in the following according to the method described in Section 2.2. 

 

Figure 7 shows the results of phase-weighted amplitude for the dataset presented already in 

Figure 6 at phases -180°, -120°, and 60°. This dataset and these phases are selected specifically 

as they highlight certain features in the image. For better comparability, the colour scales in 

Figure 7 are chosen identical as in Figure 6a. 
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In Figure 7a, the amplitude image is weighted with a phase angle of -180°, where only the 

reflections in the window (e.g., the railing) are visible. At a phase angle of -120° (Figure 7b), 

the floor area in front of the window is predominantly visible in the image. Finally, at 60° 

(Figure 7c), solely the leaks in the door frame are evident, and other features are much subdued. 

Hence, evaluation of the amplitude at a known excitation frequency and characteristic phase 

angle can be used to separate variations caused by environmental effects and the leaks. This is 

a significant improvement compared to the amplitude or phase image alone, shown in Figure 6. 

However, while the phase of the excitation by the blower door is controlled, the phase of 

variations in the environment is random. Hence, this separation becomes more difficult as the 

difference between the phase of excitation and environment decreases. 

 

 

Figure 7: Phase weighted amplitude pixel values for the identical dataset as shown in Figure 6 at selected phase 

angles of -180° (a), -120° (b), and 60° (c) 

 

5 CONCLUSIONS AND OUTLOOK 

 

In this paper, the new method of lock-in thermography in combination with a blower door 

system is applied to building envelopes. This enables a fast identification of air leaks on entire 

façades. The amplitude image alone shows an improvement in clarity compared to differential 

thermography. In the illustrated example measurement, it was also possible to separate different 

excitation sources by evaluating the amplitude image at different phase angles, further 

improving the results. This new method can be carried out faster than previous state-of-the-art 

methods and is less sensitive to changing ambient conditions. In addition, this method can be 

easily standardized, automated, and thus applied to large building façade areas. 

However, if the excitation frequency and phase fortuitously match with a temperature 

fluctuation caused by environmental effects, a separation of the impact is hardly possible yet. 

More reliable identification and separation of leaks remain for future work. 

52 | P a g e



6 REFERENCES 

 

ASTM (2019). E779-19 Test Method for Determining Air Leakage Rate by Fan 

Pressurization. West Conshohocken, PA: ASTM International. 

BlowerDoor GmbH (2018). Bau.Tools BlowerDoor. Springe-Eldagsen. 

Breitenstein, O., Schmidt, C., Altmann, F. and Karg, D. (2011). Thermal Failure Analysis by 

IR Lock-in Thermography. In: ASM International (ed.), Microelectronics Failure 

Analysis: Desk Reference, 330–339. 

Breitenstein, O., Warta, W. and Schubert, M.C. (2018). Lock-in Thermography: Basics and 

Use for Evaluating Electronic Devices and Materials. Berlin, Heidelberg: Springer-

Verlag. 

Deutsches Institut für Normung e. V. (1999). DIN EN 13187:1998, Thermal Performance of 

buildings - Qualitative detection of thermal irregularities in building envelopes - Infrared 

method. Berlin: Beuth Verlag GmbH. 

Deutsches Institut für Normung e. V. (2018). DIN EN ISO 9972:2018-12, Thermal 

performance of buildings - Determination of air permeability of buildings - Fan 

pressurization method. Berlin: Beuth Verlag GmbH. 

Fox, M., Coley, D., Goodhew, S. and Wilde, P. de (2015). Time-lapse thermography for 

building defect detection. Energy and Buildings, 92, 95–106. 

Jokisalo, J., Kurnitski, J., Korpi, M., Kalamees, T. and Vinha, J. (2009). Building leakage, 

infiltration, and energy performance analyses for Finnish detached houses. Building and 

Environment, 44(2), 377–387. 

Jones, B., Das, P., Chalabi, Z., Davies, M., Hamilton, I., Lowe, R., Mavrogianni, A., 

Robinson, D. and Taylor, J. (2015). Assessing uncertainty in housing stock infiltration 

rates and associated heat loss: English and UK case studies. Building and Environment, 

92, 644–656. 

Kalamees, T. (2007). Air tightness and air leakages of new lightweight single-family detached 

houses in Estonia. Building and Environment, 42(6), 2369–2377. 

Lerma, C., Barreira, E. and Almeida, R.M. (2018). A discussion concerning active infrared 

thermography in the evaluation of buildings air infiltration. Energy and Buildings, 168, 

56–66. 

Mahmoodzadeh, M., Gretka, V., Wong, S., Froese, T. and Mukhopadhyaya, P. (2020). 

Evaluating Patterns of Building Envelope Air Leakage with Infrared Thermography. 

Energies, 13(14). 

Stutt, C.A. (1949). Low-Frequency Spectrum of Lock-In Amplifiers, Technical Report No. 

105, Research Laboratory of Electrics - Massachusetts Institute of Technology. 

Cambridge, Massachusetts. 

Wahlgren, P. and Sikander, E. (2010). Methods and Materials for an Airtight Building, 

Proceedings of the Thermal Performance of the Exterior Envelopes of Whole Buildings 

XI Conference. 

53 | P a g e



 Determining infiltration from the Pulse tests – the establishment of an 

evidence base of utilising a low-pressure approach for measuring building 

airtightness and energy modelling 
 

Xiaofeng Zheng *1, Alan Vega Pasos1, Luke Smith 2, Christopher J Wood 1 

 
1 Building, Energy and Environment Research 

Group,  

Faculty of Engineering, University of Nottingham 

University Park, Nottingham NG7 2RD, UK 

2 Build Test Solutions Ltd., 16 St Johns Business 

Park, Lutterworth LE17 4HB, United Kingdom  

 
ABSTRACT 

 

Building air infiltration rate is required as an important input in the calculation of building heat loss. Tests to 

directly measure infiltration rates are complex and time-consuming to perform, and are therefore usually 

substituted with an airtightness test as a more efficient alternative. An empirical ratio, or sometimes an infiltration 

model, is then used to predict the building infiltration rate from the measured airtightness value. For instance, in 

the United Kingdom the building air permeability measured by a steady pressurisation test and reported at 50 Pa 

(Q50) uses the so-called divide-by-20 rule to obtain the air infiltration rate. The blower door test, as a standard and 

widely accepted steady pressurisation method for measuring the building airtightness, takes the measurement in a 

range of high pressures (typically 10-60 Pa), which are regarded as being much higher than that experienced by 

buildings under natural conditions. Hence, an extrapolation is required and error could incur. The low-pressure 

Pulse technique has been developed to take measurements at low pressures (typically 1-10 Pa) directly and it 

therefore avoids the extrapolation process. However, it has been often asked how the test results given by the two 

different airtightness test methods compare with each other and how the Pulse test result can be used in the building 

energy assessment. A field trial study using the blower door, Pulse and tracer gas methods were carried out in over 

100 dwellings to (tracer gas tests were conducted in 21 of them): 

 

 identify the correlation between the test results given by the Pulse and blower door methods 

 establish the correlation between the Pulse test results and infiltration rate to allow the infiltration rate to 

be predicted when the pulse test is carried out 

 

 

The results showed that there is a strong correlation (a factor of 5.3) between measurements given by the blower 

door and Pulse methods and an initial Pulse-infiltration correction range (from 5 to 11) has been obtained. 

 

KEYWORDS 
 

Air infiltration rate, Airtightness, Pulse, Blower door, Tracer gas 

 

1 INTRODUCTION 

There has been increased focus on the energy use in the buildings as it is responsible for 36% 

of global final energy consumption and this goes up to 50% for the developed countries 

(Lombard 2008, IEA 2013, UNEP 2013). The relative proportion of energy losses associated 

with air infiltration has increased as the building thermal insulation has been improved over the 

last few decades. Airtightness fundamentally determines the level of infiltration occurring 

through building fabric and affects the building ventilation. The term, air leakage, is also used 

to describe how poor the building envelope is sealed and often contributes to ‘unnecessary 

ventilation’, which could account for over 60% of the energy wastage in commercial and 

residential buildings, through the loss of conditioned air (Orme 2001).  

 

In the process of evaluating the energy consumption associated with infiltration, the 

measurement of building airtightness is a common approach taken to provide an estimation of 
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the annual infiltration rate.  Fundamentally determined by the airtightness, infiltration can also 

be affected by various building and climate-dependant factors, such as building construction, 

local terrain, shielding factor, wind conditions and ambient temperatures. The correlation 

between them can be addressed either by empirical models or numerical models (Younes 2011, 

Sherman 1987, Sherman 2009). For instance, a leakage-infiltration ratio was proposed between 

1970s and 1980s as a quick estimation for infiltration when a building airtightness measurement 

was available and this approach was preferred by some professionals and researchers due to 

being easy and quick to use. The well-known leakage infiltration ratio is the divide-by-20 rule, 

which however was regarded as a crude way of predicting the infiltration rate because it can be 

affected by other aforementioned factors and this rule was lack of supporting research (Meier 

1986). However, it has been adopted by the UK government as a standard method for 

calculating the annual infiltration rate based on a steady pressurisation test. The blower door 

method is the most commonly used steady pressurisation method and is therefore used widely 

to establish the infiltration models.  

 

The novel Pulse pressurisation technique for measuring building airtightness at low pressures 

(Zheng 2019: Future Cities and Environment), which has gone through various stages of 

developments over the last 16 years from a cumbersome and heavy unit (Carey 2001, Cooper 

2004, Cooper 2007) into a more portable and quick-to-use version (Zheng 2017, Cooper 2019). 

However, as a viable method for measuring building airtightness, the Pulse technique cannot 

be used to infer the building infiltration rate because an established correlation between the 

Pulse test and building infiltration rate is not available. 

 

This paper reports the findings of onsite measurements of building airtightness and infiltration 

rate of over 100 dwellings (21 dwellings for infiltration measurement) using the blower door, 

Pulse and tracer gas methods.  The leakage-infiltration relationship is appraised herein based 

on the field trial data to provide evidence-based information for the policy makers and fellow 

researchers. This also allows us to gain insights into the correlation between building air leakage 

given by the Pulse test and the infiltration rate by the tracer gas test. This field trial will also 

help us understand how the Pulse test relates with the blower door test. A comprehensive 

analysis accounting for the factors that affect the infiltration rate based on theoretical models is 

beyond the scope of this paper and will be presented in later publications. 

 

2 EQUIPMENT, SETUP AND TEST PLAN 

In this field trial, three sets of equipment were utilised including blower door unit, Pulse device 

and tracer gas kit, as listed in Table 1. All test equipment has been inspected by BRE, UoN and 

iATS1 at different points throughout the field trial with UKAS calibration certificates held for 

all the equipment, sensors and supporting environmental condition sampling devices. 

 
Table 1 List of main testing equipment 

Item Description Serial Number 

Pulse 585 Main 58.5L Pulse unit, ¾” air release valve 1021422 

Pulse 398 39.8L Pulse unit, ½” air release valve 1021423 

Energy Conservatory Model 3 Standard model 11233 

Energy Conservatory Duct Blaster  Mini model 15752 

Testo 511 Absolute pressure meter 39115414/803 

Testo 110 Thermometer with thermistor type probe 33975032/707 

x7 Sontay 0-5000 ±30 ppm CO2 

sensor 

CO2 concentration measurer GS-CO2-1001-HR-

LCD-1-7 

 
1 BRE: British Research Establishment; UoN: University of Nottingham; iATS: Independent Airtightness 

Testing Scheme Ltd 
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x6 PT-100 temperature sensors Temperature sensors with a frequency of 1 

measure per second 

N/A 

WindSonic RS232 solid state 

ultrasonic anemometer 

Wind speed and direction with a frequency of 1 

measure per second 

18040109 

DataTaker DT-85 Data logger Data acquisition, recording rate at 1 second 

intervals for all connected sensors 

112225 

 

The three main testing devices are listed in Table 2 to illustrate the setup of the equipment in a 

test house. The building preparation complied with the standards (ATTMA TSL1, BS EN ISO 

9972). 

Table 2 Equipment and setup for the three testing methods 

PULSE-60 Duct Blaster B Sontay CO2 sensor with mixing fan 

   
Pulse unit Minneapolis blower door Tracer gas equipment 

 

Where possible, the backdoor was chosen for the blower door installation due to less fittings in 

the doorframe and consideration of being accessible to other testers at the front door. The 

PULSE-60 was placed in the centre of the living room. In the setup of tracer gas test, the 

building was divided into 6 zones with one CO2 sensor installed in each zone and placed 1.5 

metre above the floor level (ASTM 2011). 

 

A field trial plan and a testing sequence were developed to maintain the overall testing 

consistence throughout the field trial. It sets out the target sample size and the overall schedule 

of works. The conventions below were followed: 

 Tracer gas testing was carried out according to ASTM E741 

 Both blower door and Pulse tests were carried out according to ATTMA TSL1 2016 

edition and to BS EN ISO 9972:2015 “Method 2” 

 Additional Pulse testing was carried out in “Method 1” defined in BS EN ISO 

9972:2015  

 “Method 1 (unsealed)” and “Method 2 (sealed)” refer to sealing protocols outlined in 

BS EN ISO 9972:2015. 

 

The testing sequence is described in Table 3. Tier 1 refers to Pulse vs blower door testing. Tier 

2 refers to Tier 1 testing plus tracer gas testing. The timings are indicative of the typical length 

of time required for testing. In some of the tracer gas tests, over-night monitoring was 

implemented to obtain a satisfactory decay of tracer gas concentration.  

Table 3. Field trial procedure and timings 

Activity Est.time (mins) 

Attend property, meet representative on site. Photograph property. Set up laptop 60 
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Deliver Tracer Gas kit to property (Tier 2) 5 

Deliver Blower Door kit to property 5 

Deliver Pulse kit to property 5 

Set up and start charging Pulse 2 

Measure up property, calculate building volume and envelope area 25 

Seal up: Method 2, document with photos 15 

Pulse Test: x3 Method 2, recharge 5 

Set up blower door 10 

Blower door test: Method 2, pressure and depressure 25 

Pack down blower door 10 

Tracer Gas Test, Method 2 (Tier 2) 240-360 

Remove sealing 10 

Pulse test: x3 Method 1, drain 15 

Pack down Pulse equipment, return to vehicle 5 

Pack down tracer gas, return to vehicle (Tier 2) 10 

Return blower door equipment to vehicle 5 

Tier 1 Total (hours) 3.3 

Tier 2 Total (hours) 7.5-9.5 

 

3 CASE STUDY BUILDINGS AND ENVIRONMENTAL CONDITIONS 

3.1 Case study buildings 

A large representative sample comprising 108 homes has been tested. These comprised a wide 

range of new build and existing homes of varying degrees of performance, built form, age and 

size with testing carried out in a variety of environmental conditions throughout 2018. Overall, 

the sample is well balanced with an almost equal share between new building and existing 

properties. Although any pre and post works testing was beyond the scope of this particular 

field trial study, other property types tested include properties that have undergone extensive 

retrofit, Passivhaus and Enerphit. 

 

As well as leakage, another important measure of the full operating range of the Pulse test 

system is in the size of the properties the device is able to pressurise.  In terms of general overall 

representation, the English Housing Survey (EHS) unfortunately doesn’t report the distribution 

of property volumes in England but 76% of homes are reported to have a floor area of up to 

109 m2 which if multiplied by a typical floor to ceiling height of 2.5m, equates to approximately 

275 m3. Of the homes tested under the field trial, 69% (74 properties) fall within the bracket of 

less than 300m3.  

Table 4. EHS 2017 percentage distribution of property size bands 

Floor Area band Approximate upper volume (m3) Percentage of English housing (%) 

less than 50 m2 125 9.7 

50 to 69 m2 173 21.2 

70 to 89 m2 223 29.0 

90 to 109 m2 273 16.3 

110 or more m2 500 (based on 200m2 TFA) 23.7 

 

These EHS statistics are further reinforced by the distribution of a 1000 EPC survey 

assessments where the mean volume is approximately 200m3. A further 31% of the sample (34 

properties) were tested with a volume of greater than 300m3. Pulse has therefore demonstrated 

a clear ability to test across a full spectrum of building sizes, with the ability to tether multiple 

tanks offering similar system flexibility to the blower door technique where different size fans 

and flow restrictor rings were used. 
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3.2 Weather conditions 

The field trial was undertaken from January 2018 to November 2018 with the order of testing 

dictated by the availability of properties, meaning that the weather conditions in which tests 

were carried out were random. However, tests were only performed when wind conditions met 

the requirement set in BS EN ISO 9972. 

 

 

Figure 1 Distribution of temperature differential 

between indoor and outdoor across the sample 

 

Figure 2 Distribution  of ground level wind speed 

conditions across the sample 

 

The outdoor temperatures ranged from 4  oC to 23.4 oC, and the indoor temperatures ranged 

from 11.5  oC to 23.4  oC. Figure 1 presents the spread of temperature differential between inside 

and out across the test sample. Ground level wind speed was also monitored and shown in 

Figure 2.  

 

4 RESULTS AND ANALYSIS 

4.1 Air leakage characteristics of the sample 

The sample of the dwellings tested in the field trial provided a good spread of airtightness level, 

from very airtight to leaky, as shown in Figure 3 and Figure 4. It is considered to be a good 

representation of the leakage range experienced by airtightness testers covering highly leaky 

pre-retrofit buildings and the majority, as driven by the current building regulations, around the 

value for a typical new build property (3-5 m3/(h·m2) @50Pa). This is supported by the ATTMA 

lodgement statistics reported by Love (Love et al 2017) that most of the sample falls between 

3 and 5 m3/(h·m2). 

 

Of the 108-property sample, there was only 1 property where the blower door was unable to be 

used due to the lack of a suitable location to mount the door fan in the building envelope. There 

were nine properties where the Pulse testing was unsuccessful, five of which were Passivhaus 

standard properties tested early on in the field trial. In the particular Passivhaus tests it was 

found that, a standard 58.5L Pulse unit was oversized and thus over pressurising the building 

beyond the scale of (±25Pa) of the building pressure sensor. Conversely, two properties were 

so leaky that they were beyond the capability of two tethered Pulse tank units, leading to a 

failure of achieving a 4Pa pressure rise. For the final two, software malfunction led to the data 

being compromised with inadequate feedback presented to the tester when testing on site. 
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Figure 3. Spread of air permeability @50 Pa 

 

Figure 4. Spread of air permeability @4 Pa 

 

4.2 Pulse vs. BD 

Although the Pulse test is designed to take measurements of building air leakage at low 

pressures, its comparison with that of the steady pressurisation test at 50 Pa is often asked.  Due 

to lack of direct measurement, errors will occur in the prediction of air leakage rate from one 

level to the other under natural conditions, as reported by Cooper in a field trial study (Cooper 

2016). However, direct comparison at 4 Pa is possible to achieve in a sheltered environment 

where the wind and buoyancy effects are reduced, thereby making it easier for blower door to 

obtain accurate readings at low pressures. Initial findings showed that both methods provide 

measurements of Q4 that are in close agreement under sheltered conditions when direct 

measurement is made (Zheng 2017). Theoretically, there should be a defined relationship 

between the blower door result at 50 Pa (Q50) and a Pulse test result at 4 Pa (Q4) provided the 

leakage characteristics of the test building stays unchanged when pressurised to different 

pressure levels (i.e. determined by the pressure exponent in the power equation). This Q50/Q4 

relationship has been looked into in a series of experimental studies carried out in 16 buildings 

(Cooper 2019, Zheng 2019: Future Cities and Environment). It was found that the average value 

of Q50/Q4 (5.26), interestingly is in close agreement with the ratio (5.30) calculated using the 

average pressure exponent (0.66) in the power law equation obtained by steady state tests to a 

large sample size of dwellings in a number of countries reported by Orme (Orme, 1998). 

Nevertheless, the sample size of the test buildings needs to be increased in order to gain a more 

comprehensive and confident insights. The field trial reported herein provides a decent size of 

test sample, which should add sufficient weight to any finding that this study might provide.  

 

For a direct conversion factor to be deemed viable, the data must fit well to a linear relationship. 

The quality of the relationship is governed by the r2 value, which represents how far the data 

points deviate from the attempted fit within a confidence bracket. In this comparison the blower 

door results presented are the average value of the pressurisation and depressurisation tests 

undertaken, although it is not specified in any regulations that this approach should be 

undertaken it is regarded as best practise and should provide a more accurate measurement.  

 

It has been shown that, in general, pressurisation tests tend to result in a higher air permeability 

(i.e. leakier) measurement than depressurisation tests when carried out in the same building. In 

a pressurisation test, the fenestrations such as windows, attic hatches are pushed away from the 

frame, creating leakage, while the opposite is true for depressurisation tests. In the field trial, 

the air permeability as measured by a pressurisation test was 5% larger on average than the 

result by depressurisation. This effect should be negated by using the average measurement of 

a depressurisation and pressurisation test. As shown in Table 5, the average value of Q50/Q4 is 

5.33, which corresponds to a pressure exponent value of 0.663, thereby giving a close 

agreement with the value reported in the previous study (Orme, 1998).  
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Table 5. The conversion factor from Blower Door to Pulse 

BDT  Q50/Q4 Conversion Pressure exponent (n) 

Pressurisation  5.41 0.668 

Depressurisation 5.24 0.656 

Average 5.33 0.663 

 

 

Figure 5. Relationship between measured Q50 and Q4 values 

 

Figure 6 relationship between Q50/Q4 and building leakage 

 

 

Overall, despite different testing approaches, a high degree of agreement has been observed 

between Pulse and blower door tests carried out in the field trial and supporting tests, thus 

giving confidence that a conversion factor can be used to compare the two measurements.  

 

Absolute agreement between the two testing methods is not expected, because both have 

intrinsic uncertainties in their measurement due to sensor accuracy and system noise, which 

could be further enlarged by a number of specific differences in the nature of testing between 

the two tests, mainly including:  

 The fan test technique is doorway mounted which itself leaks to varying degrees 

depending on positioning and testing mode (i.e. pressurisation or depressurisation)  

 Pulse measures at 4Pa and tends not to exert pressures any higher than 15Pa in obtaining 

a measurement. This typically results in a difference in flow characteristics through gaps 
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and cracks in the fabric between Pulse and the blower door, leading to differing pressure 

exponent ‘n’ values. 

 

4.3 Airtightness vs. Infiltration 

It is widely acknowledged throughout industry and in supporting literature that a 50 Pa pressure 

is much higher than the pressure differences that drive infiltration under natural conditions. 4 

Pa is regarded more representative of infiltration pressure. Nevertheless, in the absence of an 

adequate relationship linking the infiltration and airtightness, it is difficult to estimate the annual 

air infiltration rate with a good level of confidence using a measurement of airtightness. 

 

Developing a more robust infiltration model was not the objective of this field trial.  It was only 

intended to run a series of tracer-gas-decay tests alongside the blower door and Pulse to assess 

the validity of the current method adopted in the UK for evaluating the infiltration rate (SAP 

2012) and explore correlations that the Pulse test might have with the blower door test and the 

tracer gas test.  

 

 

Figure 7. Directly measured air change rate (h-1) by tracer gas decay, Pulse (4Pa) and blower door (50Pa) 

 

Of the total 21 tests, 17 tests are deemed to have delivered reliable results, which are presented 

in Figure 7.  Table 6 summarises the leakage infiltration ratios obtained in the tests using tracer 

gas decay, blower door and Pulse. Due to variations in building and testing conditions, the ratio 

varies from house to house. The ACH4/ACH ratio ranges from 5.26 to 11.40 with an average 

value of 8.16 while the ACH50/ACH ranges from 30.72 to 66.88 with an average value of 44.4. 

Table 6. Ratios of air-change rate of 17 dwellings obtained in tracer gas and airtightness tests 

Airtightness-infiltration correlation ACH4/ ACH ACH50/ ACH 

Mean 8.2 44.4 

Minimum 5.3 30.7 

Maximum 11.4 66.9 

Standard error 0.54 2.65 

ACH, ACH4, ACH50 are infiltration rate, air change rate at 4 Pa and air change rate at 50 Pa measured in 

tracer gas test, Pulse test and blower door test, respectively. 

 

Therefore, the divide-by-20 rule as currently used in the SAP (UK) to calculate the infiltration 

rate from measurements quoted at 50 Pa is far from the reality observed in this study. A ratio 
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below 30.7 was not observed in any of the field trial properties, and the average of the results 

presented here would appear to better fit a divide-by-44 rule. This differs slightly from the ratio 

reported by Pasos et al (Pasos, 2020) due to different number of buildings included in this paper. 

Similarly, an approximate approach can be taken with the Pulse technique, where a ratio would 

more likely suit a divide-by-8 rule.  As the Pulse result is measured at a pressure level much 

closer to the ambient condition and therefore makes Pulse a test method suited to measurement 

of infiltration.  

 

 

5 CONCLUSIONS 

 

The sample of field trial test properties has been shown to be representative of a range of 

dwelling sizes, forms, construction, ventilation system types and air leakage levels. The 

distributions based on these characteristics have also been shown to correlate with other studies 

and datasets relating to the profile of the UK housing stock. 

 

With six Pulse and two blower door tests at each property in 108 dwellings and a tracer gas test 

at each property in 21 dwellings, this field trial presents a great opportunity of studying the 

relationship between leakage and infiltration in a range of dwellings using tracer gas method, 

blower door and Pulse techniques. The leakage-infiltration correlation has been assessed and 

the initial results showed that the leakage infiltration ratio produced by the blower door and 

tracer gas test deviated from the current divide-by-20 rule by over 100%. Discussions on the 

validity of divide-by-20 rule might not have much international significance due to the fact it 

has been discarded by the country where it was originated and the use of it has not been widely 

adopted. However, the field trial provides valuable insights into the leakage-infiltration ratio 

from an experimental perspective and therefore it allows us to have an updated understanding 

of it in the UK context and can be used as a benchmark for the countries that are currently 

establishing or going to establish the relevant standard. The results also showed that there is a 

clear linear relationship (a conversion factor of 5.30) between the measurements given by the 

Pulse technique and blower door method and encouragingly the linear relationship largely 

agrees with the average pressure exponent reported in the previous studies. For the Pulse 

technique, a divide-by-8 rule would provide a quick estimation of the annual infiltration rate if 

a simple leakage-infiltration ratio is sought in future. 

 

The authors appreciate the practical value of using a leakage-infiltration ratio to provide a quick 

estimation of the annual infiltration rate when a measurement of building airtightness is made, 

and recognises the necessity and importance of looking at the leakage-infiltration correlation in 

a holistic way, which accounts for the factors affecting the infiltration rate to reflect the as-built 

infiltration behaviour.  
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ABSTRACT 

 
Worldwide, the demand for airtightness tests of tall buildings with a height of approximately 100 m is increasing. 

This report provides information on the planning and measurement concept for testing the entire building as a 

“single-zone” and presents the results and findings of the airtightness tests. The test set-up and the tests as such 

are based on the Passive House Institute's Guide to Measuring Tall Buildings [5] which includes recommendations 

that go beyond the ISO 9972 standard. The team conducted and recorded additional tests to learn more about the 

process when testing tall buildings for airtightness. 

The team focussed on the following points:  

 High buildings require a measurement concept for the test set-up as well as for preparing the building. 

Sufficient time - in some situations 2 to 3 days - should be allotted for these first steps. 

 Installing the measuring fans throughout the entire building height is necessary if the building envelope 

exhibits a very high air permeability and / or if the building has very small airflow paths, i.e. "bottlenecks". 

These preparations ensure that the building pressure does not drop below 10%. 

 Additional Differential pressure gauges were installed on the ground floor and the top standard floor to see 

the impact of stack effect and wind on the building pressure difference. 

 Based on the building pressure differences on the first and top floor, the data points of the multipoint tests can 

be adjusted in such a way that the entire building is fully depressurized or fully pressurized. 

 Boundary conditions for the weather during the tests are a maximum of 1000 - 1250 mK and a wind force 

equal to or less than 3 Beaufort. 

Based on the findings, the test set-up and procedure can improved to achieve reliable and repeatable measurement 

results when testing tall buildings for airtightness in future. 

 

KEYWORDS 
 

Airtightness test, tall buildings, pressure drop in tall buildings, air permeability, airflow paths 

 

1 INTRODUCTION 

In the last decades airtightness of buildings has become a necessary step to minimize energy 

consumption, increase living comfort and to protect the building envelope from moisture 

damage. The ISO 9972 [4] test standard gives precise definitions for air permeability tests in 

small buildings, such as single-family homes and larger buildings, e.g. office buildings, 

schools, vestibules and foyers. 

 

Meanwhile, demand for measuring high-rise buildings of approximately 100 m is increasing. 

Hardly any experience, however, has been gathered so far in that field and the test standard 

does not fully provide for these kinds of tests ([2], [3], [5], [7]), the reason being that there 

isn’t much information on the impact that wind and stack effects have on air permeability 

tests in tall buildings and as to which action has to be taken to produce a uniform pressure 
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distribution in all floors and rooms while capturing the results at each data point – one of the 

prerequisites for reliable and repeatable test results. 

 

In 2021 an international test team took up the task of testing high-rise buildings with a height 

of more than 100 meters and up to 38 floors [6]. One of the major challenges was to ensure 

that the building envelope pressure which had been artificially induced with BlowerDoor fans 

was evenly distributed throughout the entire height of the building (maximum pressure drop  

10%) while dealing with the high and fluctuating natural pressure differentials along the 

building envelope caused by stack effect and wind. 

 

The “Airtightness Measurement of High-Rise Buildings Guidelines” of the Passive House 

Institute Darmstadt [5] served as starting point to develop a measuring plan for tall buildings. 

Additional test points were set up measure the pressure difference at the building envelope 

and to analyze how it changes throughout the height of the building before and during a test. 

Valuable insights were gained for European and national standardization work. 

 

This article describes the planning process, the approach used, the measuring process as well 

as the results and findings of these tests.   

 

2 SPECIMEN AND MEASURING TASK 

 

Specimen 

The three Triiiple Towers in Vienna, Austria with heights ranging from 108 m to 125 m 

served as test specimens (Figure 1).Figure 1 Towers 1 and 2 house 500 apartments and Tower 

3 houses 670 dormitories (Table 1). Table 1 lists additional building data such as reference 

values, building heights and the number of floors and apartments.Table 1  

Each building has a staircase in its center and several elevators with access to the floors.  

 

 

Figure 1: The three Triiiple Tower (Towers 3, 2 and 1) in Vienna, Austria (Source: DiePresse.com) 

 

Table 1 Building Parameters 

Name Tower 3  

Student dormitories 

Tower 2  

Apartments 

Tower 1 

Apartments 

Height 125 m 108 m 115 m 

Volume 76,844 m³ 68,779 m³ 71,280 m³ 

Envelope Area 15,652 m² 17,933 m² 16,079 m²x 

Floors plus Basements 36 + 2 Subbasements 32 + 2 Subbasements 35 + 2 Subbasements 

Rooms / Apartments ca. 670 ca. 260 ca. 240  

Moisture-controlled 

supply air vents in 

external walls 

ca. 670 ca. 370 ca. 340 
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Special features 

The apartments’ external walls are fitted with moisture-controlled supply air vents which can 

cause an additional airflow of 28 m³/h to 40 m³/h per unit during the tests as indoor humidity 

changes. This is an element of uncertainty when planning for the required measuring 

equipment [8], as are the numerous fire dampers. Most of them were installed underground in 

the partitions between heated and unheated building sections and tend to suddenly open up at 

certain pressure differentials while the tests are ongoing. 

 

Measuring Task 

All three buildings may not exceed the specified air change rate of n50  1.5 h-1 at 50 Pa 

induced envelope pressure difference. When converting this rate to the air permeability of the 

building envelope at 50 Pa it corresponds to qE50  6,6 m³/hm². The building was prepared 

according to method 1 of ISO 9972:2015. 

 

3 COORDINATION, PRE-TEST INSPECTIONS, ON-SITE-VISITS 

 

Coordination 

Measuring the air permeability of buildings of this size is a highly sophisticated process. 

Unfortunately, only a tiny time window is made available while construction is ongoing. In 

the case of these high-rise buildings every tower was allotted one weekend for the tests: 

Tower 3 in February, Tower 2 in July, and Tower 1 in September. First of all, the building has 

to be in a condition that allows for such tests. This means, for instance, that the airtight layer 

has to be finished. Testing does not make any sense as long as windows and doors are still 

missing or cannot be closed. Also, only the contractors conducting the tests should be in the 

building to avoid situations where construction workers who don’t belong to the test team 

accidentally open exterior doors or windows. These criteria and prerequisites have to be 

coordinated beforehand with the site manager. 

 

Pre-test inspection 

Selected sample rooms of the first tower (Tower 3) were inspected months prior to the air 

permeability test in order to assess air leakage paths of moisture-controlled supply air units in 

exterior walls etc. and to account for them when calculating the required number of 

BlowerDoor fans [7].  

 

Wind speeds, indoor and outdoor temperatures and building envelope pressure differentials 

were measured during additional on-site visits, thus allowing us to assess the impact of wind 

and stack effects on the building’s baseline pressure at an early stage. In the case of Tower 3, 

for instance, the request was made to reduce the building temperature (and thus the stack 

effect), because the outdoor temperature was expected to be 5° C or less during the test date. 

After matching the pressure readings with the theoretical calculations of envelope pressure 

differentials based on building height and temperature difference [Zeller2012], we found that 

it is extremely useful to account for this estimate while planning the test date [5]. 

 

On-site visits 

Additional on-site visits were necessary in order to plan the airflow paths and openings for air 

leaks flowing from the building envelope to the measuring devices (e.g. via the staircase, 

elevator shafts and fire protection ducts). All parts of the building have to be set up as one 

open zone. Only then can the building be treated and tested as a "single zone" [4]. In order to 

connect, for instance, the stairwell to the floors and the rooms, 1200 wooden wedges were 

used in Tower 3 to keep the self-closing doors open. All three Triiiple Towers needed an 

elevator shaft to serve as an additional flow path throughout the entire height. It was also 
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important to secure the open lift doors leading into the 130-meter high shaft prior to testing 

and to define roles and responsibilities. 

Locations for installing the BlowerDoor fans (ground floor, top floor, mezzanine floors) were 

inspected in order to plan for any auxiliary constructions that might be required during set-up. 

 

4 TEST CONCEPT 

 

A test concept was defined for each building by using the information obtained and the floor 

plans. The concept specified the following items: determine the required flow rate to 

demonstrate that the building meets the specified airtightness, define the envelope boundaries 

and plan for air leakage paths, plan the required number of test fans and where to locate them 

and the data points in the building in order to measure the envelope pressure inside to outside 

as well as indoors. 

 

4.1 Required airflow rate 

 

The required air change rate is multiplied with the volume of each building to determine the 

airflow that the testing equipment has to supply to meet the specified n50  1.5 h-1
 [8]. 

The required airflow rates q50 are set at ca. 107.000 m³/h for Tower 1, ca. 103.000 m³/h for 

Tower 2, and ca. 115.000 m³/h for Tower 3. 

 

4.2 Envelope boundaries and air leakage paths while testing 

 

Envelope boundaries 

The air barrier was highlighted in floor plans and sectional drawings in order to delineate the 

parts and rooms of the building within the envelope boundaries. The building is prepared 

according to these boundaries, e.g. the team decides which doors of the building stay open 

and which doors leading to unheated parts of the building stay closed.  

 

Airflow paths 

It was quite a challenge to plan the paths that the building envelope's air leaks would take to 

the measuring devices. A building envelope with many air leaks produces higher air leakage 

rates and thus requires larger sections for air leakage paths in order to limit the indoor 

pressure drop to a maximum of 10%. As the measuring team expected high airflow rates of 

approximately 115,000 m³/h (Tower 3), it was too risky to use only the narrow stairwell and 

just the three doors leading to each floor as airflow paths. For that reason an elevator shaft 

running through the entire height of each tower was added as flow path (Figure 2). During the 

tests the elevator doors were opened only partially for safety reasons.  
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Figure 2 Airflow paths through the staircase ① and elevator shaft ②. ③ Open elevator doors 

 

4.3 Number and location of BlowerDoor fans in the buildings 

 

Test set-up with high air permeability and airflow bottlenecks 

The expected airflow rates (qE50 at around 6.6 m³/hm²) are high and the plan was to set up 18 

BlowerDoor fans in every building [5]. All three towers have just a few doors on their ground 

floors leading into the staircase plus the open elevator shaft (three doors in Towers 2 and 3, 

two doors in Tower 1). The measuring team decided that these doorways were too small to 

distribute the entire airflow volume through the rest of the building. The risk that there would 

be a pressure drop already in this bottleneck was too high. For that reason the higher-level 

floors were also equipped with BlowerDoor fans. (Figure 3).  

 

 

Figure 3: Installation sites of BlowerDoor fans in Towers 3, 2 and 1. 

 

The fans were installed in external / balcony doors in the building envelope. The operators 

were then able to individually adjust each BlowerDoor fan to ensure a uniform distribution of 

the induced envelope pressure.  

 

Alternative test set-up with low air permeability and wide airflow paths 

 

Buildings with a significantly lower air permeability, such as passive houses with a qE50  0,6 

m³/hm², only need fans on the ground floor, provided that the air flow paths are wide enough. 

The readings of a different measuring team in a tall building in Luxembourg in 2021 that was 

easily 100 meters high confirmed this finding. The qE50 was 0.9 m³/hm² and the building had 

two staircases which were used to distribute the air leak flows throughout the entire height of 

the building. 
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Figure 4: Left: Building with high air permeability and small airflow paths - BlowerDoor fans are located 

throughout the height of the building. Right: Building with low air permeability and wide airflow paths - 

BlowerDoor fans placed on the ground floor 

 

4.4 Gauges to measure envelope pressures and pressure drops 

 

Where possible, gauges were installed at various building heights and sides to measure wind 

and stack effects on envelope pressure differentials inside to outside. The gauges located in 

the top standard floor and on the ground floor are needed to capture and verify the test 

sequence (Figure 5Figure 5 

 

Figure 5 Gauges for interior pressure differential (left) and building envelope pressure differentials (right) in the 

top standard floor and on the ground floor - illustrated with Tower 1. 

 

Based on the pressure differences measured at the building envelope, the team was then able 

to adjust the BlowerDoor fans to achieve a negative building pressure throughout the entire 

building during depressurization tests and a positive building pressure during pressurization 

tests.  

Multiple data points captured interior building pressure differentials to verify whether the 

building pressure was evenly distributed throughout all floors. Figure 5 illustrates the set-up 

for measuring the pressure difference between top and ground floor [5], [7], [9].  

 

4.5 „Base Camp“ on the ground floor 
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In each tower the base camp was set up in the largest room on the ground floor, usually in the 

foyer. This area was easily accessible and ideal for distributing the measuring equipment, 

because it was close to the elevator. Most of the fans were installed on the ground floor. The 

ground floor also served as control center to operate all BlowerDoor fans and to monitor the 

building pressure difference inside to outside and indoors. TECLOG 4, a specialized software, 

was installed on a laptop to control and track measurements. The data cables and tubes of the 

measuring equipment on the higher-level floors were routed through the open elevator shaft 

and then connected to the control center. Rope access technicians ran the cable bunches and 

tubing through the shaft because the fall height of 130 meters posed too great a risk.  

 

5 AIRTIGHNESS TEST AND TEST RESULTS 

 

5.1 Time required for tests 

 

Taking into account the installation and removal of the measuring equipment, the building 

preparation, and the test sequences, the entire test with 5 persons took roundabout 25 hours 

for each building. 4 of them are experts for testing large buildings. Capturing the test 

sequences at negative and positive pressure only took approximately 2.5 hours. Preparing the 

building took up a lot of time. For instance, one person in Tower 1 needed 7 hours just to prop 

open the doors in the staircase and to the apartments. The rope access technicians needed 

about 3 hours to rout and haul the cable bunches and tubing through the elevator shaft.  

 

5.2 Performing the test 

 

In each building, one test sequence was performed at negative and one at positive pressure 

with approx. 8 data points per test and then evaluated according to ISO 9972 [4]. Both test 

sequences were used to derive the mean air leakage value at 50 Pa q50 which is then used to 

determine the air change rate for each tower in order to set off the irregular air flow through 

the envelope leaks throughout the height of the building due to stack effect and wind [5], [7].  

 

The data points for the depressurization test sequence were adjusted to ensure that the indoor-

outdoor pressure difference on the top and ground floor were negative at each pressure stage. 

This is the only time where the air flows through the leaks of the building envelope from the 

outside [5]. The pressurization test yielded positive building pressure differentials with the air 

flowing through the leaks from the inside to the outside. 

 

The building leakage curve illustrates the airflow as a function of the induced pressure 

difference. The leakage curves for the Triiiple Towers were drafted with the mean values of 

three indoor-outdoor pressure differences on the ground floor. The building envelope pressure 

differentials from the higher-level floors only had the purpose to ensure that the pressure was 

either negative or positive throughout the entire height of each tower.  

 

The BlowerDoor fans installed in the higher-level floors ensured that the induced envelope 

pressure was uniformly distributed throughout the entire height of the building. As soon as a 

building zone showed a pressure drop larger than 10% the fans' flow rate was readjusted.  

 

5.3 Test results 

 

The air change rates of all Triiiple Towers met the specified airtightness target of n50  1.5 h-1 

(Table 2). Average air permeability qE50 is approximately 4.1 m³/hm². 
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Table 2: Results of the Airtightness Measurements 

 Tower 3  Tower 2  Tower 1 

q50 depressurization 52,700 m³/h 75,970 m³/h 69,937 m³/h 

q50 pressurization 66,800 m³/h 75,760 m³/h 69,222 m³/h 

q50 average 59,750 m³/h 75,865 m³/h 69,580 m³/h 

n50 air change rate 0.78 h-1 1.10 h-1 0.98 h-1 

qE50 air permeability 3.8 m³/hm² 4.2 m³/hm² 4.3m³/hm² 

 

6 LESSONS LEANRED 

 

6.1 Test according to ISO 9972 versus the Triiiple measuring concept 

 

The test team had the opportunity to perform a single-point test in Tower 1 based on the test 

set-up according to ISO 9972. For this purpose reference for the building pressure differential 

was captured in some distance from the building and the air flow was induced solely by the 6 

BlowerDoor fans on the ground floor. The team did not verify whether the pressure was 

distributed uniformly throughout the building nor whether the entire building was under 

negative pressure.  

Air permeability qE50 according to ISO 9972 was 52,872 m³/h and thus 22 % lower than the 

air permeability yielded with the “Triiiple Concept“ at 67,802 m³/h.  

 

Lessons learned 

Tests according to ISO 9972 requirements entail the risk that the resulting air permeability is 

too low for high-rise buildings.  

 

6.2 Installation sites of BlowerDoor fans as a function of air permeability 

 

The three Triiiple Towers have an average air permeability qE50 of ca. 4.1 m³/hm². The 

measuring team had to make do with a narrow staircase and an elevator shaft with a few 

connecting doors to each floor to distribute the air flow throughout the entire building height 

during the air permeability test. BlowerDoor fans had to be installed also on higher-level 

floors to avoid excessive pressure drops in the building. 

 

Another test in a tall building of more than 100 meters in Luxembourg yielded an air 

permeability qE50 of 0.9 m³/hm². The air flow rate was significantly lower and was routed 

through two large staircases. As the data points didn’t show any pressure drops throughout the 

height of the building, the team only needed to set up the 6 BlowerDoor fans on the ground 

floor.  

 

Lessons learned 

If the envelope's air permeability is high and the paths to distribute the air flow during testing 

have bottlenecks, the fans should be located throughout the height of the building. 

While testing buildings with low air permeability, such as passive houses, it is fine to install 

the fans only on the ground floor, provided that the air flow can easily reach all floors. 

 

6.3 Stack effect 

The impact of stack and wind effects on the pressure differences at the building envelope was 

clearly exemplified while testing Tower 3 in February 2021. Compared to that experience the 

tests in Tower 2 (July 2021) and Tower 1 (September 2021) were relatively easy. 
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Due to its height and a "large" temperature difference of 17 K at the building envelope, Tower 

3 exhibited a very high baseline pressure: Nearly +70 Pa positive pressure on the top standard 

floor and -10Pa negative pressure on the ground floor (Figure 6).  

 

 

Figure 6 Baseline pressure difference due to stack effect and wind 

 

These boundary conditions were taken into account while capturing the individual data points. 

During depressurization, for instance, -80 Pa were needed as lowest building pressure in order 

to achieve a negative pressure in the entire building. 

 

Lesson learned: 

When testing tall buildings you not only have to measure the building envelope pressure 

differential on the ground floor but also on the top floor in order to be able to respond to the 

stack effect. The data points for depressurization test sequences can be set according to these 

readings to ensure that the entire building is under negative pressure during depressurization 

and under positive pressure during pressurization test sequences [5].  

 

We recommend for future tests that a temperature difference from 8 K - 10 K should not be 

exceeded for buildings with a height of up to 125 meters - this corresponds to 1000 mK - 

1250 mK. With leaks distributed uniformly throughout the entire height of the building the 

readings would yield approx. -25 Pa on the ground floor and +25 Pa on the top floor [10]. 

When using those target values, the measuring range from the smallest to the highest value of 

100 Pa should be sufficiently large for one test sequence. Even in the event of an irregular 

distribution of air leaks - as in Tower 3 - there would still be enough scope to generate reliable 

test sequences covering a sufficiently large range from the smallest to the highest data point. 

 

6.4 Wind pressure 

 

Figures 6 and 7 show the impact of wind at wind force 3.Figure 6Figure 7 The three building 

sides (East, North and West) on the ground floor exhibit significantly lower fluctuations in 

building pressure (green graphs) than the 4 building sides on the top floor (blue graphs for the 

34th floor, North, East, South and West). The values for the windward and leeward side on 

the 34th floor also deviate significantly. 
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Figure 7Fluctuating pressures due to wind during a pressurization test in Tower 3 

 

Lessons learned 

During windy weather it makes sense to measure the building pressure differential on more 

than one side of the building to capture the wind impact on the windward and leeward side. 

As soon as the wind force is greater than 3 Beaufort, the test results are no longer reliable, 

because pressure fluctuations are very high and increase from floor to floor. 

 

Since building pressure fluctuations are markedly lower on the ground floor versus the top 

floor, they provide a solid basis to adjust the BlowerDoor fans and to derive the leakage 

curves from the ground floor values.  

 

6.5 Neutral pressure plane 

 

The distribution of natural pressure differentials can also be used to locate the neutral pressure 

plane. In theory it is in the middle of the building. This would mean that the leaks are 

uniformly distributed throughout the height of the building. The pressure distribution in 

Tower 3 shows clearly (Figure 8) that in reality the plane is somewhere else.Figure 8 Here, 

the neutral pressure plane is more or less on the 5th floor. This indicates that significantly 

more leaks or larger leaks were located in the lower part of the building. 

 

Figure 8Neural Pressure Plane  in Tower 3 
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Lessons learned 

The location of the neutral pressure plane can provide information on leakage distribution in 

the building or on large openings (e.g. windows) that still need to be closed for testing. 

 

7 SUMMARY 

 

The “Airtightness Measurement of High-Rise Buildings Guidelines” of the Passive House 

Institute Darmstadt, Germany [5] is a reliable starting point when testing tall buildings for air 

permeability. This was confirmed while testing the Triiiple Towers in Vienna with a height of 

up to 125 m. 

 

Performing tests in approx. 100-meter high buildings is time-consuming and complex. 

Experience has shown that is makes sense to thoroughly plan the test and to establish a test 

concept. 

Measurement points need to be installed on the ground floor and on the top standard floor to 

capture the building envelope pressure difference, since they can be very high due to the stack 

effect. 

Measurement points on each of the four building sides on the ground floor and on the top 

floor provide insights on the wind impact, that can cause significant fluctuations. 

 

To ensure a uniform distribution of the induced building pressure ( 10%) during testing, 

BlowerDoor fans are set up in the building based on the following two factors: Air 

permeability of the building envelope qE50 and the airflow paths (staircases, elevator shafts 

etc.) to distribute the airflows from the leaks to the fans. The higher the air permeability and 

the more bottlenecks are in the building, the higher the probability that the BlowerDoor fans 

will also have to be set up on higher-level floors.  

 

The Triiiple Towers with a mean qE50 of 4.1 m³/hm² had nothing but bottlenecks and thus left 

no choice but to install the fans throughout the height of the building.  

A comparative test according to ISO 9972 excluding pressure drops in the building and 

without verifying whether all leakages exhibited airflows in the same direction yielded an 

airflow that was 22 % lower. 

 

Another 100-meter high building in Luxembourg with a qE50 of 0.9 m³/hm² and two large 

staircases needed BlowerDoor fans only on the ground floor in order to achieve a uniform 

pressure distribution.  

 

Thanks to the building pressure differentials captured at the very top and bottom of the 

building during the air permeability tests, the team was able to readjust the data points during 

the test sequences to ensure that negative pressure was induced throughout the height of the 

building during depressurization and positive pressure during pressurization. The mean air 

leakage value q50 derived at negative and positive pressure was then used for subsequent 

analyses. To a certain extent, this sets off irregular air flows through the leakages which are 

caused by stack effect and wind.  

 

We recommend for future tests that a temperature difference from 8°K-10 K should not be 

exceeded for buildings with a height of up to 125 meters - this corresponds to 1000 mK to 

1250 mK.  

While testing, the wind speed should be equal or below 3 on the Beaufort scale.  
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It is considered to be good practice to set up a base camp on the ground floor. The measuring 

equipment can be installed, removed and distributed with the least effort because the elevators 

and staircases are nearby.  

Usually the rooms are very large (e.g. near the foyer) and have exterior doors which are ideal 

to install the fans. They also offer large airflow paths to other parts of the building / floors via 

the staircases and elevator shafts. 

Furthermore, the team can adjust all of the BlowerDoor fans, monitor the building envelope 

pressure inside to outside and the induced pressure differentials inside of the building. 

 

My special thanks go to Emanuel Mairinger, Johannes Neubig and Thomas Gayer. It is due to 

their commitment and trustworthy collaboration that these tests were possible. Special thanks 

also go to Gary Nelson and Collin Olson, The Energy Conservatory, Minneapolis (USA) who 

provided valuable information and support before and during the test and to all my colleague 

providing assistance in the background. 
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ABSTRACT 
 

With the constant evolution of the French EP-regulations, good building airtightness has become mandatory to 

reach required energy performance. More than 60,000 airtightness tests are performed each year since 2015. Each 

measurement performed by a qualified tester must be recorded in a national database that is therefore growing fast 

(more than half million in 2020). 

Following RT2012, the new EP-regulation RE2020 came into force on January 1, 2022. It has strengthen the 

requirements for the air permeability of residential buildings. Moreover, this new regulation goes beyond the 

energy performance of buildings by requiring the commissioning of ventilation systems to ensure that new 

dwellings are ventilated right. The inspection schemes for ventilation systems is similar to the building airtightness 

one (tester qualification scheme, national database), additionally an on-line observatory will be created.  

After a brief introduction regarding the French regulatory context for building air permeability and ventilation, 

this paper gives an overview of the building airtightness database followed by a detailed presentation of the results 

including: 1) impact of buildings’ characteristics on building airtightness level; 2) the evolution of the air 

permeability (French indicator Q4Pa-Surf, and n50) in new and renovated buildings depending on the building 

use; 3) the frequency of detected leakages and their impact on the air leakage rate. 

In new single-houses, the mean air permeability is 0.38 m3/(h.m²) at 4 Pa which is significantly below the 

mandatory threshold value (0.6 m3/(h.m²)) and 94% of all houses meet the mandatory requirement. In new multi-

family buildings, the mean air permeability is 0.63 m3/(h.m²) at 4 Pa which is significantly below the mandatory 

threshold value (1.0 m3/(h.m²)) and 98% of all buildings meet the mandatory requirement. In new non-residential 

buildings, for which there is no mandatory test, the airtightness has improved over the years and is now equivalent 

to the new multi-family buildings level. In renovated buildings (no mandatory test), more measurements are 

needed to improve the knowledge regarding the changes in airtightness before and after renovation. The analyses 

of detected leakages enable us to identify the most critical leakages that are not always the most frequent ones. 

 

KEYWORDS 
 

Building airtightness, measurements, database, field data  

  

1 INTRODUCTION 

 

With the constant evolution of the French EP-regulations, good building airtightness has 

become mandatory to reach required energy performance. The EP-regulation RT2012 

introduced for the first time in 2013 minimum requirements for building airtightness in all new 

residential buildings. The air permeability, expressed by the he French indicator qE4 (Q4Pa-surf in 

French: air leakage rate at 4 Pa divided by the loss surface area excluding the basement floor) 

Bassam Moujalled*1,2, Adeline Mélois1,2, Valérie Leprince3, and Gaëlle Guyot1,2  
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must be lower than 0.6 m3.h−1.m−2 for single-family houses (i.e. around n50 = 2.3 h−1) and 1.0 

m3.h−1.m−2 for multi-family buildings. In addition to the regulatory requirement, The EP-labels 

of French association Effinergie (BBC, BEPOS, and BEPOS+ Effinergie 2017) set higher 

requirements for residential buildings: 0.4 m3.h-1.m-2 for single-family buildings and 0.8 m3.h-

1.m-2 (instead of 1.0 m3.h-1.m-2) for multi-family buildings in case of measurement by sampling. 

Compliance must be justified either by an airtightness test performed by a qualified tester or by 

applying a certified quality framework. Thanks to this requirement, more than 60,000 

airtightness tests have been carried out each year since 2015. Each test performed by a qualified 

tester is recorded in the French database on building airtightness, which is therefore growing 

rapidly (more than half million in 2020). 

Following RT2012, the new EP-regulation RE2020 came into force on January 1, 2022. It has 

strengthen the requirements by: 

 introducing a new minimum requirement for non-residential (a limit value of 1.7 

m3.h−1.m−2 for office building and schools of less than 3000 m² of surface); 

 and adding penalties for measurements by sampling (final result multiplied by 1.2) or 

tests performed before the completion of all work impacting the envelope air 

permeability (final result incremented by 0.3 m3.h−1.m−2). 

Moreover, this new regulation goes beyond the energy performance of buildings by requiring 

the commissioning of ventilation systems to ensure that new dwellings are ventilated right. The 

inspection schemes for ventilation systems is similar to the building airtightness one (tester 

qualification scheme, national database), additionally an on-line observatory will be created. 

This paper summarizes the recent results of the French database regarding buildings’ 
characteristics, the evolution of air permeability, and the frequency of detected leakages and 

their impact on the air leakage rate. 

 

 

2 DATABASE OVERVIEW 

 

The French database of building airtightness was created in 2007 following the implementation 

of the national qualification scheme for building airtightness measurement. The measurements 

of the qualified testers are collected annually according to a standardized form and are 

implemented in the database. The structure of the database is presented by Mélois (Mélois et 

al., 2019). It is composed of 39 data fields on the building, the measurement procedure and the 

test results.  

Figure 1 shows the evolution of the number of building airtightness measurements and the 

percentage of measurements depending on the use of the building. 

The database currently contains about 570,000 measurements. It takes into account the 

measurements made in France until 2021 (incomplete data for 2021, with measurements from 

two-thirds of qualified measurers being collected at present). The implementation of the 

regulatory requirement of the former EP-regulation RT2012 has initiated since 2013 a strong 

increase in the annual number of tests that fluctuates today between 65000 and 80000 

approximately.  

Residential buildings account for almost all of measurements (68% for single-family dwellings 

with 388,442 tests, and 28% for multi-family buildings with 157,469 tests). Only 4% of tests 

are carried out in non-residential buildings (35,958 tests). This is due to the mandatory 

requirement that applies only to residential buildings. With the new requirement in the current 

regulation RE2020 regulation for non-residential buildings, we can expect to see a large 

increase in the number of tests in office buildings and schools in the coming years, similar to 

residential buildings. 
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Figure 1: Evolution of the number of building airtightness test in France (left) and percentage of measurements 

depending on the use of the building. (*The data for 2021 is not complete and corresponds to measurements 

made by around two-thirds of qualified measurers. The rest will be implemented later) 

 

Figure 2 presents the distribution of the measurements number depending on the measurement 

time and the measured extent of building. The majority of tests in the database are performed 

at building completion (commissioning test to justify compliance with the mandatory 

requirement). Only 5-13% of tests are performed during construction in residential buildings, 

and 23% in non-residential buildings. Although testers are expected to complete all 

measurements performed, those performed during building construction may not be 

consistently completed. 

Regarding the measured extent of the building, almost all measurements in single-family 

dwellings are performed on the whole building. Conversely, more than 90% of the 

measurements in multi-family buildings are carried out on a part of the building (a sample of 

apartments). In non-residential buildings, more than 75% of measurements are performed on 

the whole buildings. This results are in accordance with the compulsory measurement protocol 

which allows measurements based on a sampling method for multi-family buildings over 10m 

in height (AFNOR, 2015, 2016). 

 

 

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

measured extent of building (right) 

 

3 RESULTS 

 

3.1 Main characteristics of buildings 

 

Figure 3 presents the characteristics of buildings regarding main construction material and the 

type of thermal insulation for single-family, multi-family and non-residential buildings. The 

majority of single-family houses are built of masonry, mainly with brick (44%) followed by 
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concrete (40%). Wooden houses account for 6%. For Multi-family buildings, concrete is the 

main material (55%), followed by brick (29%). Wood accounts only for 2%. For non-residential 

building, concrete is also the main material (36%), followed by brick (20%) and wood (11%). 

Regarding the thermal insulation, internal insulation walls are still the most used technique in 

particular in single-family buildings (94%, against 75% around in multi-family and non-

residential buildings). The use of external insulation walls is larger in multi-family and non-

residential buildings (20% and 15% respectively against 2% in single-family dwellings). The 

category “distributed thermal insulation” includes in particular wood-frame buildings with 

insulation between studs. It is important to note that the airtightness of concrete and brick 

constructions is treated in the same way in France, in most cases it is made through 

plasterboards and mastics at the inside facing of the walls. The wooden constructions are mainly 

wood frame structure, and the airtightness is ensured by the vapour barrier. 

 

Figure 3: Number of building airtightness measurements depending on the buildings main material (left) and the 

type of insulation (right) 

 

3.2 Changes of air permeability in the last decade 

 

The results presented here are expressed according to the air permeability French indicator Q4Pa-

surf, as explained in section 1, and the air change rate at 5 Pa n50. Only measurements performed 

upon completion are analysed hereafter in order to perform relevant comparisons. Figure 4 

presents the change over the last decade of building air permeability and its distribution. 

For single-family dwellings, the air permeability values decrease quickly in the first years and 

both median and mean values of Q4Pa-surf stabilize around 0.4 m3.h-1.m-2 (median and mean 

values of n50 are 1.70 and 1.86 h-1 respectively) from 2015, clearly below the limit value of the 

mandatory requirement (0.6 m3.h-1.m-2). 

For multi-family buildings, the air permeability values also decrease quickly in the first years 

and then increase slightly from 2015. This is probably because every new building is now tested 

and not only exemplary ones that were applying for an EP-label. Indeed, the application of the 

mandatory requirement in multi-family buildings has been delayed by two years compared to 

single-family dwellings. The median and mean values of Q4Pa-surf tend to stabilize around 0.65 

and 0.8 m3.h-1.m-2 respectively (median and mean values of n50 are 1.43 and 1.78 h-1 

respectively). They are both clearly below the limit value of the mandatory requirement (1.0 

m3.h-1.m-2). The discrepancy between the median and the mean values are probably because of 

the heterogeneity of the sample, due to the measurement method. As we can see on Figure 5, 

the air permeability values measured on the whole building are higher than those obtained when 

the measurement is performed on a sample of apartments or a part of the building. Unlike the 

whole building measurement method, the other methods do not account for leakages in common 

areas that represents 24% up to 67% of the air leakage of the whole building (Moujalled et al., 

2011). 
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Figure 4: Boxplot of the building air permeability according to the year of construction (left) and its distribution 

(right) in single-family (top), multi-family (middle) and non-residential buildings (bottom) 

 

For non-residential buildings, as seen above, the number of measurements is much lower. 

However, results show an annual increase in the number of measurements since 2011, with 

more than 3,000 non-residential buildings tested in 2020. As for the multi-family buildings, air 

permeability drops rapidly during the first years, then begins to increase slightly over the last 

three years as the number of buildings measured increases. The median and mean values of 

Q4Pa-surf tend to stabilize around 0.55 and 0.75 m3.h-1.m-2 respectively (median and mean values 

of n50 are 1.82 and 2.38 h-1 respectively). The discrepancy between the median and the mean 

values is also because of the heterogeneity of the sample of non-residential buildings that cover 

a larger variety of building use (Figure 6). 93% of the tested buildings are better than the default 

value of the RT 2012 (1.7 m3.h-1.m-2), knowing that the latter is set as limit value for the new 
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mandatory requirement of the RE2020 for office and school buildings. This requirement will 

help to increase the number of office and school buildings measured and thus provide a better 

representation of the air permeability of these buildings. 

 

 

Figure 5: Boxplot of the whole building air permeability in multi-family buildings according to the measurement 

method. When the measurement is performed on a part of the building or a sample of apartments, the equivalent 

air permeability of the whole building is calculated as a weighted average of the air permeabilities of the tested 

apartments by their envelope surfaces according to FD P50 784(AFNOR, 2016, p. 50). 

 

 

Figure 6: Boxplot of the air permeability in non-residential buildings depending on the building use 

 

3.3 Changes of air permeability in existing buildings 

 

Figure 7 presents the change of building air permeability in existing buildings depending on the 

moment measurement: before retrofitting (initial), during construction, and upon completion 

(after retrofitting). 

First, we can observe the relatively small numbers of measurements in existing single-family, 

multi-family and non-residential buildings compared to new buildings. In the absence of a 

mandatory requirement for existing buildings, the measurements in these buildings are carried 

out at the will of the owner or in the framework of a label. Overall, the results show that the air 

permeability of existing buildings after retrofitting is better than that of buildings before 

retrofitting. However, it is difficult to draw general conclusions from these observations due to 

the small number of buildings measured. It is necessary to increase the measurements in 

existing buildings in order to improve the knowledge of the air permeability in these buildings 

and how it is impacted by the renovation works.  
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Figure 7: Boxplots of the air permeability in existing buildings depending on the moment of measurement 

 

3.4 Analysis of the detected leakages 

 

During each test, a detailed qualitative leakage detection is performed by testers in accordance 

with the Standard ISO 9972 and the French standard FD P50-784 (AFNOR, 2016). Leakage 

locations are usually detected using a smoking device, a thermography, or by feeling the airflow 

on the envelope with fingers as described in the annex E of ISO 9972. Leakages are classified 

according to the leakage categories of FD P50-784 (see appendix A) with 8 main categories 

and 46 sub-categories (see appendix A). 

Figure 8 shows the frequency of detected leakages by category in single-family, multi-family 

and non-residential buildings. Leakages through doors and windows (category C), electrical 

components (category F) and around penetrations through the envelope (category D) are the 

most frequent leakages detected in all buildings.  

 

 
Single-Family buildings Multi-Family buildings 

Non-residential buildings  

 

Figure 8: Frequency of detected leakages in single-family, multi-family and non-residential buildings 
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Figure 9: Boxplots of the measured air change rate at 50 Pa n50 in single-family, multi-family and non-residential 

buildings depending on the type of the detected leakage 
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In order to analyse the impact of leakages on the air permeability, we have constructed 46 

subsamples corresponding to the 46 subcategories of leakages. Each subsample contains the 

data where a particular leakage is observed. We then compared the mean value of air 

permeability of each subsample to that of the entire sample using Wilcoxon tests. For this 

analysis, we used the air change rate at 50 Pa ‘‘n50” as indicator to analyse air permeability 

variations, as it has the lowest error with respect to repeatability, reproducibility, and wind 

impact (Moujalled et al., 2021). 

Figure 9 shows the comparison between the boxplots of n50 of all leakage subsamples and the mean value of the 

entire sample. Leakage subsamples are sorted in decreasing order of the mean value of n50. The figure shows 

also on the x-axis the occurrence of each leakage. We can identify the leakage subsamples with highest values 

n50, the corresponding leakage can thus be considered to have greatest impact on the airtightness (p-value << 

0.01).  

Table 1 shows the top five leakages with the highest values of mean n50 in single-family, multi-

family and non-residential buildings. It is interesting to note that the B4 leak (junction between 

wall and ceiling or sloped roof) is among those with a significant impact on airtightness in all 

three types of buildings, even though it is not very frequent. Overall, leakages through the main 

envelope area (A) and the junctions between walls and floors (B) are less frequent but have a 

significant impact on the air tightness of the building. 

 

Table 1: The top five leakages with the greatest impact on air permeability 

Type of building Leakages with highest values of mean n50 (Occurrence) 

Single-family B4-Junction between wall and ceiling or pitched roof (3%) 

D6-Beam connection with floor or ceiling (3%) 

D5-Beam or joist connection with walls (3%) 

B2-Junction between two vertical walls (3%) 

F5-Lighting components (13%) 
Multi-family F5-Lighting components (5%) 

B3-Junction between wall and floor (13%) 

E2-Attic trap door (absent or ineffective seal) (5%) 

B4-Junction between wall and ceiling or pitched roof (3%) 

F4-Wiring inside internal walls (19%) 

Non-residential A5-False ceiling panels (8%) 

B4-Junction between wall and ceiling or pitched roof (6%) 
A3-mortar/glue junction between masonry blocks, wall panels (3%) 

D5-Beam or joist connection with walls (4%) 

D2-Vapour barrier membrane through which duct, pipe, beams, hatches (4%) 

 

4 CONCLUSIONS 

 

Since its creation in 2007, the French database of building airtightness has been annually fed 

by measurements performed by qualified testers. The total number of measurements is now 

about 570,000 with a majority of residential buildings (68% single dwellings, 28% multi-family 

buildings against 4% non-residential buildings). This is due to the mandatory requirements of 

the former EP-regulation RT2012 that was implemented in 2013 only for new residential 

buildings. It has initiated since 2013 a strong increase in the annual number of tests that 

fluctuates today between 65000 and 80000 approximately. Measurements from 2015 can thus 

be considered as representative of new French residential buildings. With the new requirement 

in the current regulation RE2020 for non-residential buildings, we can expect to see a large 

increase in the number of tests in office buildings and schools in the coming years, similar to 

residential buildings.  

In new single-houses, the mean air permeability is about 0.4 m3/(h.m²) at 4 Pa which is 

significantly below the mandatory threshold value (0.6 m3/(h.m²)) and 94% of all houses meet 

the mandatory requirement. In new multi-family buildings, the mean air permeability is about 
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0.8 m3/(h.m²) at 4 Pa which is significantly below the mandatory threshold value (1.0 

m3/(h.m²)) and 94% of all buildings meet the mandatory requirement. In new non-residential 

buildings, for which there is no mandatory test, the airtightness has improved over the years 

and is now equivalent to the new multi-family buildings level: 93% of the tested buildings are 

better than the default value of the RT 2012 (1.7 m3.h-1.m-2). In renovated buildings (no 

mandatory test), more measurements are needed to improve the knowledge regarding the 

changes in airtightness before and after renovation. The analyses of detected leakages enable 

us to identify the most critical leakages that are not always the most frequent ones: leakages 

through the main envelope area and the junctions between walls and floors are less frequent but 

have a significant impact on the air tightness of the building. 
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7 APPENDIX 1 – LEAKAGE DEFINTION 

 

Classification of leakages according to the French standard FD P50-784 (AFNOR, 2016). 
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ABSTRACT 

 

While the importance of air barrier systems in buildings has been understood for decades, it is 

only in the past decade or so that they have been given appropriate attention in the energy codes 

of most countries.  While at least one country has had air barrier requirements in their codes 

since the mid-1980s, the “model energy codes” of others have largely ignored the issue until 

recently.  Studies in the United States in the early 2000s that showed the potential for significant 

energy savings due to airtightness improvements in buildings were instrumental in getting air 

barriers incorporated into both the ASHRAE 90.1 standard and the International Energy 

Conservation Code (IECC), both of which form the basis for almost every energy code in the 

country.   

 

As many in the buildings industry have discovered, getting air barriers into the energy codes was 

only the first step.  Airtightness in buildings is an extremely complicated issue, as it spans so 

many aspects of both design and construction.   If a designer specifies a maximum U-factor for a 

window system or a minimum R-value for wall insulation, the chances of installed systems 

varying significantly from those performance levels are relatively small.  With air barriers, 

however, simply specifying a material with a certain air permeance is nowhere near sufficient to 

achieve that performance on the whole-building scale.  The material needs to be properly 

integrated with all aspects of the enclosure, from below-grade waterproofing to roofing to 

fenestration.  The overall impact on building airtightness now depends on the thoroughness of 

the detailing, the performance of the adjacent systems, and the quality of installation.  This is in 

sharp contrast to thermal insulation, where the R-value is the R-value regardless of how the 

material is installed, and performance can be reliably calculated as opposed to requiring field 

testing. 

 

To account for these concerns, many codes and building rating systems (such as Passive House) 

have started to include requirements for whole-building air leakage testing to confirm the 

effectiveness of the air barrier system.  Again, this is a good first step, but the practical 

difficulties of air leakage testing are not widely understood.  This paper reviews the development 

of air barrier requirements in model energy codes, including whole building testing, and 

discusses the practical limitations of current codes.  The authors present strategies for both 

improving building airtightness through thorough design documentation and construction 
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monitoring and for performing field testing to confirm execution and verify performance.  We 

discuss how both designers and builders can meet these code requirements while considering the 

practical limitations of the construction process, from constructability to scheduling.    

 

1. INTRODUCTION 

 

In the early half of the 20th century, much of the research into building enclosures focused on 

water vapor control.  Work by Dr. Frank Rowley in the 1930s and 40s focused on evaluating 

water vapor flow to prevent condensation within exterior wall insulation.  This largely 

overshadowed work by Leonard Barret who was evaluating how airflows could produce similar 

condensation impacts (and who turned out to be correct about the problems associated with 

moisture migration via moving air).  A 1942 United States Federal Housing Authority 

publication titled “Property Standards and Minimum Construction Requirements for Dwellings” 

required low permeance materials on the inside of insulated walls with impermeable coverings 

on the exterior – and the vapor barrier was born.  Although it quickly spread to building codes 

and standards around the country, some researchers still observed condensation issues in these 

walls despite the low-permeance interior barriers. 

 

Condensation due to air leakage was occasionally studied in the latter half of the 20th century, but 

it was not until the energy crisis of the 1970s that research focused more on the impact of air 

leakage on heating and cooling loads in buildings.  The 1986 National Building Code of Canada 

was the first code to include a specific requirement for air leakage control.  Where a building 

assembly would be subjected to a temperature differential, a differential in water vapor pressure 

and a differential in air pressure due to stack effect, mechanical systems or wind, the code 

required that assemblies be designed to provide an effective barrier to air exfiltration and 

infiltration, at a location that would prevent condensation within the assembly through the 

materials of the assembly, joints in the assembly, joints in components of the assembly, and 

junctions with other building elements.   

 

In the U.S., ASHRAE 90.1 – Energy Standard for Buildings Except Low-Rise Residential 

Buildings has helped to define energy efficiency for commercial buildings since the first version 

was published in 1975.  ASHRAE 90.1 had a clause addressing air leakage as far back as 1989, 

but only in very generic terms (i.e., “All exterior joints, cracks, and holes in the building 

envelope shall be caulked, gasketed, weather stripped, or otherwise sealed.”). The U.S. did not 

see any well-defined requirements for air barriers until 2001 when Massachusetts added 

continuous air barriers to the 6th edition of their building code.  It wasn’t until 2010 that the 90.1 

standard began requiring that “The entire building envelope shall be designed and constructed 

with a continuous air barrier.” This requirement was included in the 2013 version as well and 

then updated in 2016 to include field testing to prove effectiveness of the air barrier installation.  

The International Energy Conservation Code followed a similar path to ASHRAE 90.1, with 

loose language on sealing of the enclosure up through the 2009 version and then more specific 

language on air barrier systems beginning in 2012.  
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While most standards and codes now require continuity, testing to quantify air leakage and 

confirm that installed systems meet quantitative performance targets is relatively new and brings 

with it challenges that are sometimes equal to or greater than the challenges associated with 

effectively installing the air barrier system.  When evaluating air infiltration on a manufactured 

component such as a window or a door, you can be relatively confident that you are going to get 

what is advertised because one contractor is responsible for building it exactly the way the 

fabrication instructions describe. A building-wide air barrier system, however, crosses trades and 

requires a heavy focus on detailing during design as well as coordination between contractors 

during construction.   

 

The process of successfully installing an air barrier is somewhat similar to an automotive 

assembly line, where a highly complex assembly process is broken down into many smaller 

steps.  Each of these steps must be performed in sequence and according to a global design plan 

in order for the finished product to function.   For air barriers installed in the field, a similar level 

of quality is required but now half the assembly steps are performed out of order and everyone 

on the “assembly line” is working from a different set of drawings.  Looking at it from this 

perspective, it is not surprising that continuity of air barrier is extremely difficult to achieve.  As 

we will discuss in the following sections, this difficulty has not been well understood because 

until very recently, testing has not been required and is rarely done voluntarily.  

 

2. DESIGN VS. PERFORMANCE 

 

When a design team is designing a building, they can choose most products to meet the 

performance requirements that match their code or project goals.  A window or curtain wall’s 

thermal performance can be confirmed with analyses or physical testing.  Placing that window 

within a wall opening, where it may be surrounded by thermal bridges, will reduce its effective 

performance, but through analysis or testing that reduction is quantifiable with a reasonable 

degree of accuracy.  The same is true for insulation materials – knowing the R-value of the 

material and the specific method of installation (between studs, interrupted by façade anchors, 

etc.), a designer can calculate the in-situ assembly performance using software tools or data from 

manufacturers or other industry sources.  

 

Shifting to air barriers, while manufacturers can provide testing results for the airtightness of 

individual components (air leakage rates, typically expressed in L/s*m2 [CFM/ft2] at a specific 

pressure differential [in Pa or lb/ft2]), the assembly of multiple materials into the finished air 

barrier system can result in greatly different values in the field.  This fact is clearly reflected in 

typical building code requirements, where the maximum air leakage rate for air barrier 

assemblies, which include opening perimeters, penetrations, etc. is typically 10 times higher than 

the rate for the primary air barrier (membrane) materials (0.2 L/s*m2 at 75 Pa [0.04 CFM/ft2 at 

1.57 ft2] vs. 0.02 L/s*m2 at 75 Pa [0.004 CFM/ft2 at 1.57 ft2]).  For whole buildings, leakage is 

another 10 times higher than for assemblies (2.0 L/s*m2 at 75 Pa [0.4 CFM/ft2 at 1.57 ft2], or 

now 100 times higher than for primary materials. Performance is heavily dependent on 

installation, detailing configurations, construction practices, and sequencing.  Unlike thermal 

performance, where the performance impacts of thermal bridges and other discontinuities can be 
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quantified, both the level of discontinuity and the impact of those discontinuities on air barrier 

system performance cannot be reasonably estimated during the design of a project, whether to 

evaluate actual energy impact or to simply confirm that the installation meets the above-

mentioned code limits on air leakage.  

 

While designers can, and must, be thorough in air barrier design and fully detail transitions, 

intersections, joints, and related details, the execution of that design is significantly more 

difficult to accomplish.  Execution is also a process over which typical designers have very little 

control.  Some typical installation concerns include: 

 

 Does the membrane tie in with adjacent trades with shingle laps that consider both 

chemical compatibility and adhesion?  The air barrier is often also the water barrier in an 

assembly, so it needs to be designed in accordance with good waterproofing practice as 

well as being airtight.  Compatibility is a common concern, as many common air barrier 

and enclosure materials are either physically or chemically incompatible (e.g., asphaltic 

materials will embrittle PVC membranes over time, very few materials will successfully 

adhere to silicone, etc.).  Complicating matters, for primary systems like roofing, 

manufacturers may make warranty exceptions if detailing requires tie-in with some types 

of adjacent materials – even if those materials are critical to air barrier performance.  The 

authors have worked on many projects where detailing was compromised because “it will 

void the roof warranty” and manufacturers would not accommodate any changes.  

Warranty aside, the issue of trade coordination is a frequent cause of problems, where 

even with a third party (general contractor) managing the process, it is difficult to get 

separate trades to agree on transition details and then perform their work in a manner to 

allow those details to get built. 

 Who is checking if other trades damage the membrane after it has been installed?  As 

noted above, even small gaps (or in this case, punched holes/damage) in an air barrier can 

significantly degrade performance.  Air barriers are often one of the first components 

installed after the structure is in place and will experience both construction traffic and 

subsequent trades (framing for rainscreens, mechanical attachment of roofing, etc.).  This 

provides no shortage of opportunities for damage (Figure 1).  

 

 
Figure 1 - Large cut in air barrier at soffit made to pass through temporary utilities and not repaired. 
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 Is the air barrier continuously supported?  Air barriers need to resist both internal 

building pressure and external applied pressure (due to both wind and changing 

environmental conditions).  Extending air barrier materials across large gaps can result in 

failure over time as the material is stressed or as seams pull open.  This often comes 

down to coordination, as the air barrier installer who is being pressured to finish their 

work may not take the time to work with the framer to address gaps in the backup wall – 

they simply conceal the issue with their membrane and move on.   

 Is the general contractor coordinating between trades to make sure the initial trade left 

conditions to accommodate the next trade in such a way that allows for continuity?  

Sequencing of air barrier systems, especially when they are also functioning as water 

barriers, is critical to performance.  Installing materials out of sequence may prevent 

proper shingling of materials, connection to fenestration, or integration with other 

elements of the enclosure.  This is typically a problem where cladding systems change or 

abut adjacent elements such as roofing.  If the air barrier simply ends at the edge of the 

cladding, there is no practical way to make the air barrier connection without removing 

materials (Figure 2). 

 

     
Figure 2 - Wall (green arrow) and roof (red arrows) air barriers installed but never joined together 

at a roof eave condition.  Remedial membrane installation was simple but required significant 

exterior finish removal. 

 

 Have changes or “value engineering” decisions affected the design in a way that prevents 

certain details from being implemented?  We have discussed the importance of thorough 

detailing, but what happens when detailing is based around a specific system or system 

type which gets changed before or during construction?  We have often provided detailed 

drawings for integrating air barriers with curtain wall framing systems only to have that 

framing “value engineered” to a lesser system, requiring either expensive changes to the 

design, compromises in performance, or both.  

 

3. MEASUREMENT AND VERIFICATION 

 

Breaches in the air barrier are not always obvious, or even visible, and physical testing is the 

most reliable way to both identify these breaches and to determine how tight the envelope is.  

Such testing should include a combination of whole building testing and localized chamber 

testing, both qualitative and quantitative.   
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3.1 Quantitative Testing 

 

There are two primary reasons that one would test the air barrier system to evaluate actual air 

leakage rate. The first is to establish whether the installed system (or individual component, such 

as a window or door), meets the specified and code-required level of performance.  This is a 

simple comparison of a tested value to a referenced standard and is essentially pass/fail.  The 

second reason would be evaluating the performance of the enclosure and estimate heating and 

cooling losses associated with air leakage – either to determine mechanical system parameters 

for an upgrade or to evaluate potential causes of heating and cooling issues.  Test procedures for 

windows and doors are well-established and included in almost all new construction and many 

retrofit projects as a quality assurance measure.  While whole-building testing of single-family 

residential buildings has been well understood for decades, testing of larger commercial 

buildings (as well as regulation of overall leakage rates) is a much more recent development. 

 

The first obstacle to implementing maximum air leakage rates in building codes is developing a 

reasonable value or target – not an easy task, since there was very little data in the industry to 

suggest what air leakage rates were reasonable, and achievable, for commercial buildings.  Early 

studies in the U.S. found that existing buildings had very high leakage rates, with averages 3 to 4 

times greater than current code limits.  However, the body of knowledge in that area was limited, 

with only a few studies sampling a small number of existing buildings, and even less information 

was available for new construction.  In 2009, the Washington State Energy Code began requiring 

most new buildings to perform a whole-building air leakage test.  Interestingly, there was no 

performance target given, just a requirement to complete the test and report findings.  This was, 

in effect, an information gathering exercise to help inform future code changes.  It was not until 

2012 that the same code established an actual target (the now-standard 2.0 L/s*m2 at 75 Pa [0.4 

CFM/ft2 at 1.57 ft2], likely based on collected data which showed that to be an achievable 

requirement.  Around this same time, in 2010, the U.S. Army Corp of Engineers began requiring 

all their buildings, including renovation projects, meet a whole-building leakage rate of 1.26 

L/s*m2 at 75 Pa [0.25 CFM/ft2 at 1.57 ft2].  This is lower than current code values, but with 

careful design and increased focus on airtightness, many of their buildings were able to achieve 

this value as designers and installers became more familiar with the steps necessary to improve 

airtightness.  While confusion over targets was a frequent topic of discussion over the past 10+ 

years, typical codes are now in agreement on reasonable targets, with many advanced standards 

(such as the Passive House and similar low-energy guidelines) pushing the envelope to produce 

even tighter buildings.   

 

Perhaps in recognition of the difficulty of testing (which will be discussed in more detail below), 

most codes include whole-building testing as an optional path, but allow for other, less 

quantitative compliance paths (such as the use of materials or assemblies with tested 

performance levels).  However, some U.S. jurisdictions have started moving towards whole-

building testing as a hard requirement for some building types.  For example, the 2020 New 

York City code requires quantitative testing to show that the building envelope does not exceed 

2.0 L/s*m2 at 75 Pa [0.4 CFM/ft2 at 1.57 ft2for all new buildings between 929 m2 (10,000 ft2) and 

4645 m2 (50,000 ft2) and less than or equal to 23 m (75 ft) in height.    And while many designers 
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and builders do not yet have the experience required to both meet that air tightness target and 

successfully demonstrate compliance via testing, seeing how codes have developed in the last 10 

years, it is only a matter of time before those requirements become the standard and not the 

exception.  

 

The following sections discuss the various issues associated with whole building air leakage 

testing of large and increasingly complex buildings.   

 

3.2 Qualitative Testing 

 

While this paper primarily deals with the difficulties of quantifying air leakage, it is important to 

note that qualitative testing can often be just as critical, and in many ways a simpler approach to 

testing.  Telling a contractor that the whole-building leakage rate was 4.0 L/s*m2 at 75 Pa (0.79 

CFM/ft2 at 1.57 ft)2 gives them no real direction on how to implement repairs, other than the 

very general “make the building tighter”.  Qualitative testing is needed to locate the actual 

breaches in the air barrier so that they can be exposed and repaired.  Qualitative testing may 

include smoke testing and/or infrared (IR) scans when the building is pressurized, using visual 

(or in the case of IR, detectable) methods to identify leakage sites.    IR scans work under a 

similar mechanism but require a temperature differential between the building interior and 

exterior so that air leakage is “visible” to an IR camera that detects the resulting temperature 

differential near the leakage site (Figure 3).  Smoke testing when the building is pressurized will 

lead to smoke exiting the building where there is a breach (Figure 4).  These types of tests can be 

highly beneficial since they can be performed in any size space, can be done in small sections 

rather than needing the entire air barrier to be complete, and provide immediate guidance to the 

installers on where and how to make repairs.   

 

 
Figure 3 - Visual (left) and IR (right) images of a building with air leakage at roof-to-wall interface.  

IR image visualized temperature differential associated with leaking interior air. 
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Figure 4 - Testing of air barrier details using tracer smoke. 

 

 

4. CHALLENGES OF WHOLE-BUILDING TESTING 

 

Whole-building testing of a completed single-family home is a relatively simple process, 

requiring small fans, minimal preparatory work, and in many cases a single technician (Figure 

5).  The chances of passing that test are relatively high due to the simple construction and limited 

number of contractors involved in construction of the building, simplifying many of the 

coordination issues discussed above for larger commercial buildings.  This is part of the reason 

why single-family residential airtightness testing has been well-established and predates testing 

of larger buildings by decades in some locations.  Below we discuss the major issues associated 

with testing of the latter building type, primarily focusing on the “when” and the “how” of 

testing. 

 
Figure 5 - Dual-fan blower door for small building air leakage test. 

 

The primary elements of the air barrier system in a large commercial building are the wall air 

barrier membrane, the roof system, and fenestration.  In an ideal world, all those systems would 

be installed building-wide, but left exposed to allow for inspection or repair.  A whole-building 

test would be performed, and if it failed, qualitative testing would identify any breaches in, or 

damage to, the air barrier which could then be repaired for a re-test. The actual process of 

constructing a large building is a very different story.  By the time all the included systems in the 

air barrier are completed, most air barrier components are likely already concealed due to 
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schedule pressure to complete the building.  For many projects, scheduling the work to allow for 

the entire air barrier system to be exposed for testing would make those projects financially 

unfeasible.  Projects may also experience out-of-sequence work, where the wall air barrier may 

be completed and exposed for weeks or months before fenestration is installed, further delaying a 

potential test. This means that for buildings where testing is the only option, the project team 

may be faced with a difficult scenario of failing to meet the required leakage rate but needing to 

find breaches in a partially or fully concealed air barrier.  While some of the methods described 

above, particularly IR scanning, can help to located concealed air leaks, removal of brand-new 

cladding, materials, etc. will be required to access those locations for repair. 

 

In many cases, partial testing of buildings (e.g., one completed floor at a time) can be a useful 

method of dealing with sequence and schedule issues, as it is more likely that a single floor or 

localized area can be made airtight prior to the installation of exterior finishes.  The challenge 

with this approach, however, is isolating air leakage through the enclosure systems from air 

leakage into adjacent/incomplete spaces.  This challenge can be significant due to the large 

number of penetrations through walls and floors in a modern building, many of which will not be 

sealed or isolated until much later in the construction process.  Such communication between 

spaces may require temporary sealing for the test, or in some cases, limit the size of the area that 

can reasonably be tested.  In addition to sealing air paths into and out of the test area, it is also 

necessary to “pressure balance” the surrounding spaces with the test area, maintaining the same 

pressure (either negative or positive, depending on the test) in both spaces to prevent airflow 

between them.  While a “brute force” approach of using multiple fans to maintain pressure 

balancing without sealing air paths may work for small spaces, the fan power required to 

overcome leakage through large openings is impractical for most applications.  For partial 

testing, a qualitative approach can also be used which is much simpler, as the required pressure 

differential may not be as high as for quantitative testing, and there is no need to prevent leakage 

into adjacent spaces as long as the required differential can be maintained. 

 

Building on the “how” of testing, one of the primary challenges of testing a large building is 

simply its size.  While most single-family residential buildings can be tested with a single fan, 

large buildings may require multiple fans (dozens in some cases) or specialized high-capacity 

fans which greatly limit the availability of testing agencies.  For a moderate to complex building, 

fans must also be well-distributed throughout the space to provide consistent pressure control.  

This is especially important for taller buildings during temperature extremes.  For example, in a 

75m (246 ft) tall building under a temperature differential of 15C (27F), the magnitude of 

potential stack pressure is almost 50 Pa (1.0 lb/ft2).  For a test that is typically performed at 75 Pa 

(1.57 lb/ft2), failure to balance out such high stack pressures internally could result in significant 

pressure variations throughout the building and produce misleading air leakage results.  

Especially in taller buildings, fans must often be installed in stairwells and on multiple floors to 

provide internal pressure balancing both vertically and horizontally.  While these approaches can 

be used successfully to quantify air leakage, they require both equipment and expertise currently 

beyond that of the typical design professional or testing agency.   

 

5. SUMMARY 
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As airtightness requirements become more stringent and expectations of proving installed 

performance increase, coordination between members of the design and construction teams must 

also increase.  Designers will need to develop detailing and specify materials that can 

accommodate transitions between trades accounting for compatibility and anticipating potential 

sequencing.  They will also need to consider the building parameters (heights, floorplans, use, 

etc.) in developing testing plans.  Additional materials may need to be specified for testing plans 

that require compartmentalization and incremental testing to ensure floors and/or areas of the 

building can be effectively tested. Some of these provisions may fall into means and methods for 

contractors but, regardless, there will need to be coordination with the general contractor to 

understand anticipated schedules and sequencing.  Specifications will also need to include 

recourse and direction for failed tests to help all parties navigate a changing construction 

landscape and to help resolve potential disputes.  In many cases, performing a whole-building air 

leakage test on a project may just not be practical.  In these cases, it will be important for the 

design and construction teams to establish alternate testing criteria (such as partial or incremental 

testing) as well as to work with the local authority having jurisdiction (AHJ) to confirm that such 

alternate paths will be acceptable.  
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ABSTRACT 

 

By 2050, the European council proposed to achieve total decarbonization in buildings. In this way, building energy 

models are key factors to predict the energy consumption in the design, use and retrofit stages. However, these 

models may present a relevant gap between predicted and measured energy performance, which should be 

minimised by cutting uncertainties with real data. Air leakage is one of the main uncertainties and causes of 

increasing building loads by renovating the indoor air in an uncontrolled way. Nevertheless, many energy 

modellers do not have a solution for this parameter.  

 

Therefore, the two main goals of this study are to find the most accurate dynamic infiltration model and to verify 

if it can be extrapolated to different periods and wind data. For this reason, an experiment of tracer gas with CO2 

was carried out in the south room of a flat in Pamplona, Spain. The experiment was conducted for 40 days, 18 in 

summer (9 for training and 9 for checking), 11 in winter and 11 in spring for checking. The Design Flow Rate 

EnergyPlus object was chosen to calculate infiltration, which, in turn, fed the multi-points decay equation to 

generate the simulated CO2 curve. Then, to find the best coefficients of this object, the performance of multi-

variable regressions was done based on the objective function of minimising the mean absolute error between 

predicted and measured CO2 concentrations. As wind plays an important role in the calculation of air leakage, this 

process was made using different wind data: one from in-situ sensor and three from a nearby meteorological station 

(a global wind with all directions, a westbound wind and an eastbound wind), in order to analyse which one was 

the best to predict the air leakage. The most precise training model was applied in the checking periods to test its 

robustness to time and wind data. To evaluate these models, the ASTM D5157 Standard Guide for Statistical 

Evaluation of Indoor Air Quality Models and Taylor Diagrams were used.  

 

As a result, the models created from the in-situ data and from the west wind of the weather station best represent 

the measured CO2. They present 14% better performance than the model generated with the global wind from the 

weather station, the latter usually applied in building energy simulations. The in-situ wind data developed 

coefficients specific to the test space that can be extrapolated to other seasons and weather conditions without 

losing their quality. Even models that did not meet ASTM D5157 criteria in the training period passed the standard 

with in-situ coefficients. This study is a step forward in reducing the infiltration uncertainty and corresponds to a 

cost-effective solution, since with only 9 days of training, it is possible to obtain coefficients that generate accurate 

air leakage values at other seasons and with wind from the weather station, which is easier to collect than in field 

measurements. 
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1 INTRODUCTION 

 

The European Commission proposed to achieve climate neutrality by 2050, which means to 

reduce buildings energy consumption. In this context, building energy demand should be 

minimised by applying passive strategies, improving the construction systems and preventing 

any cause of increasing building loads. One of independent agents that can affect the building 
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energy demand is air leakage, that can increase heating demand by 13-30% and cooling demand 

by 4-14%, as it uncontrollably renews indoor air (Raman et al., 2014; Persily et al., 1999). The 

air tightness improvement in a building envelope could enhance indoor air quality (IAQ), 

people’s comfort, long-term durability of buildings, as well as, reduce carbon emissions (Pérez-

Lombard et al., 2008), in the case of buildings that use fossil energy sources.  

 

Usually, buildings energy consumption is predicted in building energy models (BEMs) which 

require many input parameters, air leakage being one of them. However, air leakage is difficult 

to measure and inserting inaccurate values can lead to misleading results. The difference 

between the estimated and measured energy of a building is called building energy performance 

gap (BEPG) (De Wilde, 2014). Reducing this gap will allow for more precise predictions and 

give investors more confidence in retrofit projects.  

 

This study is built on previous calibration knowledge of reducing the BEPG based on inverse 

modelling approach, grey box models and optimization performed in EnergyPlus (EP) and 

JePLUS+EA (Ruiz et al., 2016; Fernandez et al., 2017). The calibration process is carried out 

to accurately estimate the energy at each time step. For this purpose, studies have concluded 

the number of parameters needed to calibrate the building envelope and the impact of their input 

in the BEPG (González et al., 2020; Lucas Segarra et al., 2019; González et al., 2020; Du et al., 

2019). Nevertheless, the calibration process developed by Fernández et al. still presents 

uncertainties about the thermal inertia and air leakage values.  

 

Therefore, this study attempts to verify a new methodology of modelling dynamic infiltration 

to resolve this uncertainty in the calibration process using EnergyPlus as a simulation engine. 

For this reason, the EP object: ZoneInfiltration: DesignFlowRate (DOE, 2021) was used to 

calculate infiltration. This object is composed by an equation with five coefficients (Idesign, A, 

B, C, and D) that can be found by a multi-variable regression or can be provided by energy 

analysis programs.  

 

A tracer gas test was done according to Sherman and Standard ASTM E741 (Sherman, 1990; 

ASTM 11, 2017) to analyse empirically the infiltration values calculated. The experiment was 

based on the decay multi-point method (ASHRAE, 2017). Some studies using the decay method 

were carried out to calculate air leakage (Cui et al., 2015; Taddeo et al., 2018). However, they 

refer to infiltration as a constant value, and it should be dynamic for accurate energy predictions. 

In addition, the experiment using CO2 also allowed us to find the coefficients of the EP object 

by realising a multi-variable regression of the measured data.  

 

As wind plays an important role in the calculation of air leakage and as the last two coefficients 

(C and D) are multiplied by the wind speed values, the regression process was made using 

different wind data: one from the in-situ sensor and three from a nearby meteorological station 

(a global wind with all directions, a westbound wind and an eastbound wind). The objective 

was to analyse which wind speed data was the best at predicting air leakage. As far as the 

authors know, this study has not been done before. 

 

The infiltration rates were evaluated according to the American Society for Testing Material 

D5157: Standard Guide for Statistical Evaluation of Indoor Air Quality Model (ASTM, 2019). 

The standard presents statistical instruments to assess the agreement and bias of measured and 

predicted CO2 concentration. ASTM D5157 requires two different data to generate and check 

the models. In this study, we have overcome this requirement, as four distinct periods were used 

to evaluate the models: 9 days in summer for model training, and 31 days for model checking: 

9 in summer, 11 in winter and 11 in spring. Taylor diagrams were also used to assess the models. 
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In summary, this research aims to achieve two main objectives. 1) To find the most accurate 

EnergyPlus dynamic infiltration model, validated on 18 summer days and based on different 

wind speed data, and 2) To verify if this best model can still comply with ASTM D5157 criteria 

when extrapolated to different periods and wind data.  

 

The next sections are organised as follows. Section 2 describes the experimental procedure. 

Section 3 explains the methodology. Section 4 presents the results and discussion, and section 

5 the conclusions.  

 

 

2 EXPERIMENTAL PROCEDURE 

 

2.1 Test space and instrumentation 

 

The experiment was carried out in the living room of an attic of 29.50 m² in a 7 floors apartment 

building in Pamplona, Spain. We selected this space because it was unoccupied throughout the 

experiment and because we could access the monitored data. It is a building from 1992 and its 

exterior walls, from the outer to the inner layer, are made of perforated brick (115 mm), air 

cavity (30 mm), expanded polystyrene (50 mm), hollow brick (70 mm) and plaster (15 mm). 

The southeast façade has two openings, and the southwest façade has one window, all of them 

made of aluminium. The interior walls are constructed with hollow brick (75 mm) between two 

layers of plaster (20 mm each) and the interior doors are made of wood.  

 

Tracer gas test. The method chosen for the tracer gas test is the concentration decay, which 

consists of injecting CO2 and mixing it with the room air (Remion et al., 2019). The procedure 

consists of injecting the CO2 twice in the room by using a 5 kg fire extinguisher during three 

seasons, summer, winter and spring:  

 

● P_1_T: Training period with 9 days between June 20th and July 2nd 2021. 

● P_2_C: Checking period with 9 days between July 2nd al July 14th 2021. 

● P_3_C: Checking period with 11 days between December 10th and January 9th 2022. 

● P_4_C: Checking period with 11 days between March 24th and April 24th 2022. 

 

CO2 concentration. We installed two types of sensors to measure the CO2 concentration 

(ppm): 1) HOBO (data logger model Delta OHM HD37VBTV.1), and 2) EXTECH (data logger 

model CO210). The sensors are in different places in the room (see Fig. 1) to check the 

uniformity of the CO2 in the whole test space. Both types of sensors have an accuracy of +- 

5%, but only the HOBOs are integrated into the monitoring system, which facilitates data 

management. Therefore, we chose the HOBO data to calculate air leakage.  

 

To measure the outdoor CO2 concentration, a sensor model Delta OHM HD37VBTV.1 was 

installed on the southeast façade (see Fig. 1). All sensors recorded CO2 data at one-minute 

intervals.  
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Figure 1: Apartment floor plan. 

 

Temperature recording. Two data loggers model HOBO ZW-006 were installed in the test 

space to measure the indoor temperature (ºC). One at 0.80 m above the ground and the other at 

1.75 m, in order to have accurate data according to temperature stratification. On the southeast 

façade, two sensors were installed to measure the outdoor temperature (ºC) using the same data 

logger model. Temperature recording was done in one-minute time-steps. 

 

Wind data. In this study, we used four types of wind speed data to calculate infiltration (see 

Fig. 2). One related to the in-situ measurement recorded with an interval of one minute and one 

related to the data recorded at a nearby meteorological station (at ten-minute time-steps): 

1. South wind in-situ (SW_INSITU). This wind is collected on the southeast façade of the 

test space by a wind speed sensor (m/s) model AHLBORN FVA 615-2. 

2. Wind from the weather station (W_MET). This wind speed comes from all directions, 

and we identified it as W_MET.  

3. East wind from the weather station (EW_MET). The W_MET was divided into east and 

west based on its direction. The EW_MET refers to the wind speed data from 0º to 180º 

according to the north.  

4. West wind from the weather station (WW_MET). The WW_MET ranges directions 

from 181º to 360º. 

 

In order to standardise the data collected, all data were applied at ten-minute intervals.  
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Figure 2: Weather conditions during P_1_T. 

 

 

3 METHODOLOGY 

 

We used the object of EnergyPlus: ZoneInfiltration: DesignFlowRate (DOE, 2021) to calculate 

the infiltration of the test space. This object is composed by an equation of five coefficients 

(i.e., Idesign, A, B, C, and D). The ABC equation is as follows: 

 

 I = (Idesign) (Fsch) [A + B*|(Tzone-Todb)| + C*(WS) + D*(WS2)] (1) 

Where: 

Idesign is the design infiltration rate; 

Fsch is the infiltration schedule; 

Tzone and Todb are, in this study, the average indoor ambient temperature and the average 

outdoor ambient temperature in ºC, and 

WS is the wind speed in m/s. 

 

In addition, we implemented a multi-point decay method, as it is more accurate than the two-

point decay. According to ASHRAE Fundamentals (ASHRAE, 2017), the decay equation is as 

follows:  

 Ct = (C0 – Cbg) e^(–It)  (2) 

Where: 

Ct = estimated CO2 concentration; 

C0 = average of measured indoor CO2 concentration; 

Cbg = average of measured exterior CO2 concentration; 

t = time in s; and 

I = infiltration of each time-step in air changes/hour. 

 

101 | P a g e



We calculated the in-situ coefficients for the P_1_T by performing a multi-variable regression. 

The objective function was to reduce the mean absolute error (MAE) between measured and 

estimated CO2 concentration. This methodology is explained in Fig. 3: 

 

 

Figure 3: Methodology applied to find the best coefficients in-situ. 

 

We applied the ASTM D5157 Standard Guide for Statistical Evaluation of Indoor Air Quality 

Models (ASTM, 2019) to assess the models. The standard gives three statistical instruments for 

evaluating accordance between estimations and measurements (i.e., R², NMSE and the line of 

regression). Also, the slope of the line of regression, m, should be from 0.75 to 1.25 and the 

intercept of the average measured concentration, b/Co ≤ 25%. Moreover, there are two 

statistical tools for assessing bias (i.e., FB and FS). These values should be in the limitation 

presented in Table 1, to determine if the model performance is accurate.  

 

Table 1: ASTM D5157 Standard requirements. 

 Description Limitation 

R² 
Square of the correlation of 

predictions and measurements. 
≥ 90 

NMSE Normalised mean square error. ≤ 0.25 

FB 
Normalised or fractional bias 

of the mean concentration. 
≤ 0.25 

FS Fractional bias based on the variance. ≤ 0.50 

 

This standard requires two independent data for model evaluation, which means that the data 

used for training should be different from the checking. In this study, we have overcome this 

standard requirement, as we chose four different periods for model evaluation. The four models 

generated with ABC and each of the wind data are evaluated in two steps. The first is to find 

the model that best represents the infiltration of the test space. The second is the application of 

the coefficients of the most accurate model (from the first stage) to each wind data in two 

different periods (see Fig. 4). 
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Figure 4: Scheme of the evaluation methodology. 

 

In addition to ASTM D5157 evaluation, we also used Taylor diagrams to assess the models in 

P_1_T and P_2_C. Taylor diagram focuses on the similarity between models and their distance 

from the observed measurement. For this purpose, two statistical tools different from the 

standard are applied: centred root-mean-square difference (CRMSD) and standard deviations 

(Taylor, 2005). In addition, R² values equal to those of ASTM D5157 are also analysed. 

 

 

4 RESULTS AND DISCUSSIONS 

 

The results of the infiltration models according to ASTM D5157 are presented below. As shown 

in Table 2, each wind speed generates a set of coefficients specific to the test space. The 

coefficients Idesign and B, present similar values in all models. However, the other three 

coefficients (i.e. A, C, and D) are very different, mainly when referring to SW_INSITU and 

WW_MET.  

 

Table 2: DesignFlowRate coefficients of each wind data found in the training period. 

Model Wind Idesign A B C D 

ABC SW_INSITU 0.97817 0.00068 0.00008 0.00002 0.00244 

 W_MET 0.96016 0.00028 0.00007 0.00000 0.00003 

 EW_MET 1.12101 0.00004 0.00008 0.00003 0.00002 

 WW_MET 0.93913 0.00092 0.00006 0.00006 0.00012 

 

In the first step of model validation, the models created from the SW_INSITU and WW_MET 

data best represent the measured CO2 based on ASTM D5157 criteria. Table 3 shows that both 

models present small differences in performance between them. On the other hand, W_MET 

and EW_MET do not meet the requirements of the standard, as all statistical instruments must 

be within the limitation proposed by the standard in all periods. The difference in the wind data 

generated different coefficients, which could be the reason why some models pass ASTM 5157 

and others do not. In addition, the SW_INSITU model is 14% better than the model developed 

with the global wind from the weather station (W_MET), the latter commonly applied in 

building energy simulations. 

 

Table 3: Model validation according to Standard ASTM D5157 requirements. In red models and values which 

do not comply with the standard. 

Wind Period Co (ppm) Cp (ppm) R² m b b/Co (%) NMSE FB FS 
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SW_INSITU P_1_T 613.87 637.80 0.94 1.03 8.34 1.36% 0.018 0.038 0.111 

 P_2_C 502.96 504.05 0.93 1.06 -29.64 -5.89% 0.013 0.002 0.095 

           

W_MET P_1_T 613.87 663.98 0.81 0.83 155.88 25.39% 0.053 0.078 -0.164 

 P_2_C 502.96 353.52 0.84 1.19 -243.46 -48.41% 0.193 -0.349 0.260 

           

EW_MET P_1_T 613.87 624.21 0.92 1.01 5.65 0.92% 0.023 0.017 0.097 

 P_2_C 502.96 357.47 0.85 1.20 -244.35 -48.58% 0.181 -0.338 0.261 

           

WW_MET P_1_T 613.87 633.65 0.94 1.02 8.62 1.40% 0.019 0.032 0.102 

 P_2_C 502.96 518.66 0.94 1.06 -15.41 -3.06% 0.012 0.031 0.092 

 

The following Taylor diagrams for P_1_T (Fig. 5a) and P_2_C (Fig. 5b) easily show the 

accuracy of the models, and which one is closer to the reference value. SW_INSITU and 

WW_MET, as mentioned before, have similar performance in the training and checking 

periods, with WW_MET being slightly more accurate than the other. Furthermore, it is clear 

that W_MET and EW_MET do not generate adequate models to represent the reality.  

 

 

Figure 5: Taylor diagrams for training and checking periods.  

 

In the second step of the model evaluation, we chose to verify the robustness of the 

SW_INSITU coefficients by applying it to two other periods (P_3_C and P_4_C) and to other 

wind data. As a result, the best coefficients of the dynamic infiltration model can be 

extrapolated to other stations without losing their quality, even if they are checked with 

W_MET and EW_MET that do not pass the model validation. 

 

Table 4: Results of infiltration models according to Standard ASTM D5157 based on different wind data.  

Wind Period Co (ppm) Cp (ppm) R² m b b/Co (%) NMSE FB FS 

SW_INSITU P_3_C 613.87 637.80 0.94 1.03 8.34 1.36% 0.018 0.038 0.111 

 P_4_C 502.96 504.05 0.93 1.06 -29.64 -5.89% 0.013 0.002 0.095 
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W_MET P_3_C 613.87 466.28 0.98 1.02 -101.39 -18.13% 0.047 -0.181 0.027 

 P_4_C 502.96 614.80 0.92 1.07 -58.64 -9.34% 0.020 -0.021 0.110 

           

EW_MET P_3_C 613.87 466.28 0.98 1.02 -101.39 -18.13% 0.047 -0.181 0.027 

 P_4_C 502.96 614.80 0.92 1.07 -58.64 -9.34% 0.020 -0.021 0.110 

           

WW_MET P_3_C 613.87 475.89 0.98 1.02 -91.84 -16.42% 0.039 -0.161 0.026 

 P_4_C 502.96 627.13 0.93 1.07 -41.91 -6.68% 0.018 -0.001 0.102 

 

 

5 CONCLUSIONS 

 

In this study, a tracer gas decay test was conducted in a controlled environment to accurately 

calculate air leakage of the test space using ZoneInfiltration: DesignFlowRate EnergyPlus 

object. In addition, this in-situ test makes it possible to do an empirical evaluation of the models 

by comparing the measured and estimated CO2 concentrations. The test was realised during 

four different periods which allowed to verify if the models trained in one period could be 

checked in the other three and present high performance according to ASTM D5157 Standard 

requirements. Moreover, as infiltration can be wind-driven, we tested distinct wind speed data 

to see which one is the best to predict the air leakage of the test space. The four-wind data used 

to generate the infiltration models are: one from in-situ sensor placed on the southeast façade 

of the test space (SW_INSITU) and three from a nearby meteorological station (a global wind 

with all directions – W_MET, a westbound wind – WW_MET and an eastbound wind – 

EW_MET). The W_MET is usually applied to building energy models.  

 

The results show that there are two best models validated in 18 days of summer (trained for 9 

days and checked the other 9 days): SW_INSITU and WW_MET. These models meet the 

ASTM D5157 criteria as both presented R² values of 0.94 and NMSE equal to 0.018 and 0.019 

in the training period, when the limits are ≥ 0.90 and ≤ 0.25. The W_MET model was not able 

to represent the actual air leakage of the test space, which raises doubts about the use of this 

wind for energy simulations.  

 

Moreover, the SW_INSITU model develops coefficients proper of the test space, then it can be 

extrapolated to other seasons and weather conditions without losing its quality. SW_INSITU’ 

coefficients were applied to other period and wind data and still approved the ASTM D5157 

requirements, even when applying the coefficients in the winds that did not pass the first step 

of model validation. 

 

This study is a step forward in reducing the infiltration uncertainty and corresponds to a cost-

effective solution, since with only 9 days of training, it is possible to obtain coefficients that 

generate accurate air leakage values at other seasons and with wind from the weather station, 

which is easier to collect than in field measurements. Future work should be done to verify 

these results in other test spaces.  
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ABSTRACT 

Room pressure differential is an important aspect in order to guarantee sufficient contamination control, but is 

difficult to control in airtight cleanrooms. This research uses simulation models to get an understanding and to 

quantify the room pressure controllability of airtight cleanrooms. The most influential parameters on the room 

pressure controllability are identified using a sensitivity analysis. The effects of the shell airtightness and overflow 

flowrates are quantified, and the effect of a flow/pressure cascade with three coupled rooms is investigated. Also, 

the effect of other parameters in the control system on the room pressure controllability are quantified. The main 

conclusion is that creating a flow/pressure cascade with a substantial flow rate can lead to significant improvements 

in room pressure controllability. 

KEYWORDS 

Cleanroom, airtightness, pressure, control, energy  

1 INTRODUCTION 

Contamination control in cleanrooms is essential in many disciplines. For example, for the 

semiconductor industry, contamination must be kept outside the cleanroom, while for 

pharmaceutical research or vaccine production involving viruses, the contamination (the virus) 

must be kept inside to prevent spreading. The cleanroom is separated from adjacent rooms by 

a shell (walls, floor, ceiling), however, this shell is not entirely airtight. Therefore, a 

flow/pressure cascade is created between the cleanroom and its surroundings to prevent 

contamination to enter or leave the cleanroom. A sufficiently over-pressured cleanroom will 

result in a flow from the cleanroom to adjacent rooms, and vice versa in the case of an under-

pressured cleanroom. 

 

The over- or under-pressure is created by a difference between the mechanically supplied and 

extracted air volume flow, the so-called offset. A higher offset results in a higher airflow 

through the shell and a higher pressure over the shell. The airtightness of cleanroom shells has 

been improved over the past decades for better contamination control and to save energy, i.e. 

by reducing the leakage volume flow (ISO, 2019) (ISO, 2021). An air tighter shell results in a 

higher pressure difference with the same offset, or a lower offset for the same pressure 

difference. High over- or under-pressures in cleanrooms can have negative effects such as high 

velocities through cracks leading to noise and opening doors can become difficult (R&D world 

online, 2012). Therefore, in practice the room pressure difference setpoint is maintained at a 

regular level while the offset is reduced. The recommended pressure difference for cleanrooms 

with different cleanliness levels varies from 7.5 Pa to15.0 Pa (ISO, 2021). However, a small 
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offset hinders a robust control of the cleanroom pressure differential, because small variations 

in the offset result in a larger change of room pressure than in rooms with a large offset. The 

room pressure also becomes harder to control with smaller cleanrooms and for cleanrooms with 

higher air change rates (Saurwalt, 2018). Practice shows that sometimes the room pressure 

differential control cannot be realized sufficiently accurate, and that extra holes are made in the 

shell to decrease the airtightness of the room (ABN Cleanroom Technology, 2020). 

 

Earlier research has investigated methods how to improve room pressure control, such as (van 

den Brink & van Schijndel, 2012). These studies focus on situations with external disturbances, 

such as opening a door. No research could be found which investigates imperfections of the 

room pressure control system and internal disturbances, which for an airtight cleanroom can 

already make the room pressure control very difficult. Imperfections and internal disturbances 

of the room pressure control include factors like sensor inaccuracies, pre-pressure fluctuations, 

reference pressure fluctuations, delays, runtimes, backlash, and resolution of actuators and 

sample times of sensors and controllers. To effectively benefit from airtight cleanrooms in terms 

of energy-efficiency and contamination control, this research investigated which internal 

system and control factors influence the room pressure control the most and how these factors 

can be influenced to increase the controllability of cleanroom pressure control. 

2 METHODOLOGY   

2.1 Simulation model 

Matlab Simulink has been used to for modelling and dynamic simulations. The basis of the 

model is a mass balance of the air mass inside the room over time. The mass in the room 

depends on the difference between entering air (supply + leakage airflow + incoming overflow 

if under-pressure) and leaving air (exhaust + leakage airflow + outgoing overflow if over-

pressure) and was calculated over time, according to  

 

���� = � �� �	
���	��� − �� �����
������ ������
���                 (1) 

 

The air pressure in the room was calculated using the ideal gas law, according to 

 

���� = ����∗�∗�
             (2) 

 

Where m(t) is the mass of the air in the room at time t, R is the gas constant of air, T is the room 

air temperature and V is the room volume. The ideal gas law assumes a homogeneous pressure 

throughout the room. 

 

Airflow caused by leakage through the shell was calculated according to (VCCN, 2018),  

 

!��� = " ∗ #����	          (3) 

 

Where f is the leakage factor of the shell, ΔP is the pressure difference over the shell part, and 

n is the flow exponent. The leakage factor and flow exponent are properties of the shell and can 

be determined with an airtightness test of the cleanroom. Overflow was calculated similarly to 

Equation (3). 

The HVAC system of a cleanroom contains multiple dampers to maintain a certain ventilation 

rate using VAVs and to maintain the room pressure setpoint using control dampers. The 

flowrate through a damper was determined, assuming a damper position of 45˚ at nominal flow 

rate, according to, 
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%&'( ,-..��( /'0/� 1*23(3*����         (4) 

 

Where #��� 4	�� is the pressure loss at nominal airflow, and #��� 
5���	� 6�76� 8�9����	��� is the 

pressure loss with the damper position at time t.  

 

The pressure loss over the damper was calculated according to (Ti-soft, 2017), 

 

#���� = 0.5 ∗ = ∗ >��� ∗ ?���@         (5) 

 

Where > is the pressure drop coefficient, which depends on the damper position, and v is the 

air velocity through the damper at time t. The pressure loss of the duct system was calculated 

by the Colebrook-White equation and the Darcy-Weisbach equation. The pressure loss over the 

HEPA filter was modeled using a linear relationship with the flowrate (Xu, 2014), based on the 

initial pressure drop provided by the manufacturer at the design flow rate of the filter. 

Additionally, the flowrate through a damper is influenced by the total pressure difference 

between both sides of the duct, which is the room on one side, and the AHU head on the other 

side, which has been calculated according to, 

 

�" = $%&,-..��(���
%&�*+3�'0

           (6) 

 

Where mf is the resulting multiplication factor for the flow through the damper, #�	���	�7 is 

the nominal absolute pressure difference between the AHU head and the room, and 

#�
5���	���� is the current pressure difference between the AHU head and the room. 

 

It is common that air duct designs include two or more parallel dampers: A duct splits up into 

multiple branches including dampers, and then converges back into a single duct. If one damper 

closes, the pressure will rise, causing more air to flow through the other parallel dampers. In 

the simulation model, parallel dampers are treated as separate systems, but the pressure drop of 

the duct and filters were equal to the design flow fraction through each parallel damper. 

 

The inaccuracy of the flow rate sensor in the VAV unit was modelled as follows. Based on the 

inaccuracy provided in the product specification sheet, a uniformly distributed number within 

the inaccuracy range was generated at a certain time interval and added to the flow rate reading 

of the VAV unit.  

 

The controller of the damper that controls the room pressure does not use the reading of the 

flow rate, but uses the reading of the room pressure sensor. The three most significant factors 

that contribute to the inaccuracy of a room pressure sensor are hysteresis, non-repeatability, and 

non-linearity (Gassmann, 2014). Hysteresis was modeled using the Simulink backlash block. 

Non-repeatability was modeled using a randomly uniformly distributed number generator, of 

which the outcome was added to the sensor reading value. Although non-linearity is an 

important factor in sensor accuracy, it was not model, because it is a unique characteristic for 

every sensor, which is unknown. Zero-point error and span error have not been modeled, as 

those errors can be fixed during the calibration process (Instrumentationtools.com, n.d.). 

 

The resolution of the actuator, i.e. the number of steps the rotating scale of the actuator is 

divided into, has been modelled. Also, the run time of the actuator (the time from 0° to 90° 
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position) has been modelled. The actuator and damper linkage combination is subjected to 

backlash which has been modeled with the Simulink backlash block as 1% (Belimo, 2020). 

 

2.2 Case study 

A real-life case study was used as a starting point to work with real values, proportions, and 

HVAC design: A biosafety laboratory where research on polio vaccines is performed. The 

laboratory is newly built in an already existing building and is operational since the start of 

2022. The cleanroom has an under-pressure of -45 Pa relative to the atmosphere. The room has 

a door without airlock to the corridor, where the design pressure is -30 Pa. The design shell 

airtightness is VCCN RL 10 level 2.5 (leakage factor 0.006 (l/s.m2)/Pa0.65) on a scale from L0 

to L5. The leakage test measurement revealed that the leakage factor in reality is lower 

(0.005048 l/s.m2)/Pan), but the flow exponent n is higher (0.75 instead of the default 0.65). 

The volume of the room is 154 m3 and the air change rate is 15.3 h-1. Air is supplied to the room 

with a flowrate of 2,350 m3/h and is controlled by two parallel VAV units. Air is extracted from 

the room by (i) two biosafety cabinets (BSC) of which each extracts 600 m3/h and has its own 

duct and VAV unit, and (ii) lower returns in the wall connecting to one duct which leads to 

three parallel dampers including one VAV and two control dampers for room pressure control. 

The design states that 850 m3/h flows through the VAV and 200 m3/h flows through each 

control damper. These airflow rates imply an offset of 100 m3/h of which 50 m3/h enters the 

room via an adjustable door sill located in the door to the corridor. The other 50 m3/h enters the 

room via the shell leakage. The room leakage test results show that the shell leakage is higher 

than in the design, i.e. 70.3 m3/h, which results in a total offset of 120.3 m3/h. This value is used 

in the simulations. The full parameter data set of the case study that is used for the simulation 

model is not included for brevity.  

 

2.3 Calibration 

BMS data was used to calibrate the disturbance amplitudes and characteristics of the model. 

The first disturbance is pre- and suction-pressures: A sine wave with given amplitude and period 

was used superposed to a random number (within given range). The second disturbance is the 

variation of the room pressure in the corridor which is important because the room pressure is 

controlled relative to this corridor and pressure fluctuations in the corridor have an effect on the 

airflow into the room via the door sill. This disturbance is modeled by superposing three sine 

waves, with different amplitude and period, based on the BMS data. The third and last 

disturbance is the VAV airflow sensor inaccuracy for which max. 3% was used in the random 

number generator. 

 

The pressure control accuracy of the case study and of the simulation model were quantified: 

Both the simulated room pressure and the measured room pressure were compared to the 

pressure setpoint using three criteria: (i) The Mean Absolute Error (MAE), (ii) The Mean 

Squared Error (MSE), and (iii) Visually comparing the room pressures over time. 

 

2.4 Sensitivity analysis 

The sensitivity analysis was performed using 11 parameters. From each of those parameters, a 

range was selected from 40% below the nominal value to 40% above the nominal value. The 

nominal value is the value used in the simulation model after the calibration process. The 

sensitivity analysis was executed using the Simulink sensitivity analyzer tool. Then, Monte 

Carlo-like simulations were performed for 1000 combinations of different parameter values. 

The sampling method used is Latin Hypercube sampling. Next, a standardized ranked 

regression analysis was performed to investigate both the magnitude of the influence of each 
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parameter and the direction of the relationship (positive or negative) based on the Mean 

Absolute Error (MAE), calculated according to 

 

ABC = D
����EF�  � G�9��8��	� − ����7�H�����G������

��F�       (7) 

 

Initially, an energy balance was modeled to investigate the influence of supply air temperature 

fluctuations on the room pressure control. However, a preliminary analysis showed that 

temperature fluctuations have a negligible effect on the room pressure control. 

3 RESULTS 

3.1 Calibration 

Only the VAV-sensor inaccuracy sampling time needed adjustment for the calibration. A 

sampling time of 5 s yielded the best results, see Table 1. The simulation differs 7.9% from the 

BMS data for both the MAE and MSE. Figure 1 compares room pressure over time between 

the case study data and the simulation data. For readability, the graph only shows a selection of 

the total available case data (30 minutes). Generally, the dynamics and amplitudes match.  

 

Table 1 Calibration criteria  

Criteria BMS Simulation Error 

MAE [Pa] 0.298 0.275 7.9% 

MSE [Pa2] 0.133 0.122 7.9% 

 

 

 

 

 

 

 

 

 

 

 

3.2 Sensitivity analysis 

Initially, the bypass fraction was included as a parameter. The results revealed that the bypass 

fraction has a major influence on the room pressure control, ranking in the top 2, and that the 

room pressure error decreases with a higher bypass factor. However, this parameter also caused 

major outliers in the sensitivity analysis, mostly occurring when the bypass factor was near its 

maximum value. This is probably caused by maintaining constant PID-controller settings and 

possibly also because there may be an optimum bypass fraction. Hence, the bypass factor was 

removed from the final sensitivity analysis to increase the reliability of the statistical analysis. 

 

Figure 2 shows the results of the sensitivity analysis ranking the remaining 10 parameters. A 

higher score implies a higher influence of the parameter on the room pressure controllability. 

Besides the bypass factor, most influential are the control damper runtime, the overflow rate, 

control loop delay, room pressure setpoint and shell airtightness. The room pressure 

controllability is less influenced by the other parameters. 

 

Figure 1. Room pressure comparison 

 

111 | P a g e



 

Figure 2. Results of the sensitivity analysis 

 

3.3 Airtightness and overflow 

To further investigate the influence of the shell airtightness and overflow on the room pressure 

controllability, more simulations were performed. Figure 3 shows the relation between the shell 

airtightness and the MAE of room pressure for four different overflow rates, ranging from 0 

m3/h to 200 m3/h. In the simulations, the mechanical supply was maintained at a constant level, 

while the mechanical extraction depended on the leakage flow. The shell airtightness ranges 

from 0.000 to 0.081 (l/s.m2)/Pan, with the latter being the least airtight class from the VCCN 

RL10 classification. 

 

 

Figure 3. Shell airtightness and overflow versus the mean absolute room pressure error 

 

The room pressure controllability appears to be better enhanced when the overflow rate is high 

and the airtightness is low, which is in line with theory. Moreover, the airtightness of a room 

becomes less critical when the overflow rate is higher regarding the room pressure 

controllability. When there is no leakage at all, i.e. no overflow and no leakage through the 

shell, the room pressure is uncontrollable and the MAE peaks at 15 Pa. While maintaining the 

overflow at zero, but reducing the shell airtightness, the controllability increases exponentially. 

This emphasizes the fact that some leakage is necessary in order to guarantee room pressure 
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controllability. For an overflow rate of 100 m3/h, the MAE can be decreased by 7.7% by 

changing the room airtightness from VCCN Level 3 to Level 2. At an overflow rate of 200 

m3/h, decreasing the shell airtightness from Level 3 to Level 2 decreased the MAE by 5.5%.  

 

3.4 Flow/pressure cascade 

In a flow/pressure cascade design, air is supplied in one room and flows via one or more 

adjacent rooms to the last room in the cascade, where the air is extracted. The flow rate and 

direction are determined by the pressure difference between the rooms. The reference case only 

makes use of this principle to a very small extent as 50 m3/h flows from the corridor through 

the door’s sill into the cleanroom.  

 

The simulation model was adapted to three connected room of which the properties are the 

same as the reference case room. The first room is connected to a non-pressure-controlled area 

at atmospheric pressure without pressure variation. The pressure of this first room is -15 Pa 

controlled relative to the atmospheric pressure. The second room has a room pressure of -30 Pa 

relative to the atmosphere, which is controlled relative to the first room at -15 Pa. The third 

room does have a pressure of -45 Pa relative to the atmosphere and its pressure is controlled 

relative to the second room at -15 Pa.  

 

Two scenarios were simulated. In both scenarios, the overflow rate is increased with each 

simulation in steps of 50 m3/h up to a total of 2,350 m3/h. In the first scenario, the mechanical 

supply flow rate was maintained at 2,350 m3/h (which is the original design flow rate), while 

the mechanical extraction was raised when the net overflow flowrate increased (incoming 

overflow – outgoing overflow) to balance the offset. In the second scenario, the total supplied 

flowrate was maintained at 2,450 m3/h (i.e. the incoming overflow + the mechanical supply). 

This implies that when the incoming overflow increased, the mechanical supply decreased. The 

nominal extraction flowrate again is adjusted in such a way that the offset was balanced. 

Basically, the second scenario used supplied air multiple times for different rooms, which 

reducing the energy demand. 

 

Figure 4 shows the results of the nominal overflow rate versus the MAE for both scenarios and 

for each of the three rooms in the flow/pressure cascade. The scenario that maintains a constant 

total supply flowrate (mechanical + incoming overflow) outperforms the scenario that only 

maintains a constant mechanical supply flowrate. Especially for increasing overflow rates, the 

difference in MAE between those scenarios increases. At an overflow rate of 2,350 m3/h, the 

scenario with constant total supply flowrate achieves a 60% lower MAE than the scenario with 

constant mechanical supply. Interestingly, increasing the overflow rate in the scenario with 

constant mechanical supply does have a lower effect on the MAE reduction than in the scenario 

with constant total supply.  

 

 In both scenarios, the controllability is better for the rooms at the end of the flow/pressure 

cascade, i.e. the room at -45 Pa. It is clear that a flow/pressure cascade with substantial overflow 

rates can lead to significantly improved pressure controllability compared to the reference 

situation. 
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Figure 4. MAE of the room pressure control using a flow/pressure cascade 

 

3.5 Bypass fraction 

The bypass fraction is the nominal flow rate through the bypass divided by the total mechanical 

exhaust flow rate. Although the bypass fraction was not used as a parameter in the Monte-

Carlo-like sensitivity analysis combining different parameter values, it has been investigated in 

an individual sensitivity analysis by varying only the bypass fraction in the simulation model. 

The original value in the case was 16.3%.  

 

Figure 5 shows that the MAE, the measure for the room pressure controllability, decreases by 

increasing the bypass fraction up to 12%. For bypass fractions higher than 12%, there is no 

significant effect on the MAE. For bypass fractions lower than 12%, the control damper lacks 

authority on the flow rate at all times (not shown): The control dampers reach their maximum 

positions many times while room pressure setpoint was not achieved. This means that the 

control damper in this situation cannot sufficiently manipulate the exhaust airflow, meaning the 

offset does not match with the leakage flow, resulting in severe pressure fluctuations. Therefore, 

it is important to use a sufficiently large bypass fraction to be able to control the room pressure 

accurately. 

 

 

 

Figure 5. Bypass fraction versus the mean absolute room pressure error 
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3.6 Sensor damping and controller dead band 

In the control system, there are two software components affecting the control system behavior 

that are incorporated on purpose. Firstly, a damping factor in the room pressure sensor to reduce 

quickly varying room pressure readings. Hence, the controller receives a smoother signal for 

room pressure reducing the actuator movement. A simulation was conducted with and without 

room pressure sensor damping. The simulation with the damping activated (which is the 

original case situation) resulted in a MAE of 0.879 Pa. Without damping factor, the MAE was 

reduced to 0.562, i.e. a reduction of 35.2%, but the damper actuators moved 19.0% more (total 

rotation angle). 

 

Secondly, a dead band around the room pressure setpoint is used for less actuator movement 

and help reduce oscillations (Wishart, 2018). In the reference case, this dead band was 0.5 Pa, 

i.e. if the measured room pressure is within -15.5 and -14.5 Pa (setpoint = -15 Pa), the controller 

output is maintained at a constant level and the actuator does not move. When the dead band is 

removed from the controller, the MAE reduces to 0.703 Pa, i.e. a reduction of 20.1%. 

Interestingly, the simulation shows that the movement of the damper actuator (total rotation 

angle) is reduced by 28.1% in comparison to the original situation. 

4 DISCUSSION AND CONCLUSIONS 

This research employed simulation models to get an understanding and to quantify the room 

pressure controllability of airtight cleanrooms. The most influential parameters on the room 

pressure controllability have been identified using a sensitivity analysis. The limitations of this 

study are mostly related to uncertainty in modelling. For example, modeling of the VAV 

inaccuracy is simplified, because of a lack of information, using a certain inaccuracy value and 

a random number generator that picks a number within the given inaccuracy range every 5 

seconds. Hence, it is recommended to address the inaccuracy modeling of VAV units in future 

research. 

Another limitation is the fact that the PID-controller settings are kept constant throughout the 

research, and hence, parameters that determine the controller settings (such as runtime, delays 

times, and bypass fraction) most likely affected the room pressure controllability more than 

they might affect in reality, because the controller settings are optimal for the nominal reference 

case values. Moreover, this has resulted in not being able to investigate the effect of room 

volume, because the PID-settings must be configured manually for every room volume, and 

hence, the PID-configuration inaccuracy outnumbered the effect of the room volume. Hence, 

in future research, it is recommended to investigate the possibility to include automatic PID-

controller tuning. 

 

The sensitivity analysis revealed that the control system and actuator properties do have a large 

impact, and therefore, should be chosen carefully to control the room pressure with sufficient 

accuracy within airtight cleanrooms. The main conclusions are as follows: 

 With no leakage or overflow, the room pressure is uncontrollable, so a leakage really is 

a requirement. Hence, the controllability improves with increasing shell leakage which 

is the largest with low overflow rates. With higher overflow rates, the effect of 

increasing the shell leakage on the controllability is reduced. Moreover, with large 

overflow rates, active room pressure control is not required anymore. 

 Both scenarios of the flow pressure cascade show a significant room pressure 

controllability improvement with increasing overflow rates. Next to that, the scenario 

where the total supply flow rate (mechanical and overflow) is kept constant reduces the 
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energy consumption. This scenario does achieve better room controllability than the 

scenario where only the mechanical supply flowrate is kept constant.  

 The room pressure controllability may also be improved by removing the controller 

dead band and pressure sensor damping, although this may result in a lowered actuator 

lifetime. 

Introducing a flow/pressure cascade with substantial overflow flowrate seems to be a good 

method to improve the room pressure controllability of airtight cleanrooms, as long as this can 

be united with the contamination control principles in the case it must be applied to. 
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ABSTRACT 
 

Many European programs offer eco-conditioned financial aid to support public policies for the decarbonization of 

buildings. This is the case, for example, of the 2017-2022 ERDF Operational Program, which financially assists 

social project management for energy efficient refurbishment operations of its building stock. The eligibility 

conditions for financial aids concern the energy consumption, the thermal insulation performance of the building 

envelope and the energy efficiency of heating, cooling and ventilation systems. The current specifications for this 

program do not condition financial aid on performance criteria on indoor air quality (IAQ), ventilation and the 

airtightness of the building envelope. 

The objective of the RENOVAIR project is to study the impact on occupants’ comfort and health of the energy 

renovation work of low-consumption social housing, when no obligation is made on the performance of IAQ, 

ventilation and building envelope airtightness.  

This three-year project is based on 7 ERDF program candidate operations for the energy efficient refurbishment 

of multi-family social housing in the Nouvelle-Aquitaine region (south-west of France). In this work, we seek to 

characterize the IAQ, comfort, airtightness and ventilation performance, before and after the refurbishment works, 

as part of on-site measurement campaigns over 21 dwellings, in order to investigate on the importance of such 

requirements for building decarbonization public policies. 

In this paper, we present the constructive typologies of the pilot operations, the operating protocol of the 

measurement campaigns and the preliminary results of the first campaign.  

On each of the 7 pilot sites, 3 dwellings have been selected to be subject to metrological monitoring and occupants 

surveys. The overall protocol is composed of 4 parts: 

1) A ventilation audit on each dwelling, based on the PROMEVENT protocol, applicable to new dwellings 

subject to the new French regulations RE2020 ; it consists in airflow measurements, visual diagnosis, 

functional checks and occupants survey.   

2) airtightness measurements of each dwellings with a Blowerdoor, according to the ISO 9972 standard test 

protocol. A qualitative classification of the leaks is carried out according to the methodology of regulatory 

controls for new constructions, for the French thermal regulation RE2020. 

3) IAQ measurements for a week during the winter period, through dynamic measurements of temperature, 

relative humidity and carbon dioxide and passive measurements of volatile organic compounds in each 

dwelling, 

4) surveys and measurements of occupants’ comfort by GreenMe® commercially available multi-sensor 

measuring stations to characterize the indoor environment quality (temperature, humidity, CO2, noise, 

lighting) in each dwelling for one week, during winter period. 

Finally, we present the first results of this work, that characterize the initial state of the dwellings and we discuss 

the expected impact on the energy performance of the energy refurbishment works. 

 

 

KEYWORDS 
Energy efficient refurbishment, airtightness, IAQ, comfort, field measurements 
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1 INTRODUCTION 

 

For many decades now, it has been accepted that for efficient energy renovation of buildings, 

achieving low energy-consumption building-type performance levels is only possible if the 

issues of air renewal, ventilation or airtightness are very thoroughly taken into account. 

In addition, the COVID-19 pandemic crisis has led to public awareness of the importance of 

indoor air quality (IAQ). Failing to become the priority criterion in decision-making for 

energy renovation works, IAQ has nevertheless become a major concern for project owners, 

both in terms of health issues and comfort issues for occupants. Actually, the economic 

impact of energy renovation work on the scale of countries or regional territories has been 

demonstrated to be significant in global cost approach studies, if we integrate the loss of 

productivity and the public health costs associated with poor IAQ (Copenhagen Economics, 

2012). 

Thus, it becomes essential, when public policies address issues for the massification of 

buildings’ energy rehabilitation, to account for high performance levels of ventilation, 

airtightness and IAQ of buildings requirements.  

 

2 CONTEXT 

 

Many European programs offer eco-conditioned financial aid to support public policies for the 

decarbonization of buildings. This is the case, for example, of the European Regional 

Development Fund (ERDF) Operational Program (OP) 2017-2022, which financially assists 

social project management for energy efficient refurbishment operations of its building stock. 

 

In its aid program specifications for energy renovation operations in social housing, the 2017-

2022 ERDF OP does not take into account any eco-conditionality criterion on the airtightness, 

nor the IAQ or the occupants’ comfort of energy renovation projects. However, it is now 

accepted that controlling the airtightness and air renewal of buildings has become a necessary 

condition for achieving very low energy consumption. Thus, it seems very important to be able 

to link the conditions for implementing airtightness and air renewal in energy renovation 

operations accompanied by public policies. 

 

This observation has also been highlighted by the results of the TREMI study on the "Energy 

Renovation Works of Individual Houses" (ADEME, 2017), where improving comfort is 

identified as the main reason for carrying out work, households having the reflex to start with 

insulation, but too often forget ventilation. In fact, recent studies in France demonstrate the 

importance of issues such as airtightness, ventilation, ambient comfort and IAQ if one is 

targeting low energy efficiency buildings’ refurbishment (DGALN, 2019), (ADEME, 2019), 

(ADEME, 2016). 

 

Cerema has been supporting the Nouvelle-Aquitaine Regional Council since 2016 as part of a 

technical assistance for the implementation of energy efficiency refurbishment operations in 

social housing. A total of 70 renovated operations benefit from financial aid from ERDF OP 

since 2014 (accounting for a total of 7 400 dwellings). Since 2016, on behalf of Regional 

Council of Nouvelle Aquitaine, Cerema examined approximately 70 of these energy renovation 

operations. The operations were monitored before, during and after the renovation works, 

according to specific energy indicators meeting the eco-conditioned requirements of the ERDF 

OP, that exclude issues related to airtightness, ventilation, IAQ and comfort of occupants.  
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The main objectives of the assistance consist of: 

- Ensuring the good quality of thermal studies and their consistency with their effective 

implementation 

- Ensuring that the planned works really allow a sufficient energy gain corresponding to 

the planned financial aid 

- Check the quality of the works and their consistency with the forecasts 

- Support the Nouvelle-Aquitaine region in the analysis of the environmental and social 

impacts of the ERDF OP. 

 

For this on-going work, the analysis of an operation is broken down into three phases : 

- Phase 1 : Study of renovation projects, before works (BW). This phase consists of 

verifying that the theoretical energy gain presented in the project corresponds to 

reality. A verification of the consistency between the actual initial state of the building 

and that of the thermal study is carried out first. Secondly, we verify that the planned 

work will actually generate the expected energy savings. 

- Phase 2 : Verification of the execution and compliance of the renovation work during 

construction. This stage focuses on monitoring the quality of the work and the 

effective implementation of the systems provided for in the project. 

- Phase 3 : Final verification of the work, after works (AW). The conformity of the 

works carried out with those planned and their good quality is ensured during this 

stage. A certificate of compliance or non-compliance will be issued, conditioning the 

phase of payment of the aid by the instructing service. 

 

 

3 OBJECTIVES OF THE RENOVAIR STUDY 

 

Since airtightness, ventilation, comfort and IAQ performance indicators are not explicitly 

required for eco-conditioned aids in the ERDF OP specifications, we aim at studying the impact 

of air renewal (through ventilation and infiltration) in energy renovation operations, and better 

understand the underlying energy, comfort and health issues  

 

We present in this paper the first results of the RENOVAIR study (2021-2024), research project 

backed by the operational support carried out under the ERDF OP. Through the RENOVAIR 

research project, Cerema aims to assess airtightness, ventilation, comfort and IAQ performance 

levels on 7 aided operations (namely, 10% of the total inspected refurbishment operations), by 

in situ measurements carried out before and after the renovation works, then one year after the 

renovation works receipt. Indeed, our recent research Durabilit'air on the durability of 

airtightness (ADEME, 2019), has shown us that the main evolution of airtightness after 

reception is during the first year of use of the building. 

 

The overall RENOVAIR project has three main objectives : 

- to note the effectiveness of accounting - or not accounting - for airtightness, 

ventilation and IAQ in the energy renovation of the 7 housing aided operations 

monitored. 

- to identify the conditions for improving the energy efficiency of renovations, in 

relation to the implementation of corrective solutions on airtightness, ventilation and 

IAQ, depending on the expected level of energy performance. 

- to support public policies to define eco-conditionality criteria on the airtightness of 

renovations, ventilation and IAQ, based on this feedback from the field. 
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In this paper, we report the methodology and the first results related to the first two phases of 

our work (i.e., comparing the evolution of airtightness, ventilation, comfort and IAQ before 

and after works). Future works should lead us to deliver an overall analysis of the interest of 

integrating formalised requirements on airtightness, ventilation, comfort and IAQ indicators 

into the future ERDF OP specifications.  

 

 

4 METHODOLOGY 

 

4.1 Sampling 

 

The sample selected for our study consists of 7 social housing operations, applying for ERDF 

OP funding, located in the Aquitaine region, in the south-west of France.  

This sample represents approximately 10% of the total number of refurbishment operations 

that Cerema inspected for the ERDF PO until now.  

 

The constructive typologies of these operations are as follow: 

■ Constructive type :  

- (3/7) Building concrete structure on concrete slab with lost attic  

- (4/7) Building concrete structure on concrete slab with flat roof   

■ Construction date : 

- (3/7) Before 1974 (date of the first thermal regulation in France)   

- (4/7) After 1974  

■ Joinery : 

- (3/7) PVC with double glazing 

- (4/7) wood with single glazing 

■ Heating system : 

- (3/7)  gas boiler and radiators 

- (4/7) electric convectors and electric domestic hot water tank 

■ Ventilation : 

- (6/7)  single-flow mechanical ventilation 

- (1/7)  natural ventilation on shunt exhausts 

■ Expected energy gains after energy efficiency refurbishments: 

- in average, 2-letter gain on the energy label  

- an average gain in primary energy consumption of 136 kWh/m² or 56% 

 

 

The detailed presentation of the energy renovation work for each operation is presented in a 

confidential report. All the refurbishment works included heavy work on the thermal 

insulation of the envelope, changing the joinery and the heating and ventilation systems. 

 

For the 7 operations, the total costs of the eligible energy efficiency refurbishment works 

ranged between 0.7 M€ and 6.5 M€ (average value of 0.7 M€). The works total costs per 

dwelling for each of the 7 operations range between 8.2 k€/dwelling and 32.4 k€/dwelling 

(average value of 19.5 k€/dwelling). 
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Table 1: Construction typologies of the sample 

 
 

 

4.2 IAQ, comfort, ventilation and airtightness indicators 

 

The study consists of carrying out a series of measurements on airtightness, ventilation, 

comfort and IAQ during the three phases “before works” (BW campaign), “after works” (AW 

campaign) and “one year after the works” (1yAW campaign), established as follows, for three 

dwellings on each operation : 

- Carrying out on-site measurements of the airtightness of the envelope of the dwellings 

studied to determine the airtightness level and identifying the location of the 

infiltration leakage locations in three dwelling. 

- Diagnosis of the ventilation system on three dwellings  

- Installation of measurement sensors to characterize comfort and IAQ in three 

dwellings of the operation. 
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■ The airtightness test of the envelope of each dwelling is carried out, according to standard 

NF EN ISO 9972 (AFNOR, 2015) and its application guide FD P50-784 (AFNOR, 2016), 

using a "blower door" measuring device. The measurement indicator used for airtightness 

will be the regulatory value Q4PA-SURF (m
3/h/m²), air leakage rate related to the surface of 

envelope surfaces of the building under 4Pa expressed, as defined by the french Thermal 

Regulation RT2012 (MEEDDM, 2012). 

 

As a reminder and as an order of magnitude, the regulatory value to comply with the 

RT2012 mandatory requirement for new buildings : 

- 0.60 m3/h/m² of heat loss walls, excluding the low floor, in a single-family or 

attached house. 

- 1.00 m3/h/m²of heat loss walls, excluding the low floor, in a multi-family 

residential building. 

A comparison of the measurement results is carried out as well as an analysis of the 

evolution of the identified infiltration leakage locations, through a normalized inspection. 

 

■ Diagnosis of the ventilation system is based on the PROMEVENT protocol (ADEME, 

2016) that is applicable as an inspection for the new environmental french new buildings 

for new residential buildings. The measurements take place in three phases on 3 dwellings 

per renovated operation : 

1. Carrying out a visual diagnosis of the ventilation system in place, before and after 

renovation. The functional checks, resulting from the PROMEVENT protocol, are 

carried out and the anomalies observed are listed in a report relating to the 

diagnosis of the ventilation systems.  

2. User survey on the use of the ventilation system. 

3. Measurements of the ventilation system before and after renovation, according to 

the PROMEVENT control protocol for new residential buildings, RE2020 (MTE, 

2021).  

 

■ The characterization of the comfort is established on the one hand, on a questionnaire 

given to the occupants of the dwellings aiming to collect their feelings concerning the use 

and the perceived comfort of their dwelling, and on the other hand on measurements 

through the GreenMe ®  commercial IoT multisensor sensor. 

The GreenMe® sensor is a initially developped for office environements, and is intended 

to be placed in the immediate vicinity of the user. It continuously measures the following 

eight parameters : 

- Ait temperature (°C) - Flicker (%) 

- Ait relative humidity (% RH) - Color temperature (K) 

- Air quality (VOC and CO2) - Average noise level (dBA) 

- Lighting level (Lux) - Maximum noise level (dBA) 

 

The use of the GreenMe®  connected object makes it possible to characterize the 

indoor environment by the physical measurement of ambient parameters and by the 

vote of the occupants, expressing their own feelings of comfortable or uncomfortable 

conditions. The GreenMe®  sensors integrate by default a sensor sensitive to VOC and 

CO2. It does not give an absolute measurement of an air pollutant but it can be a good 

indicator of the need for air renewal. For our work, three GreenMe® sensors are 

installed per dwelling (living room, kitchen, bathroom) for a period of 15 days in each 

dwelling.  
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A comfort vote functionality is available on the GreenMe® sensors, in order to let each 

occupant indicating the comfort level he/she feels. Although the “comfort vote 

functionality” was explained to each occupants, very few votes were expressed during 

the measurement periods. This lead us to disregards these results. 

 

 

 

Our comfort analysis will focus only on 

the thermal comfort by analysing the 

measured air temperature and relative 

humidity values using psychrometric 

diagrams for each dwelling, per room 

(see Figure 1).  

The green polygon on the psychrometric 

diagram shows the comfort zone. It is 

established based on the comfort ranges 

as defined in the standard EN 16798-1 

(NF EN 16798-1 (AFNOR, 2019)) for 

category III (existing buildings) during 

heating season : an air temperature 

between 20 and 25°C and relative 

humidity between 20 and 70%. Thus, we 

assessed the ratio (%) of time in the 

comfort zone over the whole duration of 

our instrumentation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: comfort chart from the standard NF EN 16798-1. 

The comfort zone is represented in green 

 

 

 

■ The assessment of Indoor Air Quality is carried out using passive tubes to measure 

Benzene / Formaldehyde / Toluene / Ethylbenzene / Xylenes, and CO2 and Temperature 

sensors & Humidity. 

 

Three rooms are instrumented per dwelling (preferably living room) for passive tubes and 2 

rooms per dwelling are instrumented with temperature, relative humidity and CO2 sensors 

(living room + bedroom). This instrumentation is carried out for a period of one week. 

 

 

BTEX (benzene, toluene, ethylbenzene, xylenes) are measured by passive samplers set up for 

7 days and then analyzed in the laboratory, according to the standard NF EN ISO 16017-2 

(AFNOR, 2003). 

Formaldehyde is measured by passive samplers set up for 7 days and then analyzed in the 

laboratory, according to the standard NF ISO 16000-4 (AFNOR, 2012) 

Containment is measured continuously using an infrared radiation-based carbon dioxide 

(CO2) probe (NDIR).  

The data is continuously recorded and then extracted after the measurements are completed 

for processing and analysis. 
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5 FIRST RESULTS 

 

The first BW field measurement campaign was carried out between January and June 2021. 

The second AW field measurement campaign measures is still in progress : 6 operations were 

diagnosed between April and July 2022 and the last operation will be carried out at the end of 

2022.  

 

5.1 Airtightness results 

 

Regarding airtightness, if one compares the BW field measurement campaign results to the 

regulation requirements for new residential buildings in France (MTE, 2021), one can note 

high levels of airtightness results for 6 operations out of 7 (see figure 2). For these 6 buildings 

equipped with self-adjusting single-flow mechanical ventilation systems, the Q4Pa-Surf 

measurements are less than 1.0 m3/h/m² (airtightness requirement for new multifamily 

buildings). Only one operation (#05) showed results with a mediocre performance: this 

natural ventilation operation coupled to shunt ducts shows Q4Pa-Surf  values greater than 1.60 

m3/h/m². 

 

 

Figure 2: Air permeability measurement BW field measurements 

 

We could compare the airtightness measurements during the two phases BW and AW, on 6 

operations (see Figure 3). The results during the AW phase show a marked improvement in 

airtightness over 3 operations (#03, #05 and #06), in particular for the residence with natural 

ventilation, which benefited from the installation of a single-flow mechanical ventilation. 

Inversely, one operation (#01) is experiencing a clear deterioration in its level of sealing due 

to the installation of glass doors whose frames appeared to be warped after implementation 

and have to be replaced. For the last 2 operations (#02 and #04), we found comparable levels 

of airtightness between the BW and AW phases.  

 

|     #01      |    #02        |    #03       |    #04        |    #05        |     #06       |     #07      | 
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Figure 3: Airtightness air leakage rate (m3/h/m²) comparison BW (blue) and AW (orange) 

(measurements at the AW phase for operation #07 are still in progress). 

 

 

 
Figure 4 : Ventilation airflow rates (m3/h) measurements BW . 

Comparison between measurements and regulation mandatory requirements for new buildings 

 

 

5.2 Ventilation results 

 

Concerning the ventilation flows assessed during the BW campaign, the majority of the 

dwellings present systems with significant imbalances that do not allow to reach extracted air 

flows in accordance with the regulations for new construction (French Government, 1982), 

see Figure 4. We found a compliance rate of 38% on the total airflows per dwelling for the 21 

|      #01      |     #02        |      #03       |     #04        |     #05        |     #06       |       #07    | 

|        #01       |        #02        |        #03       |       #04        |        #05        |        #06       |       #07        | 
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dwellings studied. This ratio is comparable to the statistics published on ventilation regulation 

compliance in new residential buildings in France (ADEME, 2016). 

 

The negative differential pressure measurements of the extractions after works are compliant 

with the regulation requirement for 4 operations. The 2 non-compliant operations show results 

below 50 Pa on each of the extractions from each of the dwellings (the regulation 

requirements are in the range between 80 and 160 Pa). 

 

 

5.3 Comfort results 
 

We assessed the comfort through two different ways :  

- qualitative results : from a questionnaire submitted to the occupants,  

- quantitative results : from an assessment of the percentage of time of comfort, derived 

from the temperature and relative humidity measurements. 

 

Concerning the qualification of comfort in the BW phase, it appears from the questionnaires 

given to the occupants a lack of thermal comfort in winter.  

 

The comfort ratios derived from temperature and relative humidity measurements were 

assessed for every dwelling, in three different locations, of each three dwellings : the living-

room, the kitchen and the bathroom. A total of 63 comfort ratios were then assessed.  

 

We characterised each of the 7 monitored operations with the OCI80 indicator : Operation 

Comfort Indicator (OCI), that was assessed for a comfort threshold of 80%. The OCI80 

indicator assesses for each operation, the percentage of locations with a comfort ratio greater 

than a threshold value of 80% (see figure 5). Namely, for each operation, the OCI80 was 

derived from the results of the comfort ratio of 9 locations (3 rooms per dwelling, 3 dwellings 

per operation). 

 

The average comfort ratio per operation were calculated in the range between 25% and 86%. 

For operations with the lowest comfort rates, our measurements essentially reveal discomfort 

due to temperatures below 20°C (see Figure 6), which corroborates the results of the comfort 

questionnaires (qualitative results). 

 

Measurement during the AW phase were analysed for 3 operations handled. For that results, 

we found a marked improvement in comfort with average rates per operation ranging from 

71% to 91% compared to 25% to 53% for the same dwellings BW. When the AW phase will 

be achieved, we expect to compare the evolution of the comfort ratios after and before the 

renovation works (see Figures 6 and 7), and to assess the evolution of the OCI80 indicators. 

 

 

1.1 IAQ Results 

 

Concerning the indoor air quality before works (BW phase), the instrumentation carried out 

by ATMO Nouvelle-Aquitaine highlights a higher concentration of formaldehyde and CO2 

for the accommodations of the residence with natural ventilation than for the accommodations 

of the other residences equipped with mechanical ventilation. High concentrations of benzene 

could be recorded on certain dwellings. All measurements for VOCs and CO2 were compared 

to the first field measurement campaign on French housing of the IAQ observatory results 

(OQAI, 2005), see Figure 8. 
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Figure 5 : overall results of the comfort ratio in every dwelling during the BW phase 

(in red dashed lines, the threshold ratio) 
 

  

 

 

 

 

Figure 6 : Site #03 – Living room in dwelling a – BW 

Comfort ratio = 21% 

Average external temperature : 8,9°C 

 

Figure 7 : Site #03 – Living room in dwelling a – AW 

Comfort ratio = 80% 

Average external temperature : 18,8°C 

 

 

  

Operation n° #01 #02 #03 #04 #05 #06 #07

OCI 78% 22% 11% 33% 67% 50% 0%

average comfort ratio 86% 53% 25% 46% 78% 48% 52%

  * data is missing in dwelling "C" of operation #06

OCI : operation comfort indicator for a comfort threshold of 80%.
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Figure 8 : IAQ measurements during the BW phase.  

Comparison with the median results from the national OQAI field measurement results. 

 

 

 

 

 

2 DISCUSSION  

 

With the exception of one operation, airtightness appears to be effective. The main leaks 

assessed during the BW phase are leaks on joinery which have been corrected thanks to the 

replacement of joinery provided for in the package of energy renovation works. This effort 

during the work phase, may have led to significant improvements in the airtightness 

measurements in the AW phase. Nevertheless, this result was not systematic in all operation, 

with even a decrease in airtightness after the works. 
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On the ventilation component, the lessors of the 2 non-compliant residences were asked for 

the measurements taken by the companies when the systems were started up in order to 

compare them with our measurements. 

 

The comfort results showed very heterogeneous results in the dwellings, during the first BW 

phase. Besides, we planned to time our comparative BW and AW measurements at the same 

times of the year, so as to reflect the same level of seasonal comfort. Unfortunately, it was 

difficult to compare our results before and after the works since the seasonality could not be 

entirely respected for all of our measurements due to the delay in the works. Thus our 

measurements before work were carried out during the heating period (in winter), while our 

instrumentation after work took place with the heating systems shut down (in spring). 

It was therefore decided to adapt the dates of our measurements "1 year after receipt" (1yAW) 

in order to carry them out over the same period of the year as the measurements before the 

works. 

 

The analysis of thermal comfort in the kitchen and the bathroom may not be relevant because 

the occupation of these two rooms is specific. First the hours of occupation are low, then the 

activities and the clothing of the occupants are very heterogeneous. In future works, we may 

apply the analysis of thermal comfort only to measurements in living rooms. For the kitchen 

and the bathroom, on the other hand, you can check whether the relative humidity exceeds 

70% and for how long. 

 

The choice for the 80% threshold for assessing the OCI indicator is complex, because the ISO 

7730 and EN 16798-1 standards do not specify the acceptable threshold for the percentage of 

time in the comfort zone. We can find in the literature related to high environmental quality 

buildings (HQE) and for the new environmental regulation (RE2020), a maximum number of 

hours outside the comfort zone. But in the former versions of the EN 16798-1 (EN 15251) 

standard, an appendix suggested a threshold of 95% of the OCCUPANCY time in the comfort 

zone (i.e., limiting the overflow of the comfort zone less than 5% of occupancy time). 

Specifically, it proposed that rooms representing 95% of occupied space in the building 

should not exceed the comfort zone by more than 5% of occupancy hours. As a matter of fact, 

an overrun of 20% seems then to be a high value, it represents approximately 34 hours over a 

week. 
  

On the IAQ component, the measurements taken before the works highlight the lack of 

efficiency of natural ventilation compared to the controlled mechanical ventilation systems 

that equip the other operations in our sample. 

 

Thanks to the exploitation of the questionnaires given to the occupants concerning their 

feelings and the use of their accommodation, the abnormally high measurements in benzene 

can be explained by the behaviour of the occupants (smoking, use of candles, incense, etc.). 

 

 

3 CONCLUSIONS AND FUTURE WORKS 

 

This article presents the methodology and the first results of the RENOVAIR study (2021-

2024), which is currently in the middle of its development. The objective of RENOVAIR is to 

quantify the consideration of four parameters directly influencing the energy and health 

performance of buildings and the comfort of the occupants of renovated social housing (i.e., 

airtightness, ventilation, IAQ and ambient comfort), when no requirement explaining these four 

parameters has been given in the specifications of eco-conditioned financial aid programs. 
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We have developed a metrological protocol to instrument 63 apartments of energy renovation 

operations of financially assisted social housing, to carry out measurements before and after the 

works. This protocol was developed with a view to controlling metrology costs, in order to 

consolidate this type of inspection, to support social contracting authorities wishing to better 

monitor the actual performance of their renovations. 

 

The first results obtained are presented in this article. They mainly concern the characterization 

of buildings before the works and show rather efficient results for the airtightness of the 

constructions before the works. Conversely, we did not observe a significant systematic 

improvement in all operations after the works (for operations that were subject to before/after 

measurements). In fact, some operations even led to a significant deterioration of the 

airtightness after the works. Regarding air renewal, the observation on the efficiency of the 

ventilation systems in place before the works shows a compliance rate of 62%, which is 

comparable to that of new housing in France. Finally, with regard to comfort and IAQ, the 

initial results are very heterogeneous, with significant potential sources of gain between before 

and after the works. 

 

Finally, we have defined indicators, which we will follow throughout the work of the 

RENOVAIR project, up to one year after the delivery of the work for each operation. Our work 

should lead us to study the evolution of these indicators in order to see how these four 

parameters are taken into account in the context of major renovation operations subsidised by 

public aid programs. The final objective of the RENOVAIR project remains to help public 

policymakers to define requirements to effectively improve the energy and health performance 

of renovated buildings, as well as the ambient comfort for their occupants. 

 

 

4 ACKNOWLEDGEMENTS 

 

The authors would like to thank Nouvelle-Aquitaine Regional Council and the French Ministry 

of Ecological Transition for funding this study. The views and opinions of the authors do not 

necessarily reflect those of Nouvelle-Aquitaine Regional Council or the Ministry of Ecological 

Transition. The published material is distributed without warranty of any kind, either expressed 

or implied. The responsibility for the interpretation and use of the material lies with the reader. 

The authors should in no way be held responsible for damages resulting from its use. Any 

liability arising from the use of this report is the responsibility of the user. 

 

 

5 REFERENCES 

 

ADEME (2017) TREMI "Energy Renovation Works of Individual Houses", ADEME 2017 
 

ADEME (2019) DURABILIT’AIR “Sustainability of airtightness buildings” Cerema 2019 
 

ADEME (2016) PROMEVENT “Improved measurement protocols for ventilation systems.” 

Cerema, CETIAT, ALLIE’AIR, CETII, PBC, EFFINERGIE, ICEE, PLEIAQ, 2016 
 

AFNOR (2015) NF EN ISO 9972 “Thermal performance of buildings — Determination of air 

permeability of buildings — Fan pressurization method” AFNOR, 2015 
 

AFNOR (2016) FD P50-784 “Thermal performance of buildings — Application guide to NF 

EN ISO 9972” AFNOR, 2016 
 

130 | P a g e



 

 

AFNOR (2019) NF EN 16798-1 “Energy performance of buildings — Ventilation for 

buildings - Part 1: Indoor environmental input parameters for design and assessment of 

energy performance of buildings addressing indoor air quality, thermal environment, 

lighting and acoustics - Module M1-6”  AFNOR, 2019 
 

AFNOR (2003) NF EN ISO 16017-2 “Indoor air, ambient air and workplace air.  Sampling 

and analysis of volatile organic compounds by adsorption tube / thermal desorption / 

capillary gas chromatography” AFNOR, 2003 
 

AFNOR (2012) NF ISO 16000-4 “Indoor air. Determination of formaldehyde — Diffusive 

sampling method” AFNOR, 2012 
 

Copenhagen Economics, (CE 2012) Multiple benefits of investing in energy efficient 

renovation of buildings - Impact on Public Finances, Copenhagen Economics, 2012 
 

DGALN (2019) EXIST’AIR “Permeability measurement campaign at air from existing 

housing built before 2005”, Cerema 2019 
 

French Government (1982) Order of March 24, 1982 relating to the ventilation of housing, 

https://www.legifrance.gouv.fr/loda/id/JORFTEXT000000862344/ 
 

MEEDDM (2010) RT2012 “Thermal characteristics and energy performance of buildings” 

French Government 2010 
 

MTE (2021) RE2020 “Energy and environmental performance requirements for building 

constructions in metropolitan France”, French Government 2021 

 

OQAI (2007) OBSERVATORY ON INDOOR AIR QUALITY NATIONAL SURVEY : 

 INDOOR AIR QUALITY IN FRENCH DWELLINGS, CSTB, AFSSET - 2007 

 

 

131 | P a g e



 Methodology for the constitution of a restricted set of 
heatwaves, derived from climate projections, that can be 

used for building performance simulations 
 

Adrien Toesca1, Damien David*1, Kévyn Johannes1, and Michel Lussault2  

 
1 Univ Lyon, INSA Lyon, CNRS, CETHIL, UMR5008 

Bâtiment Sadi-Carnot, 9, rue de la Physique, Campus 

LyonTech La Doua  

69621 

Villeurbanne cedex, France 

*Corresponding author: Damien.david@insa-lyon.fr 

 

2 University of Lyon, UMR5600 EVS 

18, rue Chevreul, 69362 

Lyon Cedex, France 

 

 

ABSTRACT 
 

In the context of climate change, Building Performance Simulations are used to assess the 

ability of passive buildings to maintain acceptable comfort conditions, or to limit the air 

conditioning energy consumption during heatwaves. Climate projection data, including 

heatwaves, are needed to feed the Building Performance Simulation tools. A building, located 

in a given location, is likely to experience several heatwaves with different characteristics in 

the coming decades. There is a need to develop a methodology dedicated to the constitution of 

heatwave weather files datasets, that are representative of the local meteorological diversities, 

and that are sufficiently reduced to limit the number of required simulations to assess building 

performances. This is the objective of the 4-step methodology described in this article. The 

methodology is tested for the location of Lyon Saint-Exupéry airport, France. The first two 

steps consist in collecting climate projection data, and detecting heatwaves contained in these 

data. For Lyon Saint-Exupéry airport, 2384 heatwaves were detected. The last two steps consist 

in characterizing the heatwaves and selecting a set of distinct heatwaves, representative of the 

meteorological diversity of a given location. For Lyon, the methodology identified 10 distinct 

heatwave groups using an agglomerative hierarchical clustering method.  
 

KEYWORDS 
 

Heatwaves, climate projection, summer thermal comfort, building performance simulations 

  

1 INTRODUCTION 

 

In the context of climate change, extreme weather events, such as heatwaves, will become more 

frequent, intense and long. Extreme temperatures cause discomfort and health issues in the 

outdoor and indoor environments of buildings. This is particularly true in passive buildings, 

which do not have active cooling systems to ensure comfortable indoor environments. 

According to (Santamouris, 2019), 92% of residential buildings can be considered as passive 

buildings for summer conditions in Europe. Energy peaks are also an issue for buildings with 

active cooling systems when they are subjected to heatwaves. (IEA (International Energy 

Agency) 2018) reported that around 2/3 of the world’s buildings would be equipped with air-

conditioning systems by 2050. In order to assess the ability of current passive buildings to 

maintain a comfortable indoor environment, or to limit the energy consumption, during future 

heatwaves, meteorological data representative of future extreme events is needed. 
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In the coming decades, it is difficult to imagine that a building in a given location will be only 

subjected to a single heatwave or several similar heatwaves. The building will more likely be 

subjected to several heatwaves, each heatwave having different characteristics. Therefore, it is 

not sufficient to use only one heatwave weather file to assess the future performances of 

buildings under such various heatwave conditions.  

According to (Machard et al. 2020), the climate projection data from the CORDEX 

(Coordinated Regional Climate Downscaling Experiment) project is a suitable data source for 

constructing heatwave meteorological files for Building Performance Simulations (BPS). 

CORDEX is a project supervised by the World Climate Research Program (WCRP). It initially 

aims to compare the performance of different RCM (Regional Climate Model) simulation tools. 

RCM are climate models adapted to domain sizes of the order of a few thousand kilometres. 

Unlike GCM, their simulation domain does not cover the entire surface of the earth. RCM are 

used to downscale simulation data produced by GCM, which have a very coarse temporal and 

spatial grid. GCM and RCM simulate the interactions between the different components of the 

climate system (atmosphere, oceans, rivers, soil, etc.) under external forcing’s such as solar 

radiation and greenhouse gases. The data produced by the CORDEX project are hosted on the 

Earth System Grid Federation (ESGF) platform, which ensures the management, dissemination 

and analysis of simulation data. The data currently available on this platform were obtained 

from the GCM results of the fifth Coupled Model Intercomparison Project (CMIP5). In the 

CORDEX project, the world has been divided into different geographical zones. The data 

resulting from these simulations are named by adding the code of the simulated area to the 

CORDEX term (as an example, the EuroCORDEX data for the European area). The data 

available are either raw simulation results, or bias-corrected simulation results. (Ouzeau et al. 

2016) and (Lorenzo, Díaz-Poso, et Royé 2021) used the climate projection data from the 

CORDEX project to study the evolution of heatwaves over time in France and on the Iberian 

Peninsula respectively. Both papers show the ability of climate projection data from the 

CORDEX project to represent heatwaves. 

The 4-step methodology proposed in the present article aimed at building representative 

heatwave weather datasets for a given location, and for BPS. Each section of this article details 

one step of the methodology described in Figure 1. The first two steps aim at building a dataset 

of possible future heatwaves. The objective of the last two steps is to characterise heatwaves, 

and based on this characterisation, to select a set of distinct heatwaves, representative of the 

meteorological diversity of a given location. In this paper, the methodology is applied to the 

location of Lyon Saint-Exupéry airport. Table 1 provides general information about the case 

study. 

 

Figure 1: Scheme of the methodology 

Table 1: General information on the case study 

Name Latitude Longitude Altitude Time Zone 

Lyon-Saint-

Exupéry airport, 

France 

45.7261 

45° 43' 34'' North 

5.09083 

5° 5' 27'' East 

250 m UTC +1:00 (Europe/Paris) 

Summer time: UTC +2:00 

Winter time: UTC +1:00 
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2 STEP 1: COLLECTING CLIMATE PROJECTION DATA  

 

The objective of the first step is to collect and transform meteorological data for climate 

projections up to 2100 from the CORDEX database, for several RCP scenarios and several 

models. A model is a combination of a GCM, a RCM, and an ensemble of perturbations applied 

to the downscaling simulations in order to assess the stability of the different RCMs. (Machard 

et al, 2020) has related that the variations between the future weather projections are equally 

due to the different RCP scenario, and to the different assumptions made by the various models. 

Since the purpose of the first step is to cover all the possible future weather conditions, the 

variability due to both models and RCP scenarios must be considered. 

The weather data must contain a minimum set of variables in order to be usable as an input 

weather file for BPS. The minimum set of variables for a weather file type EPW 

(EnergyPlusWeatherFile) is describe in (U.S. Department of Energy 2021). Weather data must 

be in hourly time steps.  

Climate projection data produced in the CORDEX project cannot be directly used in BPS. 

However, they can be transformed to make them exploitable in BPS, if they contain a minimum 

set of variables, whose data are available at a sufficiently short time step. The available 

CORDEX data must be filtered according to this criterion. To limit the amount of projection 

data to be downloaded, one additional arbitrary criterion was added: the selected weather 

projection had to come from models for which at least 3 projections were available, among 

different combinations of RCP scenario and data post-processing status (raw or bias-corrected 

simulation results). 

Table 2 describes the minimum set of available variables, and the minimum timestep for each 

variable, that must be used to identify the weather projections that are adapted to BPS. It 

contains three additional variables compared to the minimum set of variables proposed by 

(Machard et al. 2020): the incident infrared radiation and the two components of the wind speed 

that allow the calculation of the wind direction. The minimum timestep was adjusted according 

to the availability of data from the CORDEX project. Most of the variables are available at a 

time step of 3h, except for the wind components, which are used to calculate the wind direction 

and are available at a timestep of 6h. Only three variables from the CORDEX project are 

available with a bias correction: the dry air temperature, the specific humidity, and the wind 

speed. 

In order to bring them back to hourly time steps, interpolations have been performed. In some 

climatic contexts, a time step of 3 or 6 hours may not capture the relevant changes, and 

information may be missed through interpolation. This limitation is inherent in CORDEX data. 

The methodology from (Machard et al. 2020) has been used to compute the variables needed 

in EPW files from the EuroCORDEX climate projections.  

Table 2: Minimum set variables used to filter out those climate projections that are usable for BPS 

CORDEX 

symbols 

Variables names Timestep Bias-correction 

availability 

tas Dry air temperature [K] 3hrs Yes 

huss Specific humidity [kg/kg] 3hrs Yes 

ps Atmospheric pressure [Pa] 3hrs - 

clt Cloud fraction [%] 3hrs - 

rsds Global horizontal radiation [W/m²] 3hrs - 

sfcwind Wind speed [m/s] 3hrs Yes 

pr Precipitation [kg/m²/s] 3hrs - 

rlds 
Surface Downwelling Longwave Radiation 

[W/m²] 
3hrs - 

uas Eastward wind speed [m/s] 6hrs - 

vas Northward wind speed [m/s] 6hrs - 
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Table 3 details the 44 selected climate projections that were collected for the case study of the 

Lyon Saint-Exupéry airport location. Each climate projection covers the period between 2007 

and 2097. So, the collected data represent a total of 3960 simulated years. Those data were 

produced by 11 different climate projection models (GCM+RCP+ensemble of perturbations). 

Of these 44 results, 14 are bias-corrected data and 30 are raw simulation results.  

The entire data selection and collection process has been automated with a python routine. The 

python library “pyesgf” was used to access to the CORDEX database, hosted by ESGF. Then 

the python library “xarray” was used to perform a remote selection of the data corresponding 

to the localisation of the Lyon-Saint-Exupéry airport. The use of the “xarray” library reduced 

significantly the volume of data that needed to be downloaded. 

Table 3: List of the climate projection results collected for this study. Crosses indicate data availability. 

Models 
 

Raw data 
Bias-corrected 

data 

GCM RCM Ensemble rcp26 rcp45 rcp85 rcp45 rcp85 

CNRM-CERFACS-CNRM-CM5 ALADIN63 r1i1p1 X X X   

CNRM-CERFACS-CNRM-CM5 RAMCO22E r1i1p1 X X X   

CNRM-CERFACS-CNRM-CM5 RCA4 r1i1p1  X X X X 

ICHEC-EC-EARTH RAMCO22E r1i1p1  X X X X 

IPSL-IPSL-CM5A-MR RCA4 r1i1p1  X X X X 

MOHC-HadGEM2-ES RAMCO22E r1i1p1 X X X X X 

MOHC-HadGEM2-ES RCA4 r1i1p1 X X X X X 

MPI-M-MPI-ESM RCA4 r1i1p1 X X X X X 

NCC-NorESM1-M RCA4 r1i1p1 X X X   

ICHEC-EC-EARTH RAMCO22E r12i1p1 X X X   

ICHEC-EC-EARTH RCA4 r12i1p1 X X X X X 

 

3 STEP 2: IDENTIFYING HEATWAVES 

 

The objective of this step is to identify heatwaves contained in the collected climate projection 

data. There is no universal definition of what is a heatwave. Four methods of heatwave detection 

are commonly referred to: the "Spic, Sdeb, Sint" method from (Ouzeau et al. 2016), the "IBM" 

method from (Pascal et al. 2006), the "EHF" method from (Nairn et Fawcett 2014) and the 

"HWMI" method from (Russo et al. 2014).  

In order to avoid redundancy within the heatwave dataset, only one heatwave detection method 

must be retained. For the same reason, a choice has to be made between raw simulation data 

and bias corrected simulation data. The objective of the methodology is to produce weather data 

that represent severe weather conditions. So, the retained heatwave detection method and post-

processing status must be the pair that detect the most severe set of heatwaves. 

Table 4 shows the average annual number (frequency), the average air temperature and the 

average duration of heatwaves per simulation data post-processing status, detected with each 

of the four heatwave detection methods for the case study of Lyon Saint-Exupéry airport. The 

statistics contained in the Table 4 are used to select the appropriate heatwave detection method 

and weather data post-processing status.  

The number of heatwaves detected in the bias-corrected climate projection data is greater than 

the number of heatwaves detected in the raw data. Without the bias correction, the temperatures 

in the CORDEX projections seems to be underestimated, resulting in a lower number of 

heatwaves. The heatwave dataset will therefore be constituted of the heatwaves detected on the 

bias-corrected climate projection data  

The “EHF” and “HWMI” methods detect significantly more heatwaves than the other two 

methods. Those methods detect many heatwaves outside the summer period: heatwaves 

detected during May and September represent 22% and 35% of the total heatwaves detected by 

respectively the “EHF” method and the “HWMI” method. Therefore, the average air 
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temperatures during heatwaves of "EHF" and "HWMI" methods are more than 3°C lower than 

the average temperatures obtained with the other two methods. For this study, we intend to keep 

only the hottest heatwaves. For that reason, the “EHF” method and the “HWMI” method are 

not retained. 

There is a 90% correspondence between the heatwave periods detected with the "IBM" method 

and the "Spic, Sdeb, Sint" method. However, heatwaves identified with the "Spic, Sdeb, Sint" 

method are 8 days longer and 2°C cooler on average than the ones detected by the “IBM” 

method, as shown in the histograms in Figure 2. The “IBM” method identifies the core of the 

heatwaves, which is why they are warmer and shorter on average. The histogram on the left 

shows that the durations defined by the “Spic, Sdeb, Sint” method are more staggered. As the 

staggered durations will make it easier to distinguish between the different heatwaves, the 

"Spic, Sdeb, Sint" method was selected.  

Table 4: Average annual number, air temperature and duration of heatwaves per simulation data post-processing 

status detected from each detection method. 

Detection 

methods 
Raw data Bias-corrected data 

RCP 

Average annual 

number of 

heatwaves 

Average air 

temperature 

Average 

duration 

Average annual 

number of 

heatwaves 

Average air 

temperature 

Average 

duration 

Spic, Sdeb, 

Sint 

0.80 28.12 °C 12.6 d 1.89 28.3°C 14.5 d 

IBMn, 

IBMx 

0.77 29.8 °C 5.9 d 1.77 30.3°C 6.3 d 

EHF 3.57 24.5 °C 9.1 d 6.06 24.8°C 11.1 d 

HWMI 2.99 25.4 °C 6.3 d 6.65 25.6°C 6.9 d 

 

At the end of step 2, the heatwave dataset consists of 2384 heatwaves, detected by the “Spic, 

Sdeb and Sint” method from (Ouzeau et al. 2016), for the location of Lyon Saint-Exupéry 

airport. This data is derived from the bias-corrected climate projection data (green cells in Table 

4). Please note that the selection of bias corrected data induced a restriction to the RCP45 and 

the RCP85 scenario, no bias corrected data were made available for the RCP26 scenario. 

 
4 STEP 3: CHARACTERISING HEATWAVES 

 

The objective of this step is to define a restricted set of indicators that characterize the different 

heatwaves stored in the heatwave dataset.  

The indicators of the restricted set of indicators will constitute the dimensions of a heatwave 

characterisation space, in which representative heatwaves will be selected during the step four. 

This restricted set of indicators must be sufficiently diversified to cover all the characteristics 

of the detected heatwaves, but small enough to limit the number of dimensions of the 

characterisation space from which the heatwaves will be selected.  

Figure 2: Histograms of the durations (left) and average temperatures (right) of the heatwaves detected by the 

'ibm' (blue) and 'Spic, Sdeb, Sint' (orange) methods 
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An extended set of indicators is first arbitrarily established in the step 3a. Then this set of 

indicators is reduced to a minimum by keeping only independent and significant indicators 

using statistical methods in the step 3b.  

 

4.1 Step 3a: Constitution of the extended set of indicators  

The extended set of indicators consists, first of all, of statistical quantities calculated on the 

available meteorological data (air temperature, global solar radiation, etc.) during the period of 

the heatwaves: the average value (avg), the maximum value (max), the minimum value (min), 

the average daily amplitude value (dampl_avg), the average of the daily minimum and 

maximum values (dmin_avg/dmax_avg), and the night-time and daytime averages 

(nighttime/daytime). The extended set of indicators also contains the heatwave intensity 

indicators defined by (Ouzeau et al. 2016), (Nairn et al. 2014) and (Russo et al. 2014). Those 

indicators are named intensity_spic, intensity_ehf, and intensity_hwmi respectively.  

Other specific indicators have been developed to quantify the cooling opportunities of building 

during the heatwaves. Those indicators are called cooling potential indicators. Their definitions 

are represented schematically in the Figure 3. The cooling potential indicators correspond to 

the areas under the curves (in blue for the cooling potential by evaporation, in orange for the 

cooling potential by thermal radiation, in yellow for the cooling potential by solar protection, 

and finally in grey for the cooling potential by natural ventilation), divided by the heatwave 

duration, in days unit. The list of the extended set of indicators is shown along the axes of the 

matrix displayed in Figure 4. The value of each of those indicators was calculated for the 2384 

collected heatwaves.  

 

Figure 3: Cooling potential (by evaporation top left, by direct radiation protection bottom left, by night-time heat 

radiation top right and by natural ventilation bottom right) 

 

4.2 Step 3b: Reduction of the set of indicators 

The heatwave indicators will be used in step 4, to rank the heatwaves according to the 

characteristics they measure, and then to select a restricted set of heatwaves based on the 

rankings. Two indicators are correlated when the rankings from these two indicators are very 

similar. In this case, the information provided by the second indicator is redundant with 

information already provided by the first indicator. On the other hand, two indicators are 

independent when the rankings of the two indicators are very different. In this case, the 

information provided by the second indicator is of real interest since it allows to distinguish a 

new characteristic of the heatwaves.   

The first objective of step 3b is to reduce the extended set of indicators to a set of independent 

indicators. For this purpose, the clustering method has been considered. This method is applied 

on a dataset containing the values of all the indicators contained in the extended set of 

indicators, for all the collected heatwaves.   

The method consists in clustering the indicators, with the absolute value of the Pearson 

correlation as the clustering metric. Figure 4 shows the matrix of correlation between all 

indicators of the extended set of indicators. The arrangement of the indicators is the result of 
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the application of the UGPMA (Unweighted Pair Group Method with Arithmetic mean) 

hierarchical agglomerative classification method. The dendrogram above and on the left of the 

matrix shows a hierarchy of the groups of indicators according to their degree of dependence. 

Groups of indicators have been defined arbitrarily from the classification provided by the 

UGPMA algorithm. Those groups are delimited by thick line rectangles within the correlation 

matrix displayed on Figure 4. In fact, it turned out that the UPGMA algorithm clustered the 

indicators around their associated meteorological quantity (temperature, humidity, solar 

radiation, wind, rain, etc.). Thus, it was decided to locate the limits of the groups of indicators 

at the transitions between the various associated meteorological quantities. For ease of 

identification, a name has been given to each group, and those names are shown at the bottom 

of the matrix. 

Most of the cooling potential indicators are placed in groups that correspond to their associated 

meteorological quantity. For example, the evaporative cooling potential (“cp_humid”) is highly 

corelated with the relative humidity, so it belongs to the same group. The cooling potential by 

protection against direct solar radiation (“cp_sol”) is grouped with the solar radiation quantities. 

However, the sky temperature and the humidity groups are distinct groups but both quantities 

are linked together by the average specific humidity, that is highly correlated either with the 

average relative humidity and with the sky temperature. This relationship between the humidity 

and the sky temperature explains why the radiative cooling potential (“cp_rad”) belongs to the 

humidity group, even if it is computed from the sky temperature. 

The intensity of heatwaves defined by (Ouzeau et al. 2016) and (Russo et al. 2014)  

(“intensity_spic” and “intensity_hwmi”) are correlated with the duration of heatwaves rather 

than the air temperature from which they are computed. This is because those indicators are 

cumulative: the longer is the heatwave, the higher is the value of the indicator. They measure 

more the duration of the heatwave than the instantaneous severity of the weather conditions. 

In order to reduce the extended set of indicators to a set of independent indicators, only one 

indicator was kept in each group. The list of independent indicators resulting for that selection 

is given in Table 5. This selection was done in an arbitrary way, but followed a logic: as soon 

as it was possible, the average value of the selected weather quantity was chosen, to facilitate 

the interpretation of the results. Average specific humidity is selected as the representative 

indicator of both humidity and sky temperature groups, since both groups are well correlated. 

For the same reason, the average horizontal global solar radiation has been retained to represent 

both solar radiation groups. 

The second objective of step 3b is to further reduce the selected set of indicators to meaningful 

indicators. A meaningful indicator is an indicator that represent a characteristic of the heatwaves 

that varies sufficiently among the dataset to produce significant changes on the building thermal 

solicitations. Table 5 shows the minimum and maximum value of each independent indicator. 

Some of the independent indicators are not kept (red rectangle on the Figure 4) because they 

correspond to quantities that would have very little influence on the thermal behaviour of 

buildings, they are not meaningful. This is the case for the "rain" group. Precipitation is low 

and is therefore not responsible for a drop-in temperature. According to MétéoFrance, a rainfall 

can be considered as light rain when its intensity is less than 3 mm/h. Figure 5 shows the 

histogram of the maximum precipitation (left) during heatwaves, it appears that most of the 

maximum precipitation are below 3 mm/h. The minimum temperature is mainly during the first 

day of the detected heatwaves and is due to the detection method. The main wind direction is 

also not meaningful. There are only two main directions, that are shown by the histogram in 

Figure 5: North and South. There is almost no influence of wind for mono-oriented building, 

but there is an influence of the wind direction for cross-ventilated building. In the case of Lyon, 

the two major directions are symmetrical so the influence on cross-ventilated building will be 

the same if the wind come from North or South. The main wind direction during heatwaves is 
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then not retained for the rest of the study. Heatwaves can therefore be characterised by a space 

composed of 6 dimensions, represented by the indicators listed in bold in Table 5. 

 

Figure 4: Correlation matrix (in absolute values) between the different indicators characterising heatwaves. 

Strong correlations are shown in red, and weak ones in blue. At the bottom of the figure, the groups of indicators 

that are highly correlated are shown.  

Table 5: Minimum and maximum value of each independent indicator. The independent and meaningful 

indicators are written in bold. 

Indicator Variable name Unity Minimum Maximum 

Average rain quantity pr_avg mm/h 0 0.46 

Minimum temperature ta_min °C 12.0 22.9 

Average temperature ta_avg °C 25.8 33.4 

Duration duration Days 5 100 

Main wind direction wd_main ° 0 337.5 

Average wind speed ws_avg m/s 1.3 6.2 

Average horizontal global solar radiation rsw_gh_avg W/m² 143.5 347.9 

Average specific humidity spe_hum_avg gv/kg 4.7 15.9 

Average temperature before the heatwave ta_avg_prior °C 15.6 30.9 

5 STEP 4: SELECTING HEATWAVES 

 

The heatwave dataset from step 2 contains 2384 heatwaves. The last step of the methodology 

aims at selecting, from this large number of heatwaves, a reduced set of distinct heatwaves, 

representative of the diversity of the heatwaves contained in the whole dataset.  

The selection is performed on the characterization space whose dimensions are made of the 

restricted set of indicators produced by step 3.  

Figure 5: Histograms of the maximum precipitation (left) and main wind directions (right) of the heatwave 

dataset 
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An agglomerative hierarchical clustering method is used. In this method, each heatwave is first 

considered as a single cluster, making the total number of clusters equal to the number of 

heatwaves. Then heatwaves are grouped together based on similarity metrics, computed on the 

6 dimensions of the characterization space, creating clusters as one moves up the hierarchy. In 

this study, the metric is computed with Euclidean distance and the “Ward” linkage method from 

the scipy.cluster.hierarchy.linkage python library is used to select the closest clusters. “Ward” 

linkage method uses the Ward variance minimization algorithm. This approach is iterative and 

is also called a bottom-up approach. At each iteration, the distance matrix between each cluster 

is calculated and the two closest clusters are grouped together and so on. In the end, the data is 

all grouped into a single cluster. With this method, it is possible to draw a dendrogram.  

A dendrogram is a tree diagram that illustrates the arrangement of clusters produced by the 

corresponding analyses. Figure 6 shows the dendrogram obtained for the dataset of heatwaves. 

The samples on the x-axis are arranged automatically, representing very close points that will 

remain closer to each other. The length of the branches of the dendrogram (y-axis) indicates the 

distance between two clusters, so it is possible to use this distance to choose the final number 

of clusters. The number of clusters retained for this study is chosen arbitrarily. In this study, 10 

clusters are retained. They are represented with different colours in Figure 6. Figure 6 shows 

also with a black horizontal line (left graph), where it was decided to cut the dendrogram to 

select the number of clusters.  This number of clusters allows to obtain distinct heatwave 

groups. If less clusters were kept, the data inside each cluster would have been further from 

each other. The Euclidean distance is indeed increasing a lot with less than 10 clusters. At the 

end, only the closest heatwave from the barycentre of each cluster is selected. 

 

Figure 6: dendrogram of the heatwave dataset in the characterisation space (left) and 3D representation of the 

heatwave dataset with duration, average global horizontal solar radiation and average air temperature dimensions 

Figure 6 shows, on the right graph, a 3D representation of the heatwave dataset with the use of 

the following dimensions: duration, average global horizontal solar radiation and average air 

temperature. This view is limited because it does not distinguish the 6 dimensions of the 

characterisation space, but it still allows to visualize different clusters. As an example, the light 

blue cluster represent long, warm heatwaves with a lot of solar radiation. 

 

6 CONCLUSIONS 

 

The methodology developed in this paper allows the construction of meteorological projection 

files containing distinct heatwaves that can be used for building performance simulations. A 

heatwave characterisation space composed of significant and independent meteorological 

indicators has been created, allowing to identify 10 different heatwave groups out of the 2384 

heatwaves detected for the location of Lyon Saint Exupéry airport. This number is low enough 

to allow BPS to be carried out for each of the most representative heatwave of each cluster. It 

will therefore be possible to study the capacity of buildings to maintain acceptable comfort 
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conditions during future heatwaves. In particular, it will be possible to study the effectiveness 

of cooling by natural ventilation. Are passive techniques effective enough or is the use of air 

conditioning essential? 
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ABSTRACT 

 
In future years the frequency, duration and magnitude of extreme heat events, such as heat waves, is expected to 
increase due to climate change. The population is exposed to higher thermal discomfort and risk at home and, at 
the same time, high external temperatures make it more difficult to cool their household through natural ventilation. 
In order to propose adaptive measures, research should first assess the thermal resilience of the existing residential 
buildings when exposed to prolonged heat stress. Poorly insulated and non-equipped buildings typical of Southern 
European building stock are between the most affected typologies, suffering thermal discomfort both during mild 
winters and hot summers. The effect of torrid summers has been partly counterbalanced by vernacular control 
strategies adopted in the Mediterranean culture, such as natural cross-ventilation and solar shading devices. 
However, the effectiveness of those strategies is in doubt due a combination of the widespread of building design 
depending on mechanical ventilation at the expense of passive control and the increase of summer temperatures. 
The objective of this study is to analyse the thermal resilience of a reference building in Barcelona against extreme 
temperature events and assess its ability to maintain a comfortable and safe indoor environment through passive 
strategies. A Building Energy Model of an apartment in a multi-family building has been designed to dynamically 
incorporate vernacular control strategies, such as natural ventilation and solar shading, based on internal 
(occupancy) and external inputs (temperature and irradiance) acting as triggers. 
The building is first simulated during the period surrounding the record-high heat wave which hit Catalonia in 
summer 2018, and then repeated using different input weather data, which correspond to a heat wave period 
detected under two future climate change projections. All simulations discerned between two types of occupants’ 
behaviours: aware and fixed. 
Occupants’ comfort is assessed according to the adaptive comfort model. Thermal risk is evaluated comparing the 
indicators of Heat Index and Humidex. The results have been assessed based on three main overheating and 
resilience metrics: the unmet hours, expressing the share of time spent in discomfort or risk conditions; the 
overheating intensity; and passive survivability indexes. The occupant control based on external temperature 
(Aware) provided around 2 and 5 ºC lower operative temperatures than a fixed schedule for natural ventilation 
(Night). Under future climate scenarios, the thermal risk values fall into the worst conditions using the fixed 
control, an occurrence avoided with aware ventilation. Considering the projected 2050 future scenario, the aware 
control reaches 18 nights above 28ºC and 9 nights above 30ºC while the fixed control counts with 38 and 91 nights, 
respectively. 
 

KEYWORDS 
 
Thermal Comfort; Heat Resilience; Heat Wave; Climate Change; Natural Ventilation 
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1 INTRODUCTION 
The quantification of thermal resilience has so far been limited to shocks such as power outages, 
leaving aside thermal stresses caused by the combination of extreme climatic conditions and 
poor building design. Overheating (OH) in the urban environment is caused by several reasons, 
and consists in the increased temperature within the buildings as a consequence of extreme 
outdoor temperature, which is higher in urban environment in respect to the surrounding rural 
areas. Focusing on Dutch dwellings, (Hamdy et al., 2017) concluded that in summer, the free-
running indoor temperature is almost always higher than the outdoor air temperature (6ºC on 
average). (Sakka et al., 2012) monitored the indoor thermal conditions in fifty low-income 
houses without air-conditioning during three heat waves which hit Athens in 2007. Indoor 
temperatures as high as 40ºC were recorded and the average minimum was always above 28ºC. 
Inhabitants were exposed to temperatures above 30ºC for almost 85% of the hot period, lasting 
up to 216 uninterrupted hours in the worst cases. 
Exposure to high temperatures have serious consequences on human health, including fatigue, 
thermoregulation deficiencies, circulatory and respiratory diseases which could eventually lead 
to death (Ortiz et al., 2019), in particular for the more vulnerable population (elders, people 
with health conditions). More than 70,000 deaths in Europe were attributed to the 2003 
heatwave alone (Robine et al., 2008), noting the close relationship between extreme 
temperatures and mortality. The use of passive strategies, such as natural ventilation and solar 
shading can already provide effective mitigation of OH. (Kuczyński et al., 2021) noted that 
optimal OH prevention in the UK can be provided by a combination of night ventilation, solar 
shading and high thermal mass, since each action ensures mitigation at different times of the 
day in a temperate climate. Optimal results in passive control strategies are achieved only with 
a direct involvement of occupants. Unfortunately, some resident might unintentionally perform 
adverse actions due to a lack of awareness, conflict with other priorities (e.g. noise, burglary), 
physical and health impediments (Schünemann et al., 2020). Additional obstacles were found 
by (Murtagh et al., 2019) in a survey directed to English householders, in which they 
demonstrated a generally low intention to take precautionary actions (e.g. install shading 
devices, increase albedo), despite recognizing overheating as a valid reason to do so. By 
simulating six natural ventilation profiles, (Schünemann et al., 2021) found that an optimal 
behaviour with cross ventilation reduces summer temperatures by 2-3ºC in moderate climate in 
Germany, compared to the minimum ventilation case. For one dwelling simulated, the OH 
intensity (measured in “over temperature degree hours” with the unit Kh, typically for a 
complete year) decreased by 79% (from 3,570 Kh/a to 770 Kh/a) for the living room and by 
99% (from 2480 Kh/a to 20 Kh/a) for the bedroom. Its findings call for a more accurate 
representation of natural ventilation in building performance simulation, to draw meaningful 
conclusions from overheating assessments. This study contributes to ameliorate human-based 
control strategies for heat mitigation in typical Mediterranean climate (natural ventilation and 
solar shading). The strategies are tested with increasing levels of heat stress, corresponding to 
likely summer weather conditions under climate change. This is done aiming at reducing the 
demand for mechanical cooling at a minimum, still guaranteeing adequate comfort conditions. 
The structure of this paper is as follows: Chapter 2 first (2.1) explains the model defined as a 
case study, (2.2) describes the human-based control strategies and (2.3) the climate boundary 
conditions. Finally, (2.4) enlists the discomfort and risk indicators adopted to assess the thermal 
resilience. Chapters 3 and 4 are dedicated to results and conclusions. 
 
2 METHODOLOGY 
The present study analyses six dynamic energy simulations of the same reference building, 
combining two human-based control strategies and three different climatic conditions. 
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2.1 Case study 
 

 
Figure 1: Geometry of the reference building used in 

the simulations, depicted from South-East 

A model developed in TRNSYS for a three-
occupants apartment was chosen as a 
reference building for the existing 
residential block in Barcelona metropolitan 
area. The 90m2 apartment is located at an 
intermediate floor and its geometry is 
depicted in Figure 1. The model is 
composed by eight zones. The building is 
located close to the centre of Badalona. The 
location was chosen as that of the weather 
station “Badalona – Museu”. 

The envelope thermal properties represent those of a multi-storey residential building 
constructed in Catalunya within 1951 and 1980 (Agència de l’Habitatge de Catalunya, 2014), 
which represents around half of the residential stock in Barcelona, which main features are 
shown in Table 1. Probability profiles of occupancy and energy-consuming activities were 
obtained from a stochastic model based on the work of (Tejero et al., 2018). Internal gains are 
calculated in compliance with the stochastic profiles derived. Gains caused by occupation were 
distributed throughout the zones distinguishing between daily and nocturnal use. Moreover, a 
daylight control were implemented for the lighting. The air flow rate for natural ventilation is 
calculated under the hypotesis of cross-side ventilation, in line with the British Standard 
5925:1991 (BS Standards, 1991). The opened area of the window used for the calculation is 
modulated dependending on the wind speed. Solar shading is implemented separately for 
windows facing East and West, according to the solar radiation on those surfaces. The 
infiltration is based on (European Committee for Standardization, 2007). It was decided not to 
implement any HVAC system. Table 2 sumarizes all the elements implemented: 
 

Table 1: Building envelope thermal charactersitics; 
the values were retrieved from the Catalan building 

typology F, which represent an apartment block 
built within 1951 and 1980 (AHC, 2014) 

Component U-value 
[W/m2·K] 

Thickness 
[m] 

External wall 1.223 0.23 
External roof 1.170 0.34 

External partition 2.254 0.18 
Internal partition 2.465 0.09 

Internal floor 1.863 0.28 

Component U-value 
[W/m2·K] 

g-value 
[%] 

Window (1.1x0.8) 5.68 85 
 

Table 2: Implementation of elements in the model 
Element Implementation 

Occupancy Stochastic 
(3 residents) 

Lighting Stochastic with 
daylight control 

Internal gains Stochastic, divided in 
day and night zones 

Natural ventilation Occupancy and 
temperature control 

Solar shading Occupancy, T and 
radiation control 

Cross-side ventilation BS 5925-1991 
Infiltration UNI-EN15242:2007 

 

 
2.2 Human-based control strategies 
Two types of occupancy-driven thermal mitigation strategies were defined to emulate the 
attitude of inhabitants of a free-floating building during hot summer days. The strategies were 
implemented in TRNSYS as follows: 
 Aware 

o Natural ventilation is implemented based on occupancy and temperature; if the 
dwelling is occupied by at least one person, natural ventilation is activated when the 
average indoor operative temperature ranges between 24.5ºC and 28ºC or when the 
indoor temperature exceeds both 28ºC and the ambient temperature.  
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o Solar shading is implemented based only on temperature and solar radiation, but 
indipendently from the occupancy; blinds are closed when both temperature and 
total radiation on the external surface exceed the thresholds of 24.5ºC and 140 W m⁄  respectively, while blinds are opened if the temperature falls below 24.5ºC 
or radiation falls below 120 W m⁄ . 

 Fixed 
o Natural ventilation is implemented with the same occupancy and temperature 

control, but only as night ventilation between 0am and 7am. 
o Solar shading is implemented with the same temperature and radiation control, but 

only when the household is occupied (blinds are open during unoccupied hours); 
additionally, the maximum opaque fraction of blinds is reduced from 70% to 50% 

 
2.3 Climate boundary conditions 
The building response to the HW of 2018 was simulated with historic climate data from the 
weather station “Badalona Museu” (Meteo.cat |Servei Meteorològic de Catalunya, 2022). Two 
future weather input files were elaborated for the model using (Meteonorm, 2022), representing 

 
Figure 2: Ambient air (dotted line), daily mean (line) and 
maximum T (dots) during the two weeks surrounding the 
three heat waves under analysis: historic (black – from July 
29 to August 11 of 2018) and forecasted (RCP 4.5) on the 
short-term (green) and the long-term (red); maximum daily T 
above the heat wave threshold for Badalona (31.4ºC) were 
marked (big dots). 

the climate conditions of an extremely 
hot summer in 2030 and 2050 under the 
most probable baseline scenario 
(RCP4.5) within those proposed by the 
IPCC (Kaito et al., 2000).As shown in 
Figure 2, the projected future heat 
waves are both more intense in 
temperature and extended in time than 
the HW of 2018. In particular, the 
maximum temperature during the HWs 
of 2030 (green) and 2050 (red) exceeds 
the threshold (31.4ºC) for eight and five 
consecutive days respectively, versus 
the three days of the 2018 HW. 
Similarly, the temperature reaches 
36.1ºC in 2030 and 38.1ºC in 2050, 
while it peaked at 34.7ºC on the 8th day 
of the monitored heatwave (4 August 
2018.) 

2.4 Thermal Resilience indicators 
Thermal resilience and overheating metrics retrieved in literature could be classified in three 
main categories: the unmet hours; the overheating intensity; and the passive survivability. The 
unmet hours express the share of time in which a certain condition is not fulfilled, notably the 
preservation of a comfortable or safe indoor environment. In this study, the metric was 
calculated for (2.4.1) the adaptive comfort model and for two risk parameters: (2.4.2) Heat 
Index and (2.4.3) Humidex. The OH intensity is generally expressed in degree-hours, as an 
integral in time of the excess temperature above a certain comfort threshold. This study employs 
(2.4.4) the set of coefficients proposed by (Hamdy et al., 2017) to evaluate buildings’ response 
to heat stress. The passive survivability expresses how fast the temperature reaches an OH 
threshold, usually set to 30ºC for summer (O’Brien, 2016). This indicator is useful to assess the 
response to sudden shocks, such as power failures, but is less significant for progressive stresses 
like heat waves. In its place, simple indicators expressing the persistence of overheating in time 
has been used, namely: the number of consecutive days with maximum T above 32ºC and the 
number of consecutive hours above 30ºC and 28ºC, which also determine the number of 
consecutive nights experiencing those extreme temperatures for the whole summer season. 

145 | P a g e



2.4.1 Adaptive comfort model 
The adaptive comfort model defines three categories of comfort representing the perception of 
occupants of buildings without mechanical cooling during summer. The thresholds are: 
 
 𝑇 , = 0.33 ∙ 𝑇 + 18.8 ± ∆𝑇  (1) 
 
where 𝑇  is the outdoor running mean temperature and 𝑇 ,  is the operative temperature 
threshold for each comfort category, with ∆𝑇  equal to 2, 3 and 4 for categories I, II and III 
respectively (EN 16789-1:2019). 𝑇 ,  is considered constant for 𝑇  above the validity limit 
of 30ºC, which is thereby used in the calculation. 

2.4.2 Heat Index 
The Heat Index (HI), also known as apparent temperature, represents the human-perceived 
equivalent temperature in shaded areas when relative humidity is combined with the air 
temperature. It can be calculated using the formula proposed for (Steadman, 1979): 
 
 HI = 0.5 ∙ T + 61 + 1.2 ∙ T − 68 + 0.094 ∙ RH  (2) 
 
where T  is the operative temperature (in F) and RH is the relative humidity (in %) of the zone. 
In case the HI exceeds 80F (around 27ºC), the formula has to be replaced with the regression 
equation proposed by (Rothfusz, 1979), and A is an adjustment factor used under the conditions: 
 HI = −42.379 + 2.04901523 ∙ T + 10.14333127 ∙ RH − 0.22475541 ∙ T ∙ RH − 0.00683783 ∙ T −0.05481717 ∙ RH + 0.00122874 ∙ T ∙ RH + 0.00085282 ∙ T ∙ RH − 0.00000199 ∙ T ∙ RH − A (3) 
 

 A = ( ) ∙ ,    RH < 13% ∩ 80F < T < 112F( ) ∙ ,                 RH > 85% ∩ 80F < T < 87F  (4) 

 
Prolonged exposure to high values of HI can have serious consequences on health. Hence the 
United States National Weather Service (NWS) produces periodical forecasts and develops an 
alert system classifying the HI into four risk bands: Caution (27<HI<32), possibly leading to 
fatigue; Extreme Caution (32<HI<41), possibly leading to a heat stroke, cramps or exhaustion; 
Danger (41<HI<52), likely leading to heat cramps or exhaustion; Extreme danger (HI>52), 
highly likely leading to heat stroke (National Weather Service, 2022). 

2.4.3 Humidex 
The Humidex (H) describes how hot the weather feels to the average person, by combining the 
effect of temperature and humidity, derived from the dew point. The Humidex is the HI 
equivalent used by Canadian waring system, which defines five discomfort bands: Noticeable 
Discomfort (30<H<35); Evident Discomfort (35<H<40); Intense Discomfort (40<H<45); 
Dangerous Discomfort (45<H<55), or possible heat stroke; Heat Stroke Probable (H>55) 
(CSGNetwork.com, 2011). The formula used by (Environment Canada, 2013) is: 
 
 H = T + 0.5555 ∙ (E − 10) (5) 
 
where T  is the air temperature of the zone (in ºC) and E is the vapour pressure (in hPa), given 
by (T  is the dew point in K): 

 E = 6.11 ∙ e . ∙ .  (6) 
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2.4.4 Indoor Overheating Degree (IOD), Ambient Warmness Degree (AWD) and 
Overheating Escalation Factor 

The Indoor Overheating Degree (IOD) was introduced by (Hamdy et al., 2017) to account for 
different comfort limits for separate dwelling zones, reflecting the particular occupant's 
behaviour and the adaptation capacity of each identified zone. For this study, the average 
temperature of all zones in the dwelling is considered. The formula is simplified as follows: 
 

 𝐼𝑂𝐷 = ∑ ,  ∙∑  (7) 
 
where 𝑇 ,  and 𝑇  are the operative temperature and the comfort threshold (in ºC) at time 𝑡  and N is the total number of occupied hours. Results are presented for 𝑇  equal to 26ºC 
and to the upper adaptive comfort thresholds (𝑇 , ). 
(Hamdy et al., 2017) also introduced the Ambient Warmness Degree (AWD) to quantify the 
warmness of a given climate scenario considering both the accumulation of amplitude and the 
duration of each occurrence. The indicator is calculated against a base temperature of 18ºC: 
 

 𝐴𝑊𝐷 º = ∑ , º  ∙∑  (8) 
 
where T ,  is the ambient air temperature. Finally, the Overheating Escalation Factor (𝛼 ) 
is a metric that represents the deviation of the intensity of indoor OH (IOD) from the severity 
of the outdoor warmness (AWD) which is causing it. 𝛼  is then calculated as a coefficient: 
 
 𝛼 = 𝐼𝑂𝐷 𝐴𝑊𝐷 º⁄  (9) 
 𝛼  is used to estimate the sensitivity of dwellings to outdoor OH and quantify its ability to 
maintain comfortable indoor conditions despite the heat stress. Values of 𝛼  above the unit 
mean that the internal T increase is steeper than the external, meaning that the building is not 
able to counter the heat stress and is escalating the OH effect. On the contrary, the closer 𝛼  
gets to zero the better the building is able to withstand external OH. A thermal resilient building 
should ideally present low values of 𝛼  no matter the intensity of outdoor warmness. 
 
3 RESULTS AND DISCUSSION 
 
This chapter presents and discusses the main results obtained from the calculations of thermal 
resilience indicators (2.4) for the six scenarios under analysis, resumed in Table 3.  

Table 3: Resume of thermal resilience indicators calculated for the six simulation scenarios during a period of 
two weeks surrounding the heat wave events 

 Historic 2018 
(27 Jul - 10 Aug) 

RCP4.5 Extreme 2030 
(14 Aug – 28 Aug) 

RCP4.5 Extreme 2050 
(18 Jul – 1 Aug) 

Indicator Aware Fixed Aware Fixed Aware Fixed 
27<HI<32 – Caution 37% 2% 1% / / / 
32<HI<41 – Extreme caut. 62% 83% 88% 64% 64% 24% 
41<HI<52 – Danger / 15% 11% 36% 36% 74% 
HI>52 – Extreme danger / / / / / 2% 
35<H<40 – Evident disc. 62% 24% 39% 3% 18% 2% 
40<H<45 – Intense disc. 20% 59% 50% 61% 47% 24% 
45<H<55 – Dangerous disc. / 15% 11% 32% 35% 59% 
H>55 – Heat stroke probable / / / 4% / 15% 
Adaptive - CAT II 38% 3% 27% 1% 15% / 
Adaptive - CAT III 20% 9% 34% 7% 29% 4% 
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Adaptive - CAT IV 4% 88% 22% 92% 54% 96% AWD º  9.5 9.5 10.7 10.7 11.6 11.6 
IOD – 𝑇  = 26ºC 4.18 7.26 5.07 8.34 6.54 9.32 
IOD – CAT I 0.54 3.48 0.89 3.98 2.06 4.74 
IOD – CAT II 0.14 2.50 0.32 2.98 1.15 3.74 
IOD – CAT III 0.01 1.58 0.09 2.05 0.46 2.76 α  – 𝑇  = 26ºC 0.44 0.76 0.47 0.78 0.55 0.80 α  – CAT I 0.06 0.37 0.08 0.37 0.17 0.41 α  – CAT II 0.02 0.26 0.03 0.28 0.10 0.32 α  – CAT III / 0.17 0.01 0.19 0.04 0.24 
Consecutive days above 
32ºC (during all summer) 3 days 18 days 6 days 69 days 5 days 87 days 

Consecutive hours above 
30ºC (during all summer) 

142 hours 
5 nights 

332 hours 
13 nights 

136 hours 
5 nights 

668 hours 
27 nights 

232 hours 
9 nights 

930 hours 
38 nights 

Consecutive hours above 
28ºC (during all summer) 

330 hours 
13 nights 

570 hours 
23 nights 

666 hours 
27 nights 

2.177 hours 
90 nights 

454 hours  
18 nights 

2.199 hours  
91 nights 

 
Figure 3 compares the indoor operative temperatures obtained with aware and fixed control 
during the two weeks around the 2018 HW (from 27 July to 10 August). The aware control is 
able to maintain indoor T within acceptable comfort values for most of the time (96% below 
CAT IV), albeit exceeding 32ºC for three consecutive days and reaching a maximum of 32.7ºC. 
The daily minimum T exceeds 30ºC for five consecutive nights and only gets below 28ºC once 
in the period analysed. With fixed control, the indoor T fluctuates considerably more, reaching 
a daily maximum T of 35.9ºC. The night ventilation is not able to adequately drop the 
temperature, leading to 88% of time in CAT IV and to seven consecutive nights above 32ºC.. 
Figure 4 repeats the comparison for the most severe HW found in the 2050 weather file (from 
18 July to 1 August). Results reveal that, even with aware control, the maximum T exceeds 
32ºC for twelve of the fourteen days analysed (five consecutive) and reaches a maximum of 
35.5ºC, causing discomfort for more than half of the time (56% above CAT III). Just one night 
T is below 30ºC, while six nights experience T of above 32ºC (three consecutive). With fixed 
control, the indoor T reaches 36ºC twelve out of fourteen days (six consecutive) and peaks at 
38.6ºC. Discomfort is experienced at all time (96% above CAT III), with minimum T never 
below 32ºC and above 34ºC for eight nights (four consecutives). 

When looking at the adaptive comfort model, the aware control can offer higher comfort in 
2050 than fixed control in 2018. However, the ambient temperature in 2050 reaches levels for 

 
Figure 3: Indoor operative temperature (T_op - black) 

with aware (solid) and fixed ventilation (dashed), 
ambient temperature (T_amb – dotted line) and 

adaptive temperature thresholds profiles (CAT I, II 
and III) during the HW of 2018 

 
Figure 4: Indoor operative temperature (T_op - 
black) with aware (solid) and fixed ventilation 

(dashed), ambient temperature (T_amb – dotted line) 
and adaptive temperature thresholds profiles (CAT I, 

II and III) during the HW of 2050 
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which 𝑇  often exceeds 30ºC, stepping out of the validity band of the adaptive comfort model. 
Figure 4 shows that the thresholds remain constant for four consecutive days (from 22 to 26 
July) during the 2050 HW. Thermal comfort has a strong psychological bias, which means 
humans could adapt to a hotter climate with time. If that is the case, the adaptive comfort model 
might have to be revised by adjusting the comfort thresholds to higher temperatures. 
 

 
Figure 5: Share of time spent in each Heat Index 

caution band during the heat wave (HW – above) and 
the whole summer (below) of 2018, 2030 and 2050 

 
Figure 6: Share of time spent in each Humidex 

comfort band during the heat wave (HW – above) 
and the whole summer (below) of 2018, 2030 and 

2050 

Figure 5 and Figure 6 compare the unmet hours of Heat Index and Humidex calculated for the 
heat wave (HW) and the whole summer of 2018, 2030 and 2050. 
Looking at HI shows that, while just 7% of time in summer 2018 is in Extreme Caution (57% 
for HW), around half of summer time in 2030 and 2050 is either in Extreme Caution or worse 
(always for HWs). Danger conditions are not experienced in 2018 HW, while they occur for 
11% and 36% of time in 2030 and 2050. The considerations are similar looking at H, since the 
share of Evident Discomfort or worse grew from 22% in 2018 summer (82% for HW) to 66% 
in 2050 (always for HW) and that of Intense Discomfort or worse grew from 2% (21% for HW) 
to 36% (82% for HW). Again, Dangerous Discomfort only occurs in 2030 and 2050 HWs for 
9% and 30% of time. The different definitions of the thresholds adopted by the two indicators 
make it impossible to line up exactly the HI risk bands with the H discomfort bands.  

 
Figure 7: Correlation between Average Warmness Degree (AWD) 

and Overheating Escalation Factor (α_IOD), calculated using 
fixed (right – a_IOD_26) and adaptive comfort temperature 

thresholds (left – a_IOD_CAT), with aware ventilation control; 
dots are two weeks period around every summer day of 2019, 

2030 and 2050 

However, the share of time in 
dangerous conditions (Danger and 
Extreme Danger for HI, 
Dangerous Discomfort and Heat 
Stroke Probable for H) is almost 
equal under all circumstances, 
ranging from 11% and 35-36% 
with aware control in 2030 and 
2050 up to 74-76% with fixed 
control in 2050. Figure 7 shows the 
correlation between the Average 
Warmness Degree (AWD) and the 
Overheating Escalation Factor 
(α ), calculated with a constant 
comfort temperature (a_IOD_26) 
and with adaptive comfort 
thresholds (a_IOD_CAT), for the 
aware control scenario.  

For harmonization purposes, all indicators were calculated for a two-weeks period around each 
day of the summers of 2018, 2030 and 2050 simulated in the study, corresponding to a single 
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dot in Figure 7. Regardless of the comfort threshold used, a linear proportion between AWD 
and α  was found. These results mean that the thermal mitigation capacities of the building 
degrade with the severity of ambient conditions. α  calculated with fixed control and 𝑇  
= 26ºC reach values close to the unit (0.91 in 2030 and 0.92 in 2050), which would lead to an 
uncontrolled escalation in indoor OH. On the contrary, using aware control the IOD is far from 
exceeding the outdoor warmness (AWD). 
 
4 CONCLUSIONS 
 
This study compared two passive overheating mitigation strategies, which adopt natural 
ventilation and solar shading, under historic and future extreme climate conditions. The 
occupant control based on external temperature (Aware) provided much better results than a 
fixed schedule for natural ventilation (Night), as it is implemented in the Spanish Technical 
Code. In future climate, occupants will not be able to maintain indoor comfort by adopting 
standard cooling strategies typical of the Mediterranean region. 
In order to minimize the use of air conditioning, occupants will have to embrace a proactive 
approach to thermal control strategies, acting on natural ventilation and solar shading according 
to temporary requirements. This task could be simplified with alert signals and automatic 
devices. Further research will aim to validate the results obtained, understand the impact of the 
hypothesis used in the implementation of the model (e.g. occupation, thermal inertia, 
infiltration, etc.) and isolate the effect of natural ventilation from that of solar shading. 
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ABSTRACT 
Occupants in residential buildings usually control natural ventilation through window openings. However, few 

studies have developed simple rules based on the outdoor weather forecast that can inform the occupants to predict 

the indoor condition by applying natural ventilation for thermal comfort and indoor air quality (IAQ). This paper 

describes a model based on indoor/outdoor correlations, derived through simulations using EnergyPlus and 

CONTAM, to help occupants maintain internal environmental quality manually or through simple controls. 

Simulation test cases were defined considering factors that can statistically change correlations, including the 

effect of single-sided and cross-ventilation, trickle ventilators, different schedules for window opening, heating 

and occupancy, size of the model, and building orientation for the window opening. The study found strong 

correlations between external and internal hourly temperatures, as well as between airflow and wind speed, and 

the inverse temperature differences between outdoor and indoors. The derived model consists of coefficients of 

determination (R2) between the correlated parameters and a set of equations to calculate thermal comfort and 

pollutant concentrations in the space. The derived correlations are then used independently to predict internal 

operative temperature and ventilation rates. Based on these parameters, thermal comfort is evaluated for the next 

period (hours or days) to predict overheating (based on the adaptive thermal comfort model) and indoor 

concentrations using contaminant mass balance equations for indoor CO2 concentration. An example of the 

application of this model is presented for a location in central Europe where a pilot building of the PRELUDE 

H2020 project is located. The findings of this study indicate how to reduce a large amount of data down to a 

manageable form, useful for occupants to identify indoor conditions for their space based on climatic conditions. 

This study highlights the importance of a user-driven decision-making process for predicting the indoor conditions 

from outdoor climatic parameters which could encourage behavioural change strategies and effective use of natural 

ventilation for thermal comfort and IAQ.  

 

KEYWORDS 
Residential buildings; Climate correlation; Thermal comfort; Indoor air quality; Natural ventilation. 

 

1 INTRODUCTION 

The use of ventilative cooling has been acknowledged in vernacular and modern building 

design due to its effective means of maximising thermal comfort and minimising cooling energy 

use (Venticool, n.d). Ventilative cooling in residential buildings is often provided through 

windows using buoyancy and wind-driven driving forces for natural ventilation. (Passe & 

Battaglia, 2015). The end-user behaviour and decisions on the extent and frequency of window 

opening could significantly impact building thermal comfort and the indoor air quality (IAQ) 

(Sharpe et al., 2020). However, few studies exist that have developed simple rules to guide 

occupants on how to maintain comfortable temperatures and remove indoor pollution. This 

study presents a method on how the occupants' interaction with window opening depending on 

external climate conditions can maintain thermal comfort and IAQ in residential buildings. 

The outdoor climates cause differences in energy demand and variation in thermal comfort 

between zones and cities (Yang et al., 2021). Analysis of a location’s ambient conditions can 

give indications on strategies to implement in buildings of the specific location. Bioclimatic 

design principles were developed almost five decades ago and since evolved to guide designers 

(Olgyay & Olgyay, 1963). This study aims to contribute to this, by developing an indoor-

outdoor correlation model considering parameters impacting thermal comfort and IAQ from 
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the outdoor climate, indoor conditions, and residential building-related settings (such as its 

operation), with a focus on the use of natural ventilation through window openings.  

Krakow in Poland is selected in this study to demonstrate the use of the climate correlation 

model as it is a pilot of the PRELUDE H2020 project and data were available for the analysis 

(Prelude, 2022). Figure 1 shows the climatic characteristics of Krakow based on a typical 

weather file from Meteonorm (Meteotest, 2020). Krakow is heating dominated with 2787 

heating degree days (HDD) annually (base 15.5°C), the highest in January (537), the lowest in 

August (14), and an inverted bell curve of HDD from January to December. On the contrary, 

only 13 annual cooling degree days (CDD) were found in Krakow (base 26°C). The minimum 

and maximum average temperatures of Krakow vary from -5°C to 25°C for a typical weather 

year; the record high temperature of Krakow was 33.7°C in July. Krakow experiences 

significant seasonal variation in the wind speed (WS) and the wind direction changes from the 

south-east direction in spring to the north-east direction for the other seasons. The question is 

how these climatic characteristics will impact internal environmental conditions?  Certainly, it 

is possible to predict through detailed dynamic thermal and ventilation modelling using 

engineering expertise on climate effects on building design. It is then crucial to convey to 

occupants in a simple way how to take actions to improve their internal conditions taking into 

consideration these external conditions.  

 
Dry bulb temperature (°C) Wind speed (m/s) Wind: Dec-Feb Wind: Mar-May 

    
Heating Degree Day (based on 15.5°C) Wind: Jun-Aug Wind: Sep-Nov 

 
  

Figure 1. Characteristics of Krakow climate 

2 METHOD 

The indoor-outdoor correlation model was developed from simulation experiments, correlation 

studies, and evaluation methods. The simulation experiments were generated from EnergyPlus 

(DesignBuilder, 2021) (United States Department of Energy, 2001) and CONTAM  (NIST, 

2012) simulation programs using the models presented below. The correlation studies were 

developed by investigating the relationships between the climatic parameters and indoor 

condition parameters. In order to investigate the impacts of the window opening on thermal 

comfort and IAQ, a series of scenarios were tested using the typical weather file of Krakow. 

The correlation models were evaluated by comparing the results of linear and polynomial 

153 | P a g e



correlation equations from the scatter plots with the adaptive thermal comfort equations and 

single-zone mass balance equations and equations to estimate metabolic CO2 concentrations.  

 

2.1 Simulation model  

A box-shaped model with a squared plan of 6m x 6m x 3m was introduced into the studied 

location to observe the impact of outdoor climatic parameters on the indoor environment. 

Single-sided ventilation was considered through the use of a window, which had a 1.2m x 3m 

(3.6 m2) area, and 20% of the window glazing area was considered for openable window area. 

A small window with 0.5m x 0.3m (0.15 m2) was then introduced to compare the results of 

single-sided and cross-ventilation. The building envelope of the model was assumed based on 

the PRELUDE project pilot building in Krakow (Prelude, 2022), which gave the thermal 

transmittance values (U-values) of 0.167 W/m2-K for wall, 0.148 W/m2-K for roof, 0.387 

W/m2-K for floor and 0.975 W/m2-K for a window for the building envelope. The envelope 

airtightness values were assumed based on the discharge coefficient, flow exponent, and 

pressure differences in leakage and openings. The heating and cooling setpoints, ventilation 

setpoint for window opening, outdoor CO2 concentration, and internal gains values, which are 

shown in Table 1 were assigned to all EnergyPlus simulation models to calculate the combined 

heat and mass transfer process between outdoor and indoor environments. Table 2 presents 

simulation scenarios and an example illustration of the simulation model.  

Table 1. Simulation input data used in EnergyPlus simulations 

Simulation Parameters Values References 

Heating setpoint 20°C (for Category II); Heating control by 

schedule 

 (BS EN 16798-1, 2019) 

Cooling setpoint No cooling application  

Ventilation setpoint for 

adaptive comfort 

22°C Adapted from (ASHRAE, 2021) 

Outdoor ambient CO2 

concentration 

400 ppm (Ambient CO2 is rising and 

would be considered in future studies) 

 (ASHRAE, 2021) 

Metabolic - Activity Metabolic rate 130W (approximately 1.2 

met) per person 

 (ASHRAE, 2021) 

CO2 generation rate 0.005 L/s per person  (ASHRAE, 2021) 

Internal gain for energy 

calculation 

3 W/m2 for power density residential, 

apartment 

 (BS EN 16798-1, 2019) - Annex C. 

 

While the prevailing mean outdoor temperatures are within an acceptable range, the value of 

the ventilation setpoint which affects the ventilative cooling comfort zone could be adjusted for 

summer and winter comfort zones (ASHRAE, 2021) (Emmerich et al., 2001); however, the 

ventilation setpoint was fixed at 22°C of indoor operative temperature (TOT) in this study. The 

schedule for occupant presence and the operation time for equipment were defined in the 

simulations using hourly fractions from 0 to 1; 1 represents the schedule is fully operated for 

the whole one hour (BS EN 16798-1, 2019). Hourly internal temperatures of the defined zone 

were considered in the CONTAM simulation based on the results of the EnergyPlus simulation. 

Simulations were run to investigate the indoor CO2 concentrations generated from occupancy 

metabolic rates using hourly time steps for interaction between thermal zones and the 

environment; the results were set to generate for the whole year in the EnergyPlus models and 

selected winter and summer days in the CONTAM models.  

 

2.2 Simulation scenarios and correlations 

The interdependence of the impacts caused by climate and building-related parameters (e.g., 

ventilation mode and window areas, orientation, occupancy schedules, the room size, the use 

of trickle vent, etc.) is essential in developing scenarios for the climate correlation models. In 

this study, a total of 16 scenarios, which can statistically change correlations, were introduced 
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under the four groups for the EnergyPlus simulation studies (Table 2). The first group represents 

a base scenario without natural ventilation, hence, ventilation was applied only from infiltration 

for air change as windows were closed, and heating was operated continuously throughout the 

year. Prevailing wind predominantly comes from the east-west direction in Krakow; therefore, 

in the second group, the models with an east-facing window were tested by varying window 

openable areas (20% and 40%) and window opening hours (Schedule: Base, A, B, C, and D). 

Heating was applied from 06:00 to 09:00, 10:00 to 17:00, and 18:00 to 23:00; the heating was 

turned off when the window was opened, and the heating was operated again when the window 

was closed. In the third group, the effects of orientations for single-sided windows and cross-

ventilation were tested. In the fourth group, additional variants were considered using the same 

schedules as the third group. The differences between the third and fourth groups of simulation 

scenarios were occupancy schedules, the room size, and the use of trickle vent. An elongated 

unit plan (i.e., a rectangular plan unit where a window can open on a long side, 9m length x 6m 

depth) and a deep plan unit (i.e., a rectangular plan unit where the window can open on a short 

side, 6m length x 9m depth) were introduced to compare with a squared plan. Similar simulation 

input data and the results of hourly zone temperatures from EnergyPlus simulation were used 

in the CONTAM simulation engine.  

Table 2. Simulation scenarios and example illustration of the simulation model  

  Schedule Area Orientation Mode Occupancy Schedules models 

#1 Base n/a n/a Infiltration only BS EN 

16798-1-

2019 

  

 
(EnergyPlus model) 

 

 
(CONTAM model)  

#2E 20% East Single-sided 

#2E (40%) 40% 

#2E-a A 20% 

#2E-b B 

#2E-c C 

#2E-d D 

#3S Base South 

#3N North 

#3W West 

#3C-NS North-South Cross-vent 

#3C-EW East-West 

#4E East Single-sided Full (24/7) 

#4E_DP BS EN 

16798-1-

2019 
#4E_EP 

#4E_T  Tickle vent added 

 

Simulations were run and outdoor parameters were correlated with internal predictions. In each 

case, the coefficient of determination (R2), which is a statistical measurement that examines the 

close relationships between two correlated variables, and the results in linear and polynomial 

correlation equations, which can be used for prediction, were established. In Figure 2, an 

example of the derived correlations for scenarios #1 and #2E is presented with the scatter plots, 

which display the relationship between two variables: outdoor climatic parameters (variable 

appears on the horizontal axis) and indoor thermal and IAQ-related parameters (variable 

appears on the vertical axis). The study found strong correlations between external and internal 

hourly temperatures, as well as between airflow and wind speed, and the inverse temperature 
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differences between outdoor and indoors. In Table 3, the best correlations identified for the 

Krakow location are presented for the pre-defined scenarios. 
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Figure 2. Correlations between outdoor climates and indoor condition parameters in Krakow  

Table 3. Thermal and IAQ correlations for the Krakow location  

 
 

2.3 Predicting thermal comfort and IAQ from correlations  

Using the derived correlations, we evaluated the internal operative temperature using the 

adaptive thermal comfort equations because the models used in this study were naturally 

ventilated. The adaptive thermal comfort model gives a range of operative temperatures that a 

person would be comfortable with for a given external temperature. If the temperature is the 

spread of the values within the lower and upper limits of adaptive thermal comfort temperatures, 

the predicted operative temperature from the correlation equation can be considered an 

Outdoor Indoor Annual NV time Only No-NV time Annual NV time Only No-NV time

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7836 y = 0.0091x
2
 + 0.1822x + 18.95

Wind Speed (m/s) Airflow (L/s) 0.8349 y = 0.0186x
2
 + 0.0501x + 0.6978

Inversed of Temp. Diff. Airflow (L/s) 0.1196 y = 2123.5x + 0.7341

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7436 0.9098 0.7472 y = 0.0083x
2
 + 0.2519x + 17.389 y = 0.0101x

2
 + 0.3301x + 14.217 y = 0.0081x

2
 + 0.249x + 17.634

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.8375 n/a n/a y = 0.0177x
2
 + 0.0722x + 0.5834

Inversed of Temp. Diff. Airflow (L/s) n/a 0.9633 n/a n/a y = -5E+08x
2
 + 323920x + 32.598 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.73 0.9338 0.7447 y = 0.008x
2
 + 0.2529x + 17.188 y = 0.0088x

2
 + 0.394x + 12.896 y = 0.0078x

2
 + 0.2465x + 17.518

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.8348 n/a n/a y = 0.0176x
2
 + 0.0749x + 0.569

Inversed of Temp. Diff. Airflow (L/s) n/a 0.9634 n/a n/a y = -1E+09x
2
 + 685143x + 54.521 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.755 0.8736 0.7521 y = 0.0084x
2
 + 0.2598x + 17.486 y = 0.0104x

2
 + 0.304x + 15.325 y = 0.0082x

2
 + 0.2585x + 17.655

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.7987 n/a n/a y = 0.0178x
2
 + 0.0688x + 0.6107

Inversed of Temp. Diff. Airflow (L/s) n/a 0.8942 n/a n/a y = -1E+08x
2
 + 95269x + 21.825 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.769 0.7931 0.7686 y = 0.0081x
2
 + 0.2459x + 17.476 y = 0.0094x

2
 + 0.2726x + 16.541 y = 0.0078x

2
 + 0.2441x + 17.6

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.6938 n/a n/a y = 0.0176x
2
 + 0.0734x + 0.5853

Inversed of Temp. Diff. Airflow (L/s) n/a 0.5682 n/a n/a y = -3E+07x
2
 + 83017x + 21.151 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7456 0.9229 0.7462 y = 0.0085x
2
 + 0.247x + 17.587 y = 0.0137x

2
 + 0.3389x + 14.183 y = 0.0083x

2
 + 0.2437x + 17.721

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.839 n/a n/a y = 0.0182x
2
 + 0.0672x + 0.6028

Inversed of Temp. Diff. Airflow (L/s) n/a 0.9681 n/a n/a y = -4E+08x
2
 + 269169x + 38.202 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7535 0.942 0.7588 y = 0.0087x
2
 + 0.2602x + 17.599 y = 0.011x

2
 + 0.2775x + 14.192 y = 0.0087x

2
 + 0.2601x + 17.71

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.8556 n/a n/a y = 0.0181x
2
 + 0.0644x + 0.6289

Inversed of Temp. Diff. Airflow (L/s) n/a 0.943 n/a n/a y = -3E+08x
2
 + 242651x + 39.781 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7737 0.9436 0.7834 y = 0.007x
2
 + 0.2582x + 17.616 y = 0.009x

2
 + 0.319x + 14.438 y = 0.0068x

2
 + 0.2567x + 17.862

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.8314 n/a n/a y = 0.0179x
2
 + 0.0664x + 0.5847

Inversed of Temp. Diff. Airflow (L/s) n/a 0.9677 n/a n/a y = -5E+08x
2
 + 306661x + 33.872 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7035 0.9347 0.7114 y = 0.0057x
2
 + 0.2198x + 17.337 y = 0.0092x

2
 + 0.2777x + 14.024 y = 0.0053x

2
 + 0.2182x + 17.594

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.7917 n/a n/a y = 0.0175x
2
 + 0.0733x + 0.5548

Inversed of Temp. Diff. Airflow (L/s) n/a 0.9566 n/a n/a y = -6E+08x
2
 + 348882x + 31.094 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7189 0.9412 0.7203 y = 0.0074x
2
 + 0.2533x + 17.441 y = 0.011x

2
 + 0.3023x + 14.062 y = 0.0071x

2
 + 0.2529x + 17.704

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.8426 n/a n/a y = 0.02x
2
 + 0.061x + 0.5876

Inversed of Temp. Diff. Airflow (L/s) n/a 0.9652 n/a n/a y = -5E+08x
2
 + 304814x + 34.051 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7738 0.9445 0.7843 y = 0.0071x
2
 + 0.2583x + 17.591 y = 0.009x

2
 + 0.3213x + 14.347 y = 0.0068x

2
 + 0.2566x + 17.841

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.8346 n/a y = 0.0021x
2
 - 1.2915x + 76.622 y = 0.0182x

2
 + 0.0674x + 0.5875

Inversed of Temp. Diff. Airflow (L/s) n/a 0.9181 n/a n/a y = -5E+08x
2
 + 305725x + 37.121 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7444 0.9121 0.7486 y = 0.0084x
2
 + 0.2531x + 17.367 y = 0.0101x

2
 + 0.3343x + 14.115 y = 0.0081x

2
 + 0.2502x + 17.618

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.8432 n/a n/a y = 0.0183x
2
 + 0.0723x + 0.5864

Inversed of Temp. Diff. Airflow (L/s) n/a 0.9063 n/a n/a y = -5E+08x
2
 + 313387x + 36.91 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7532 0.9092 0.7575 y = 0.0084x
2
 + 0.2615x + 17.432 y = 0.0097x

2
 + 0.3409x + 14.3 y = 0.0082x

2
 + 0.2586x + 17.673

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.8446 n/a n/a y = 0.018x
2
 + 0.0678x + 0.6098

Inversed of Temp. Diff. Airflow (L/s) n/a 0.9615 n/a n/a y = -4E+08x
2
 + 271945x + 38.151 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7279 0.9016 0.7288 y = 0.0071x
2
 + 0.2343x + 17.617 y = 0.0095x

2
 + 0.2869x + 14.866 y = 0.0068x

2
 + 0.233x + 17.83

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.8245 n/a n/a y = 0.0137x
2
 + 0.0699x + 0.5113

Inversed of Temp. Diff. Airflow (L/s) n/a 0.9138 n/a n/a y = -4E+08x
2
 + 211468x + 21.919 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7276 0.9013 0.7285 y = 0.0072x
2
 + 0.237x + 17.604 y = 0.0096x

2
 + 0.289x + 14.832 y = 0.0069x

2
 + 0.2357x + 17.819

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.7898 n/a n/a y = 0.0142x
2
 + 0.0682x + 0.5197

Inversed of Temp. Diff. Airflow (L/s) n/a 0.9152 n/a n/a y = -4E+08x
2
 + 214132x + 22.311 n/a

Dry Bulb Temperature (°C) Operative Temperature (°C) 0.7494 0.9117 0.7538 y = 0.0083x
2
 + 0.25x + 17.266 y = 0.0098x

2
 + 0.333x + 14.098 y = 0.008x

2
 + 0.2469x + 17.51

Wind Speed (m/s) Airflow (L/s) n/a n/a 0.4726 n/a n/a y = 0.0258x
2
 + 0.0999x + 1.9989

Inversed of Temp. Diff. Airflow (L/s) n/a 0.9539 n/a n/a y = -6E+08x
2
 + 356950x + 32.311 n/a

n/a n/a

Correlation Equation for Thermal Comfort and Ventilation

#4E-T (#4E-T), added trickle vent

#4E-DP (#4E-DP) Larger space - window can open on short 

side (Model: 6m Length with window x 9m x 3m)

#4E-EP (#4E-EP) Larger space - window can open on long 

side (Model: 9m Length with window x 6m x 3m)

#3C-EW (#3C-EW) 20% of window area can open, East-west 

facing, Base schedule for window opening, BSEN 

schedule for occupancy

#4E-FO (#4E-FO) 20% of window area can open, East facing 

only, Base schedule for window opening, full 

schedule for occupancy

#3W (#3W) 20% of window area can open, West facing 

only, Base schedule for window opening, BSEN 

schedule for occupancy

#3C-NS (#3C-NS) 20% of window area can open, North-south 

facing, Base schedule for window opening, BSEN 

schedule for occupancy

#3S (#3S) 20% of window area can open, South facing 

only, Base schedule for window opening, BSEN 

schedule for occupancy

#3N (#3N) 20% of window area can open, North facing 

only, Base schedule for window opening, BSEN 

schedule for occupancy

#2E-c (#2E-c) 20% of window area can open, East facing 

only, Schedule-C for window opening, BSEN 

schedule for occupancy

#2E-d (#2E-d) 20% of window area can open, East facing 

only, Schedule-D for window opening, BSEN 

schedule for occupancy

#2E-a (#2E-a) 20% of window area can open, East facing 

only, Schedule-A for window opening, BSEN 

schedule for occupancy

#2E-b (#2E-b) 20% of window area can open, East facing 

only, Schedule-B for window opening, BSEN 

schedule for occupancy

#2E (#2E) 20% of window area can open, East facing only, 

Base schedule for window opening, BSEN schedule 

for occupancy

#2E (40%) (#2E, 40%) 40% of window area can open, East facing 

only, Base schedule for window opening, BSEN 

schedule for occupancy

#1 (#1) Infiltration only, Base schedule for window 

opening, BSEN schedule for occupancy

n/a n/a

Krakow Krakow
Parameters Coefficient of determination (R

2
)
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acceptable result for internal comfort at that condition. The equations to be used for the 

calculation of the operative temperature from the correlations with ambient temperatures are as 

follows (BS EN 16798-1, 2019): 

Ɵ� = �. ��Ɵ�� + 
�. � Equation 1 

Ɵ�� = Ɵ��
 + �. �Ɵ��� + �. �Ɵ��� + �. �Ɵ��� + �. �Ɵ��� + �. �Ɵ��� + �. �Ɵ���
�. �  Equation 2 

Where, 
Ɵc = Optimal operative temperature 

Ɵrm = The exponentially weighted running mean of the daily mean outdoor air temperature 

Ɵ(ed-1) = External outdoor air temperature of the day before. 

Using the correlation equations, we first calculated the indoor airflow from its relation to the 

outdoor wind speed when the window was closed or from its relation to the inversed 

temperature difference when the window was opened. The results of the equations from the 

correlation models were then compared with the single-zone mass balance equations which also 

give the relationship between ventilation rate and wind/temperature differences; which can be 

described in the following equations. 

� = �� ��
� ∆��



�
                                                          

Equation 3 

 

�� = −�� ���!"� − "
# � 

$�

− 

$�

�                          
Equation 4 

 

 

�% = �
� ��&�                                                            Equation 5 

Where, 
Q = Ventilation rate or airflow rate (m3/s) Cd = Discharge coefficient 

Δp = The pressure difference across the opening (Pa) Cp = Wind pressure coefficient 

Ps = Static pressure (Pa) due to temperature difference ρ = Air density (kg/m3) 

g = Acceleration due to gravity (m/s2) A = Area of opening (m2) 

h = Height above datum (ground) (m) pw = Wind-induced pressure (Pa) 

ρo = Air density at absolute zero temperature (kg/m3) v = Wind speed at a datum level 

(usually building height) 

(m/s). 

θe = The absolute temperature of the outdoor air (K) 

θi = The absolute temperature of the indoor air (K) 

After the airflow rate was obtained from equation 3 and the predicted airflow rate was known, 

we calculated the pollutant concentrations using equations 6 and 7 which predict species 

concentration from known emission and ventilation rates (Persily & Polidoro, 2019). The 

space-specific indoor CO2 concentration can then be calculated. 

 

�!'#   =    �!�# � � *&+� '   +  ��� ,
  −  � � *&+� '-   Equation 6 

���   =    ��.'   +   /
*&

   Equation 7 

Where, 
C(t) = the concentration in the room at time t in mg m-3 t = the time in s 

C(0) = the indoor concentration at time 0 in mg m-3 C(out) = the outdoor concentration 

qv   = the volume flow rate of supply air in m3 s-1 V = the volume of air in the 

room in m3 G = the mass flow rate of emission in the room in mg s-1   

 

3 RESULTS  

3.1 Comparison between simulations and correlations 

A prediction of thermal comfort for TOT or airflow can be calculated using the correlation 

equations if outdoor climatic parameters – DBT (dry bulb temperature) and WS (wind speed) - 

are known. If the hourly DBT is known, the optimal TOT of a selected model can be calculated 

for adaptive temperature using equations 1-2. The ventilation rate can be calculated from 

equations 3-5, from which the indoor CO2 concentration in the room at time t can be calculated 
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using equations 6-7. For the comparison, hourly results of the indoor CO2 concentration were 

obtained by running EnergyPlus and CONTAM simulations. A comparison of correlation 

equations with the adaptive thermal comfort equations and single-zone mass balance equations 

is presented in Figure 3 for summer and winter days for simulation scenario #2E as an example.  

 

  

  

Figure 3. Example of indoor-outdoor module prediction compared to simulations and the equations (1-7)  

The comfort prediction was evaluated by comparing simulated TOT and calculated TOT from the 

correlation equations; which showed a reasonably close agreement between simulation and 

prediction results if the DBT were lower than the heating setpoints (during the winter), defining 

the fact that seasonal variation and its impacts on the boundary condition of the building 

envelop could play a role in TOT. For instance, if the DBT were higher than the heating setpoints 

during the summer days, bigger discrepancies between simulation and prediction results were 

found especially at night; however, the correlation prediction was within the adaptive thermal 

comfort limits.  

In order to calculate contaminant concentrations, the assumption of previous day CO2 

concentrations and the values of airflow rates obtained from the correlation equations were 

required to use equations 6-7. Figure 3 presents a comparison of contaminant concentrations 

from the EnergyPlus and CONTAM simulations, and equation 6 for space-specific indoor CO2 

concentrations. There was a reasonably good agreement between simulation results and the 

prediction of indoor CO2 concentration using the correlation models for all scenarios. 

 

3.2 Prediction of summer and winter days internal conditions 

In order to present how occupants can decide to operate their windows for the required airflow 

to reduce the indoor CO2 concentration while maintaining thermal comfort, a sample of 

calculation for summer and winter days is presented in Tables 4 and 5. Firstly, the internal 

temperature, airflow rate, and CO2 concentration were predicted for one day with windows 

closed and windows open (two hours in winter and six hours in the summer) using the 

correlation equations from scenarios #1 and #2E. Secondly, the indoor air CO2 concentrations 

for a summer day were compared using the correlation equations from scenario #2E with 

window opening time at 09:00 and scenario #2E-c. Similarly, the indoor air CO2 concentrations 

for a winter day were compared using the correlation equations from scenario #2E with window 

opening time at 18:00 and scenario #2E-d. The 24 hours prediction presented in Tables 4 and 5 

show that the correlation equations of scenario #2E have similar results as scenarios #2E-c and 

#2E-d despite the window opening schedules being different while generating the correlation 

equations. The simple predictions show to the occupants the impact of their actions in reducing 

the CO2 concentration and improving thermal conditions in the summer. It also implies that 

some additional heating is required in the winter to maintain thermal comfort. 
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Table 4. External hourly conditions used as input to the correlation model and key predictions for summer in 

July with windows closed and windows open scenarios (adapted from scenarios #1, #2E, and #2E-c) 

 

Table 5. External hourly conditions used as input to the correlation model and key predictions for winter in 

January with windows closed and windows open scenarios (adapted from scenarios #1, #2E, and #2E-d) 

 
 

In order to investigate the impact of correlation equations generated from different scenarios, 

the same window opening time was considered while the use of correlation equations was 

varied. Table 6 compares the prediction results for a summer day using correlation equations 

from scenarios #2E, #2E-b, #3S, and #4E-T. It can be seen that the predicted indoor conditions 

were varied by their dependency on the values of correlation equations while the same outdoor 

climatic data was used. The comparison shown in Table 6 indicated that there is a need for a 

pre-defined model which is relevant to the boundary condition of the real-world model. 
  

Temperature Wind speed Temperature Air flow CO2 Temperature Air flow CO2 Temperature Air flow CO2 Temperature Air flow CO2

External (
o
C) (m/s) Internal (

o
C)  (l/s) (ppm) Internal (

o
C)  (l/s) (ppm) Internal (

o
C)  (l/s) (ppm) Internal (

o
C)  (l/s) (ppm)

00:00 16.4 2.6 24.4 0.95 3103 23.9 0.95 1278 23.9 0.95 1278 23.7 0.95 1278

01:00 15.1 3.0 23.8 1.02 3196 23.2 1.02 1446 23.2 1.02 1446 23.0 1.02 1446

02:00 13.7 5.0 23.2 1.41 3238 22.6 1.41 1589 22.6 1.41 1589 22.4 1.41 1589

03:00 13.0 6.1 22.9 1.70 3246 22.2 1.70 1710 22.2 1.70 1710 22.0 1.70 1710

04:00 12.5 4.4 22.6 1.28 3302 22.0 1.28 1845 22.0 1.28 1845 21.8 1.28 1845

05:00 12.7 3.7 22.7 1.14 3371 22.1 1.14 1983 22.1 1.14 1983 21.9 1.14 1983

06:00 13.7 4.4 23.2 1.28 3420 22.6 1.28 2104 22.6 1.28 2104 22.4 1.28 2104

07:00 14.8 4.4 23.6 1.28 3365 21.3 60.78 572 23.1 1.28 2117 22.9 1.28 2117

08:00 15.9 5.7 24.1 1.59 3275 22.0 59.10 453 23.6 1.59 2108 23.4 1.59 2108

09:00 16.8 3.9 24.6 1.18 3239 22.6 57.75 444 22.6 57.75 592 24.2 59.23 582

10:00 17.8 4.1 25.1 1.22 3119 24.6 1.22 462 24.6 1.22 603 24.4 1.22 593

11:00 20.0 2.8 26.2 0.98 3029 25.9 0.98 480 25.9 0.98 615 25.6 0.98 606

12:00 21.8 2.8 27.2 0.98 2944 26.9 0.98 498 26.9 0.98 627 26.6 0.98 618

13:00 22.7 3.2 27.8 1.05 2855 27.5 1.05 514 27.5 1.05 637 27.1 1.05 629

14:00 23.1 4.4 28.0 1.28 2768 27.7 1.28 549 27.7 1.28 666 27.4 1.28 658

15:00 23.0 2.8 28.0 0.98 2713 27.6 0.98 584 27.6 0.98 696 27.3 0.98 689

16:00 22.9 2.2 27.9 0.90 2669 27.6 0.90 618 27.6 0.90 726 27.3 0.90 719

17:00 22.3 1.9 27.5 0.86 2692 26.6 49.98 471 27.2 0.86 818 26.9 0.86 811

18:00 21.4 1.7 27.0 0.84 2716 25.9 51.17 451 26.7 0.84 906 26.4 0.84 899

19:00 20.3 2.4 26.4 0.93 2730 25.1 52.68 448 26.0 0.93 989 25.7 0.93 983

20:00 19.2 1.0 25.8 0.77 2822 25.4 0.77 611 25.4 0.77 1136 25.1 0.77 1129

21:00 17.6 0.8 25.0 0.75 2912 24.5 0.75 769 24.5 0.75 1278 24.3 0.75 1272

22:00 16.0 0.4 24.2 0.72 3002 23.7 0.72 923 23.7 0.72 1417 23.5 0.72 1411

23:00 14.5 0.8 23.5 0.75 3127 22.9 0.75 1113 22.9 0.75 1591 22.7 0.75 1585

Indoor,Window is opened for 1 hour

Open at 09:00 AM onlyOutdoor Climate

Using Correlation Equations (#1)

Indoor, Window is closed Indoor,Window is opened for 6 hours

Summer 

day in 

July

Infiltration only Open at morning and evening

Indoor,Window is opened for 1 hour

Open at 09:00 AM only

Using Correlation Equations (#2E) Using Correlation Equations (#2E) Using Correlation Equations (#2E-c)

Temperature Wind speed Temperature Air flow CO2 Temperature Air flow CO2 Temperature Air flow CO2 Temperature Air flow CO2

External (
o
C) (m/s) Internal (

o
C)  (l/s) (ppm) Internal (

o
C)  (l/s) (ppm) Internal (

o
C)  (l/s) (ppm) Internal (

o
C)  (l/s) (ppm)

00:00 -3.1 0.9 18.5 0.76 3125 16.9 0.76 1478 16.9 0.76 1478 16.9 0.76 1478

01:00 -3.3 1.0 18.4 0.77 3245 16.9 0.77 1650 16.9 0.77 1650 16.9 0.77 1650

02:00 -3.6 1.8 18.4 0.85 3351 16.8 0.85 1812 16.8 0.85 1812 16.9 0.85 1812

03:00 -3.7 2.1 18.4 0.89 3449 16.8 0.89 1966 16.8 0.89 1966 16.9 0.89 1966

04:00 -3.8 1.1 18.4 0.78 3558 16.8 0.78 2122 16.8 0.78 2122 16.8 0.78 2122

05:00 -3.9 0.9 18.4 0.76 3665 16.8 0.76 2274 16.8 0.76 2274 16.8 0.76 2274

06:00 -3.9 1.2 18.4 0.78 3766 16.8 0.78 2420 16.8 0.78 2420 16.8 0.78 2420

07:00 -3.7 1.2 18.4 0.78 3760 16.8 0.78 2457 16.8 0.78 2457 16.9 0.78 2457

08:00 -0.5 1.1 18.9 0.78 3755 17.5 0.78 2494 17.5 0.78 2494 17.6 0.78 2494

09:00 3.0 1.6 19.6 0.83 3744 15.3 78.02 511 18.5 0.83 2526 18.6 0.83 2526

10:00 5.8 2.1 20.3 0.89 3643 19.4 0.89 527 19.4 0.89 2469 19.5 0.89 2469

11:00 7.8 2.1 20.9 0.89 3546 20.1 0.89 543 20.1 0.89 2415 20.3 0.89 2415

12:00 9.1 3.5 21.4 1.10 3425 20.6 1.10 557 20.6 1.10 2344 20.8 1.10 2344

13:00 9.7 2.6 21.6 0.95 3327 20.8 0.95 572 20.8 0.95 2289 21.1 0.95 2289

14:00 9.1 3.5 21.4 1.10 3236 20.6 1.10 605 20.6 1.10 2245 20.8 1.10 2245

15:00 7.5 3.2 20.8 1.05 3155 20.0 1.05 637 20.0 1.05 2206 20.2 1.05 2206

16:00 5.5 3.0 20.2 1.02 3081 19.2 1.02 668 19.2 1.02 2172 19.4 1.02 2172

17:00 5.2 4.1 20.1 1.22 3050 19.1 1.22 757 19.1 1.22 2186 19.3 1.22 2186

18:00 4.8 4.9 20.0 1.39 3002 16.0 75.71 447 16.0 75.71 507 15.8 74.68 510

19:00 4.5 4.4 20.0 1.28 2968 18.9 1.28 546 18.9 1.28 603 19.1 1.28 607

20:00 4.2 4.1 19.9 1.22 3004 18.8 1.22 702 18.8 1.22 756 19.0 1.22 760

21:00 3.9 3.7 19.8 1.14 3047 18.7 1.14 852 18.7 1.14 903 18.9 1.14 906

22:00 3.6 2.6 19.7 0.95 3107 18.6 0.95 998 18.6 0.95 1048 18.8 0.95 1051

23:00 3.3 3.5 19.7 1.10 3190 18.5 1.10 1176 18.5 1.10 1223 18.7 1.10 1226

Using Correlation Equations (#2E) Using Correlation Equations (#2E) Using Correlation Equations (#2E-d)

Winter 

day in 

January

Outdoor Climate

Indoor, Window is closed Indoor,Window is opened for 2 hours Indoor,Window is opened for 1 hour Indoor,Window is opened for 1 hour

Infiltration only Open at morning and evening Open at 18:00 PM only Open at 18:00 PM only

Using Correlation Equations (#1)
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Table 6. External hourly conditions used as input to the correlation model and key predictions for summer in 

July with windows open scenarios (adapted from scenarios #2E, #2E-b, #3S, and #4E-T) 

 
 

4 DISCUSSION 

The prediction equations of indoor thermal comfort were developed from a strong correlation 

between outdoor dry bulb temperature and indoor operative temperature. Likewise, the 

prediction equations of airflow were developed from a strong correlation between wind speed 

and the inverse temperature differences between outdoor and indoors. Subsequently, the 

prediction of indoor CO2 concentration, which is often used as an indicator of the IAQ, was 

calculated using the equations for space-specific indoor CO2 concentration. Despite the climatic 

characteristics of Krakow showing diurnal and seasonal variations (Figure 1), the prediction 

equations can be simplified for the annual correlation. If a forecast of the next day's 

temperatures and wind speed is available, the calculated results from the correlation equations 

and space-specific pollutant concentration equations are capable to inform the occupants to alter 

their indoor conditions by interacting with window opening alone to maintain a desirable range 

of building thermal comfort and IAQ. That revealed the correlation models can convey to 

occupants in a simple way how to take actions to improve their internal conditions throughout 

the building life without using engineering expertise. The indoor-outdoor climate correlation 

model is thus enabling occupant-centered actions with a simple rule-based calculation for 

acceptable comfort and IAQ.  

Similar correlation patterns for all pre-defined scenarios were found in this study whereas their 

coefficients of determination R2 values and the values of correlation equations were varied by 

the boundary condition of models. However, similar results were found if the window open 

hour was considered at the same time for 24-hour predictions using the correlation equations of 

scenarios #2E, #2E-c and #2E-d (Tables 4 and 5). On the other hand, the comparison presented 

in Table 6 stressed that the impacts of boundary conditions were critical in generating the 

prediction equations as the values of the correlation equations were significantly influenced by 

different window opening schedules and the use of trickle vents. Therefore, the finding reveals 

that there is a need for an initial study to define the prediction equations for the boundary 

condition of one space although the climate correlation model can reduce a large amount of 

data down to a manageable form. An investigation into other contaminant concentrations was 

excluded from this study; however, it is worth highlighting that further studies can be extended 

using the climate correlation equations for airflow. Unquestionably, validation through the real-

world case study is essential for the accuracy of the prediction and the implementation of the 

process. 

 

Temperature Wind speed Temperature Air flow CO2 Temperature Air flow CO2 Temperature Air flow CO2 Temperature Air flow CO2

External (
o
C) (m/s) Internal (

o
C)  (l/s) (ppm) Internal (

o
C)  (l/s) (ppm) Internal (

o
C)  (l/s) (ppm) Internal (

o
C)  (l/s) (ppm)

00:00 16.4 2.6 23.9 0.95 1278 23.7 0.95 1278 23.9 0.95 1278 27.4 2.43 1231

01:00 15.1 3.0 23.2 1.02 1446 23.1 1.02 1446 23.3 1.02 1446 26.4 2.53 1346

02:00 13.7 5.0 22.6 1.41 1589 22.4 1.41 1589 22.7 1.41 1589 25.4 3.14 1426

03:00 13.0 6.1 22.2 1.70 1710 22.1 1.70 1710 22.3 1.70 1710 25.0 3.57 1478

04:00 12.5 4.4 22.0 1.28 1845 21.9 1.28 1845 22.1 1.28 1845 24.6 2.94 1550

05:00 12.7 3.7 22.1 1.14 1983 22.0 1.14 1983 22.2 1.14 1983 24.8 2.72 1624

06:00 13.7 4.4 22.6 1.28 2104 22.4 1.28 2104 22.7 1.28 2104 25.4 2.94 1679

07:00 14.8 4.4 23.1 1.28 2117 22.9 1.28 2117 23.2 1.28 2117 26.2 2.94 1630

08:00 15.9 5.7 23.6 1.59 2108 23.5 1.59 2108 23.7 1.59 2108 27.0 3.41 1564

09:00 16.8 3.9 22.6 57.75 592 23.8 28.40 981 22.3 57.47 594 22.5 59.63 534

10:00 17.8 4.1 24.6 1.22 603 24.4 1.22 973 24.6 1.22 604 28.4 2.84 539

11:00 20.0 2.8 25.9 0.98 615 25.6 0.98 970 25.7 0.98 617 30.1 2.48 545

12:00 21.8 2.8 26.9 0.98 627 26.6 0.98 968 26.7 0.98 628 31.5 2.48 551

13:00 22.7 3.2 27.5 1.05 637 27.2 1.05 964 27.2 1.05 639 32.3 2.58 555

14:00 23.1 4.4 27.7 1.28 666 27.4 1.28 975 27.4 1.28 667 32.6 2.94 577

15:00 23.0 2.8 27.6 0.98 696 27.3 0.98 993 27.4 0.98 698 32.5 2.48 599

16:00 22.9 2.2 27.6 0.90 726 27.3 0.90 1012 27.3 0.90 728 32.4 2.34 620

17:00 22.3 1.9 27.2 0.86 818 26.9 0.86 1094 27.0 0.86 819 31.9 2.28 700

18:00 21.4 1.7 25.9 51.17 492 26.7 26.31 694 25.4 51.35 492 25.7 52.58 475

19:00 20.3 2.4 26.0 0.93 591 25.8 0.93 785 25.9 0.93 591 30.3 2.39 568

20:00 19.2 1.0 25.4 0.77 750 25.2 0.77 938 25.3 0.77 750 29.5 2.12 714

21:00 17.6 0.8 24.5 0.75 904 24.3 0.75 1086 24.5 0.75 904 28.2 2.10 848

22:00 16.0 0.4 23.7 0.72 1054 23.5 0.72 1231 23.7 0.72 1054 27.1 2.04 972

23:00 14.5 0.8 22.9 0.75 1240 22.8 0.75 1411 23.0 0.75 1240 26.0 2.10 1124

Using Correlation Equations (#3S) Using Correlation Equations (#4E-T)

Indoor,Window is opened for 2 hours (1 hour each at 09:00 and 18:00)

Comparison of fixed window opening time with correlation equations from different scenariosSummer 

day in 

July

Outdoor Climate

Using Correlation Equations (#2E) Using Correlation Equations (#2E-b)
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5 CONCLUSION 

This study was developed to present a simple calculation to predict building thermal comfort 

and IAQ for the next few hours or days based on the climate correlation models. The usefulness 

of this study showed that the correlation equations can be used to predict the indoor airflow for 

a pre-defined model, which is comparable with the results of comprehensive dynamic thermal 

and ventilation programs. Further development for a user-friendly application to calculate 

space-specific indoor CO2 concentration and to provide feedback to occupants on achievable 

acceptable IAQ for health and wellbeing is essential for the implementation of the correlation 

model. A wide engagement to inform and educate building occupants about the process and the 

application of the correlation model would be beneficial due to the importance of ventilation 

because of the Covid-19 pandemic and overheating considerations because of climate change. 
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ABSTRACT 

 

Wind-driven single-sided ventilation (SSV) is present in many existing buildings across Europe 

and with new Near Zero Energy Building (NZEB) regulations for the refurbishment of the 

existing building stock, its attractiveness as a non-invasive, low energy solution is set to 

continue. As a strategy, however, in addition to its air change rate capacity, the distribution of 

fresh air is an important evaluating criterion for its performance. Airflow guiding components 

located in the external opening that enhance the effectiveness of the wind-driven flow in 

ventilating the occupied zone could improve the quality of indoor environments. To our 

knowledge, the literature is sparse on the practical implications for ventilation when adopting 

guiding components such as louvers, an increasingly popular approach. In the present study, 

the performance of wind dominant single-sided ventilation was simulated using RNG � − � 

and RSM CFD models, with and without louvers at three building orientations, e.g. windward, 

parallel, and leeward. The purpose of this study was to investigate whether louvers installed in 

the opening would improve both effective ventilation rate and the penetration depth of the flow 

into the indoor space. The performance of SSV was evaluated using the age of air and 

interpreting the secondary air circulation inside the room affected by louvers. As the result of 

these investigations a newly configured airflow guiding component was designed and compared 

to the other cases. Results show louvers can play a crucial role in controlling the secondary air 

circulation inside the room and they could either improve or worsen the performance of SSV 

in terms of air-exchange efficiency. It was shown that in most cases if louvers were the cause 

of incremental changes in turbulent intensity within the indoor space, then they are effective as 

an air-exchange efficiency improvement strategy. 
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Single-sided natural ventilation, Computational Fluid Dynamics, Airflow Guiding 

Components, Near-façade Flow 
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1 INTRODUCTION 

In practice, buildings are vulnerable in terms of reliably providing wellbeing and thermal 

comfort for the occupants. They are vulnerable to external disturbances e.g. heat weaves, power 

outages etc. In a resilient cooling strategy, the building should be able to respond to system 

failures and recover to its previous equilibrium condition (Attia et al., 2021). Therefore, given 

a building which is fully reliant on mechanical ventilation cannot overcome extreme 

disturbances such as power outage, natural ventilation can bring more robustness to the design 

which leads to a more resilient cooling system. Natural ventilation is a low energy strategy, 

whereas mechanical ventilation can constitute 25% of the total energy in such buildings. The 

disadvantage of natural ventilation is the lack of air to air heat recovery in winter (Heiselberg 

et al., 2002; Sacht et al., 2016; Schulze et al., 2018).  

Natural ventilation can be classified as either Single-Sided Ventilation (SSV) or Cross 

Ventilation (CV). Although, cross ventilation is generally a robust ventilation concept which 

can provide higher ventilation rates and more adaptive comfort control, the performance of SSV 

is more sensitive to variability in system conditions, particularly the geometry, compared to 

that of cross ventilation (Goethals et al., 2012; Omrani et al., 2017; Wang and Chen, 2015; Wei 

et al., 2010a). Nevertheless, cross ventilation can only be used in narrow, open-plan buildings 

(Wang and Chen, 2015). SSV is perhaps the most common form for modern apartment 

buildings and offices because it has little restriction and can be easily implemented in buildings, 

thus it is important to understand the natural ventilation performance of such apartments 

(Mohamed et al., 2011; Wang and Chen, 2015; Wei et al., 2010b).  Therefore, evaluating the 

performance of SSV is of major value as it could be the most vulnerable strategy in natural 

ventilation and it is common in most buildings, both dwellings and non-residential; and it is 

necessary to study how the performance of this system can be improved using either passive or 

active techniques (Kato et al., 2006). 

Various AGCs e.g., guide vane, louver, overhang, etc. are able to reduce cooling demand and 

to make the airflow more appropriate inside the room. It is indicated that a significant 

improvement in the indoor thermal comfort condition can be achieved by actuating the window 

intelligently during the summer indoor conditions (Pokhrel et al., 2019).  Field measurements 

reported the slot louver Air Change Rate (ACR) were 6.5% higher compared with the plain 

opening ACR; and the slot louver ventilation system has led to steadier ventilation rates 

(O’Sullivan and Kolokotroni, 2017). Shading louvers lead to an increase in ∆Cp for parallel 

approach flow and a decrease in ∆Cp for perpendicular approach flow (Zheng et al., 2019). 

Using venetian blinds can cause even a little bit higher airflow rate when it is open, in 

comparison with no shading case (Argiriou et al., 2002). 

In one aspect, louver application can be interpreted as guide vane, which is guiding the outside 

airflow into the room in more preferable manner. In a wind-tunnel study it was found that for 

parallel flow locally at the opening, applying guide vane can improve the normalized airflow 

rate up to 12 times compared to plain opening (Kato et al., 2006). Overhang drastically 

enhanced the ventilation rate in the windward direction regardless of the wind speed; however, 

ventilation rate slightly decreases for the leeward and side cases (Park et al., 2016). 

Designing a naturally ventilated building often presents greater challenges than a corresponding 

mechanically ventilated building (Caciolo et al., 2011; Larsen and Heiselberg, 2008). 

Accurately modelling the windows of buildings is important to quantify airflow in single-sided 

natural ventilation (Wang et al., 2017). Therefore, assessment of the complex flow field present 

in SSV is necessary to realise the flow characteristics in this type of natural ventilation. In the 

present study Computational Fluid Dynamics (CFD) is adopted to predict the flow 

characteristics in the case of wind-dominant SSV. Numerical modelling provides spatial 

information, e.g. predictions of fresh air distribution features of SSV flows (el Telbany et al., 

1985). It was reported that adopting the Renormalisation Group (RNG) turbulence model, the 
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discrepancy in the determination of the ventilation rate is acceptable and the flow distribution 

inside the building is accurately predicted (Evola and Popov, 2006). 

With this in mind the purpose of this study was threefold: 

 

I. Numerically evaluate the wind driven near-façade flow in a generic isolated surface-

mounted cubic room with a single opening at one side of the building façade. 

II. Numerically investigate the performance of SSV at three building orientations with and 

without louvers at the opening. 

III. Appraise a novel airflow guiding component at the opening based on near-façade flow 

features and their interaction with louvers. 

As it is mentioned, in order to improve the performance of a system, detailed evaluation of its 

characteristics is necessary. In natural ventilation, the main characteristics of the system will be 

determined by the interaction of the external flow and internal flow. Presence of an isolated 

surface mounted cube inside an atmospheric boundary layer will cause phenomena such as 

vortex shedding; which is transient in essence and the present study uses steady-state 

simulation, therefore the main focus is on the mean values of the near-facade flow 

characteristics and transient features of the flow are out of context of this study albeit they are 

of major importance. 

2 MATERIALS AND METHODS 

CFD simulations were conducted using ANSYS FLUENT 2021R1 which is a finite volume, 

general purpose code. Two types of turbulence model were used: Reynolds Averaged Navier 

Stokes (RANS), and Reynolds Stress Model. 

The present study used the previous atmospheric boundary layer wind tunnel measurements by 

Kosutova et al (Kosutova et al., 2019) for CV in a generic surface mounted scaled cubic 

building (H=150 mm × H=150 mm × H=150 mm) with openings (h=40 mm × w=70 mm) at 

the centre of façades for validation of adopted turbulent methods. The thickness of the building 

was 10mm and three louvers with thickness of 0.75mm were applied at the openings with 15 

degrees inclination to the horizontal. Streamwise mean velocities were measured at four vertical 

lines inside the room (Figure 1-d) using particle image velocimetry (PIV).  

The inlet velocity profile in the wind-tunnel was reported as following a logarithmic equation: 

 

���� = 	
��∗
� �� � �

��� (1) 

        
where z is the height in the z-direction (vertical direction from the ground), 	
��∗ = 0.195 �/� 

is the friction velocity, � = 0.42 is the Von Karman constant, and �� = 0.0024 is the roughness 

parameter (Kosutova et al., 2019). The measured streamwise turbulent intensity, (� = !"
#$%&), 

was 10%. 

2.1 Computational domain 

The computational domain size for the lateral sides (5H), downstream side (15H), and top 

boundary (5H) was adopted based on best practice guidelines (Franke et al., 2007) as illustrated 

in Figure 1-a and 1-b. The upstream boundary was selected as 3H to accommodate changes in 

inlet velocity profile based on the recommendation of previous studies in RANS modelling 

(Blocken, 2015). In the present study the building hieght was considered as the reference height, 

H, and the velocity at building height was considered as reference velocity (�'()). 
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Figure 1- a, b) Computational domain and boundary conditions in the present study, c) poly-hederal grid applied 

in the present study, d) validation lines provided by previous wind-tunnel study (Kosutova et al., 2019) 

2.2 Turbulence modelling 

In the present study it is assumed that the flow is steady state, incompressible, three-dimensional 

and isothermal (as it is wind-dominant natural ventilation, the effect of buoyancy was ignored). 

Therefore, the continuity equation for mass transfer, the Navier-Stokes equation for momentum 

transfer are solved to simulate the flow field. Turbulence was modelled using both a Reynolds 

Stress Model (RSM) (Pope, 2001), and Renormalized-Group (RNG)  � − * method (Yakhot et 

al., 1992). Since the +,value for building and louvers in all cases was set to be - 1, and this 

value is higher on the ground surfaces, due to reduction of computation cost, an enhanced wall 

function was adopted for both RNG � − * and RSM models to enable flexibility on near-wall 

grid resolution. 

2.3 Mean age of air, air exchange efficiency, and airflow rate calculations 

The mean age of air was obtained by solving a transport equation added using a user-defined 

function (UDF) along with both momentum and continuity equations. The air exchange 

efficiency, *
, for all cases was then calculated based on Eq. (2) (Sandberg, 1992): 

*
 = 100. ./2 0 . 1 (2) 

where ./ is nominal time constant, and 0 . 1 is mean age of all air present in the room. The 

simplest method for calculating the airflow rate adopted by many numerical studies, (Caciolo 

et al., 2012; Jiang et al., 2003), which does not consider turbulent diffusion at the opening, is 

by integrating the time-averaged normal velocities over the opening area: 
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23(/4 = 25/ = 26 4 = 1
2 7 |�/|. 9:

;<%==>,@A%BCBD

:
 (3) 

where the �/ is the velocity vector normal to the opening, and 9: is the area of the cell c of the 

opening. 

2.4 Boundary conditions and discretization  

The logarithmic velocity profile (Eq. (1)) was applied at the inlet boundary (Figure 1-a and 1-

b). In order to apply the turbulent features of the inlet profile to represent 10% measured 

turbulent intensity, the value of turbulence kinetic energy � was obtained as per Eq. (4), 

assuming E F - E3F + EHF  (Kosutova et al., 2019) and therefore � = E F. 

� = 1
2 �E F + E3F + EHF � (4) 

The value of the turbulence dissipation rate was determined based on the following (Richards 

and Hoxey, 1993): 

* = �	
��∗ �I
��� + ��� (5) 

Zero static gauge pressure was applied at the outlet boundary; no-slip boundary condition for 

the building’s walls, louvers and ground, and a symmetry boundary condition for lateral and 

top boundaries were adopted as demonstrated in Figure 1. The pressure and velocity distribution 

coupling are obtained using the SIMPLE algorithm. The second order linear upwind scheme is 

adopted as the discretisation method for pressure, momentum, turbulent kinetic energy, and 

turbulent dissipation rate. The convergence criterion of the residuals was set to reduce to less 

than the threshold of 10JK for all equations. The difference between consecutive values of 

calculated airflow rate at the opening, and volume averaged age of air were monitored to be 

less than a threshold of 10JL , when the residuals reached their determined criterion to make 

sure that the parameters of interest were stable. 

2.5 Grid study 

The computational grid was generated by ANSYS FLUENT 2021R1 meshing using poly-

hederal surface mesh. The building geometry and louvers are modelled according to the wind 

tunnel sample described above. Three grids with a size of 585,063 (coarse grid), 1,734,404 

(basic grid), and 5,039,507 (fine grid) respectively were generated to study the effect of grid 

resolution on the results using Grid Convergence Index (GCI) (Roache, 1997): 

MN��OP5: = QP RSTU���OP5: − �V5/(�/�'()W
1 − SX R (6) 

where the value of 1.25 is taken for safety factor, QP, as recommended, the value of √2 for S as 

grid refinement factor, and the value of 2 for Z based on the use of second-order discretization 

schemes for the simulations. The GCI values of 0.98%, 1.68%, 1.69%, and 2.5% for lines 

x/H=0.2, x/H=0.4, x/H=0.6, x/H=0.8, respectively (Figure 2) for comparison of basic and fine 

grids show that the effect of grid refinement from basic grid to fine grid is not significant; hence 

the present study used the basic grid arrangement for evaluating the case-studies.  
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Figure 2- Grid-sensitivity analysis for four vertical lines inside the test room for the cross-ventilation case (x/H 

lines are illustrated in Figure 1-d) 

2.1 Single sided natural ventilation cases considered 

To assess the effect of airflow guiding components on the performance of SSV in terms of air 

exchange efficiency nine separate cases were evaluated; plain opening, louvered opening (as 

per wind tunnel design(Kosutova et al., 2019)), and newly-designed airflow guiding 

components (Figure 3-d), when the opening was located at windward (Figure 3-a), parallel 

(Figure 3-b), and leeward (Figure 3-c) façade.  

 

 
Figure 3- Top: flow directions considered, and, bottom: opening geometries considered  

3 RESULTS 

3.1 Validation 

In order to validate the modelling of the louver geometry at the opening and the accuracy of the 

adopted turbulent methods, the mean non-dimensional streamwise velocity profiles at four 

vertical lines as per Figure 1-d obtained using both RNG � − * and RSM models compared 

with wind-tunnel results (Kosutova et al., 2019) is illustrated in Figure 4, for cross ventilation. 

The resulting profiles from both the RNG � − * and RSM models are in good agreement with 

the experimental measurements which demonstrates the capability of both models for 
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predicting the airflow distribution in the case of natural ventilation in an isolated surface 

mounted-cube shaped room with louvers at the opening. Given the more stable convergence 

behaviour of the RNG � − * model compared with the RSM for all the cases of SSV, the RNG � − * model was adopted as the turbulent model in the present study. 

 
Figure 4- Validation of calculated mean streamwise velocity profiles inside the room compared with wind tunnel 

study (Kosutova et al., 2019) 

3.2 Near-façade flow structures 

As shown in Figure 5-a and 5-b on the windward façade there exists an upwash flow (from the 

stagnation point to the upper edge of the building), a downwash flow (from the stagnation point 

to the ground), and transversal flows (from the stagnation point towards both side edges of the 

building). Therefore, even in the windward façade the flow direction is parallel to the opening. 

This was observed by previous field measurements study (Caciolo et al., 2011; O’Sullivan and 

Kolokotroni, 2017). Figure 5-c and 5-d, demonstrates the upwash near-façade flow as the result 

of a low-pressure region on the wake of the building, forming a vortex on the wake side of the 

building by which the indoor flow is affected from this upwash flow locally at the opening. 

There are transversal flows also on this side of building façade. On the parallel opening (Figure 

5-e and 5-f) however there is a dominant horizontal parallel flow in the opposite direction of 

the main stream as a result of a low-pressure region caused by the separation on the vertical 

edges of the building. This leads to a different flow structure inside the room compared to 

leeward and windward openings. It is noteworthy to mention that the illustrations in Figure 5 

are streamlines on the surface, however the flow structures around and inside the room are 3-

dimensional and we always have flow in all directions, that is why even on parallel side the 

streamlines show upwash flow (Figure 6). 

3.1 Age of Air and Air-Exchange Efficiency 

Figure 7 shows that the mean age of air reduces by the presence of louvers only in the windward 

side compared to the plain opening. The age of air significantly worsens by the presence of 

louvers at the opening for the leeward side. The fact that the wind direction is not a constant 

parameter in real buildings, and an opening can be on the leeward side, windward side or 

parallel side intermittently due to different wind directions, demonstrates the necessity of 

designing airflow guiding components in a way that there will be an improvement in all opening 

orientations in average. As it is discussed in the previous section, the near-façade flow is 

dominantly parallel locally at the opening. 
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(A) Windward - Horizontal Z=H/2 (B) Windward - Vertical Y=0m 

  

(C) Leeward - Horizontal Z=H/2 (D) Leeward - Vertical Y=0m 

  

(E) Parallel - Horizontal Z=H/2 (F) Parallel - Vertical X=H/2m 

  

 
Figure 5- Mean streamlines and mean static pressure contours 

 
Figure 6- Schematic demonstration of the flow around the surface-mounted cube (Martinuzzi and Tropea, 1993) 

On the windward side the downwash flow is dominant, on leeward side the upwash flow, and 

on parallel side there is horizontal dominant flow. In order to enhance the amount of air entering 

the room on all three sides, the newly-designed airflow guiding components with both 

horizontal and vertical fins (Figure 3-f) is applied at the opening to allow an examination of the 

effect of these components on controlling the near façade flow locally at the opening. As it is 
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clear in Figure 7, the new louver design in terms of age of air has more stable treatment 

compared to plain and louvered openings. It is noteworthy to mention that the present study 

does not claim that the suggested newly-designed Airflow Guiding Component (AGC) is the 

optimum AGC design. It is presented for demonstrating the importance of considering near-

façade flow in designing airflow guiding components and effectiveness of this approach on 

improving the performance of SSV. 

 
(A) Windward – Plain (B) Windward - Louvered (C) Windward - New AGC 

   
(D) Parallel - Plain (E) Parallel - Louvered (F) Parallel - New AGC 

   
(G) Leeward - Plain (H) Leeward - Louvered (I) Leeward- New AGC 

   

 

Figure 7- Age of Air contours at vertical surface at the centre of the room 

3.1 Effect of louvers and airflow guiding components on indoor airflow 

The main question in louver design and the effect they have on the indoor environment is how 

louvers interact with the near-façade flow and in what way they should be designed to ensure 

that there will be a positive effect on average for the system’s performance. With this approach, 

the present study looked into the turbulent features of the inlet jet, the relationships between 

turbulent intensity and air-exchange efficiency, and the jet deflection phenomenon. Figure 8 

demonstrates that louvers can cause the jet of air, which enters into the room from the bottom 

side of the plain opening on the windward side, to be deflected and instead enters from the 

upper side of the opening. This deflection is the cause of the incremental increase in turbulent 

intensity of the inlet air and therefore changes in volume-averaged turbulent intensity and air-

exchange efficiency (127% improvement), as well as changes of indoor air circulation in this 
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case. The presence of louvers (inclined at an angle of 15 degrees to the horizontal) worsens the 

air-exchange efficiency on the leeward side compared to the plain opening significantly 

(50.47% deterioration). The louvers not only cause jet deflection but they are also cause a 

decrease in volume-average turbulent intensity in this particular case. 

Re-evaluating Figure 8 based on the short-circuiting phenomenon illustrates that when louvers 

are the cause of separating the inlet and outlet air flow paths at the opening, they can be cause 

of improvement in the performance of the system. Although due to the number of cases the 

statistically significant relation/correlation between turbulent intensity and AEE cannot be 

provided in the present study, in most cases when louvers were the cause of increment in 

turbulent intensity there is an improvement in AEE (Figure 9-d). 

(A) Windward- Plain (B) Windward- Louvered (C) Windward- New AGC 

[\ = ]% [\ = _`. ]]% [\ = _a. bc% d = a. bb% d = e. ae% d = e. fc% 

(D) Leeward- Plain (E) Leeward- louvered (F) Leeward- New AGC 

[\ = ]. g]% [\ = e. ag% [\ = _a. ha% d = a. fe% d = _. ag% d = a. _`% 

 

Figure 8- Mean streamlines and turbulent intensity contours on windward and leeward opening 

4 CONCLUSIONS 

Given the fact that single-sided natural ventilation is one of the worst performing ventilation 

systems to provide comfort and wellbeing for the occupants, the present study investigated the 

effect of applying airflow guiding components at the opening in this system to improve the 

performance of this system as it is present in many existing buildings across Europe. The 

possibility of providing a new design for these components through an improved understanding 

of the near-facade flow characteristics was evaluated. It was demonstrated that the structure of 

the airflow inside the room is determined by the near façade flow in wind dominant single sided 

natural ventilation and this can be changed and controlled by applying louvers at the opening. 

The AGCs/louvers not only cause jet deflection but they are also cause a decrease in volume-
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average turbulent intensity in some particular cases. In most cases when louvers are the cause 

of increasing turbulent intensity as a result of jet deflection inside the room, there is an 

improvement in air-exchange efficiency. 

Results show that designing AGCs based on the near-façade flow can improve the performance 

of the SS1 in average. The average air-exchange efficiency in all three orientations (windward, 

parallel, leeward) is 11%, 11.9%, and 14.43% for plain, louvered, and newly-designed AGCs, 

respectively. This shows 31.21% improvement on average for the newly-designed AGCs 

compared to the plain opening, while this figure for louvered opening is only 8.2%. 

It was found that when AGCs/louvers are the cause of separating the inlet and outlet air flow 

paths at the opening, they can be cause of improvement in the performance of the system. 

Given the contribution of the newly-designed AGCs to the ventilation performance of the 

building in wind-dominant single-sided natural ventilation, it is noteworthy to mention that 

these components can affect the windows view, although, this effect can be seen as a positive 

effect due to shading and therefore reduction of cooling load during summer, in addition to 

increasing the security of the building and providing secure possibility of night cooling for the 

enclosed space. 

 

 

Figure 9- a) Flow number and b) air-exchange efficiency bar charts; c) flow number to air-exchange efficiency, 

and d) turbulent intensity to air-exchange efficiency scatter plots 
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ABSTRACT 
In Austria the lack of guidelines or standards has caused many discussions and disputes on the question if 
“sufficient ventilation” can be ensured with window airing only, in particular in newly constructed, airtight 
residential buildings. This work presents the development of a calculation method aiming to provide a simple-to-
use tool to estimate the risk of mould growth and the window airing interval required to ensure good indoor air 
quality assuming a range of different boundary conditions and occupant behaviours. The method implements a 
Monte Carlo approach calculating 1000 single zone mass balances for carbon dioxide (on a room level) and water 
vapor (on a housing level). Air infiltration through the building envelope is accounted using the so-called LBL-
model. The time interval between window airing required to comply with CO2 limit value is estimated by 
calculating the time evolution of the CO2 concentration for 1000 different parameter combinations. The mould 
risk is estimated by a 1000-fold calculation of the daily averaged indoor air humidity and the resulting water 
activity on critical wall surfaces. The results are displayed as probability distributions providing information on 
the risk that the queried situation can or cannot ensure “sufficient ventilation”. Exemplary calculations for 
bedrooms of new multifamily buildings estimate that intervals between window airing events (to keep time-
averaged CO2-concentration below 1000 ppm), will vary between 23 and 190 minutes (representing the 5th and 
the 95th percentile). This is clearly below an acceptable intervention interval for bedrooms. For living rooms, the 
assessment shows a strong sensitivity on the “accessible” air volume. The humidity assessment for this type of 
housing suggests that mould growth could occur in about 17% of the cases even though air exchange corresponding 
to two airing events per day were assumed. An additional outdoor air exchange of up to 40 m³/h would be required 
to reduce the mould risk fraction to <1%, suggesting the need for mechanical ventilation concepts in residential 
housing to enable healthy indoor environment independently of occupant behaviour. 
 

KEYWORDS 
 
Ventilation requirement, mould risk, indoor air quality assessment, Monte Carlo simulation, window airing  

 
1 INTRODUCTION 

 
Increasing energy efficiency and building airtightness requirements have led to an ongoing 
debate about suitable measures to ensure proper indoor air quality and humidity levels in 
residential buildings. In Austria “sufficient ventilation” is required by building regulations (OIB 
2019), without further specifying how this should be accomplished or to what extent active 
intervention by building occupants, e.g. by window airing, is reasonable to assume. The lack of 
guidelines or standards has caused many discussions and disputes on the question if “sufficient 
ventilation” can be ensured with window airing only, in particular in newly constructed 
residential buildings. This work presents the development of a calculation method 
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commissioned by the Austrian ministry of climate action, environment, energy, mobility and 
technology. It estimates the risk of mould growth and the time intervals between window airing 
events required to maintain carbon dioxide (CO2) concentration below the Austrian guideline 
limit value (Tappler et al. 2017). This calculation method has been implemented in MS Excel 
and is freely available for download (BMK 2021) with the aim of providing an objective 
decision basis for stakeholders. Further details are documented in the project report (Greml et 
al. 2021), the following two chapters are a translated summary thereof. 
 
2 METHOD 

 
As required by the contracting authority the calculation method should be easy to implement. 
It should not require a special software, e.g. building performance simulation tool, and its 
application should allow for different levels of user knowledge and engagement. That means 
that it should not be necessary to enter all calculation parameters as this could overwhelm the 
user. However, the use of many static default parameters could create a substantial bias in the 
calculation results. Therefore, the authors opted for a Monte Carlo (MC) based approach where 
the results of one query are based on 1000 calculations with varying input parameters (except 
for those parameters fixed by the user). The extend of variation of the parameters not specified 
by the users are defined in probability density functions (PDFs). In that way, the result is not a 
single value but a value range providing also information about the uncertainty. The 
calculations use a single zone mass balance model for estimating CO2 and water vapour 
concentration (H2O) in the zone’s air volume. 
 
2.1 Single zone mass balance 

For this calculation the air density can be considered constant in good approximation. 
Therefore, a mass balance or volume balance model can be used interchangeably. In the mass 
balance models CO2 serves as an indicator for the indoor air quality and H2O as a relevant 
quantity for the evaluation of the mould risk. It is assumed that the respective component (CO2 
or H2O) can be introduced either from the outside via natural infiltration, window ventilation 
or via a source located in the room or building. The removal is represented in the model via 
exfiltration or window ventilation. Water vapour buffering in walls and interiors is not 
considered. Since H2O mass balance is calculated for daily averages this simplification is 
considered reasonable. It is assumed that the component under consideration (CO2 or H2O) is 
ideally mixed in the zone being evaluated (Barp, Fraefel, and Huber 2009; Schnieders 2003). 
For the CO2 assessment a certain room of the building is evaluated. The H2O assessment is 
applied to the entire dwelling zone. Since mould risk is only considered an issue in residential 
settings, the H2O assessment is only applied to residential buildings, while CO2 assessment can 
also be performed for schools and office buildings. 
 
2.2 Estimation of intervals between window airing  

CO2 concentration is often used as an indicator of indoor air quality. It is important to note that 
in general it should only be considered an indicator for occupancy related ventilation demand 
(Persily 1997, 2015). Nevertheless, previous studies suggest that for typical Austrian residential 
dwellings, fresh air supply needed to maintain decent CO2 concentration is greater than air 
supply needed to control other pollutants like VOC’s from building materials (Rojas, Pfluger, 
and Feist 2015; Tappler et al. 2014). CO2 is inert and sorption effects can be neglected in indoor 
environments. Therefore, the difference in mass balance between inflow and outflow can be 
represented as an increase or decrease in concentration, resulting in the following differential 
equation: 

������ + ���	
 − ������� = ��
�� 

(1) 
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Here, ���� and ���� are the incoming and outgoing air flow rates, respectively, due to in-
/exfiltration (or window ventilation). Neglecting density differences, these can be equated and 
���� =  ���� = ��� ∗ � is obtained. Where AER is the air exchange rate in [1/h] and � is the 
room volume in [m³]. ���	
 is the emission rate of CO2 by occupants in [m³/h], ��, ��� and � 
are the respective CO2 concentrations in volume fractions [-]. In the model, CO2 is assumed to 
be emitted only by people present through respiration. The emission rate depends on the activity 
level and the age of the persons. The outdoor air concentration �� is assumed to be 450 ppm. 
The above differential equation can be easily solved to determine the concentration profile as a 
function of time � as follows: 

���� = ��� − ��������∙� + �� 
(2) 

Here, �� is the initial concentration and �� is the steady-state equilibrium concentration, which 
can be determined as follows: 

�� = �� + ���	

��� ∙ � 

(3) 

As stated above, the question of whether the “sufficient ventilation” requirement can be fulfilled 
via in-/exfiltration and window airing is answered by assessing if the time intervals between 
window airing events needed to stay below a CO2 limit value �!" is reasonable. In this case 
AER is solely determined by natural in-/ exfiltration. Starting from an initial concentration ��, 
the time period until the limit value �!" is reached can be determined as follows: 

�!" =
#$ �� − ���!" − ��

���  
(4) 

In general, it cannot be assumed that a window airing event (after the limit value has been 
reached) will bring indoor air concentration to ambient air level. Therefore, the initial 
concentration �� has to be determined by estimating the concentration after a typical window 
airing event. If the air exchange rate during the window airing event ���%� and the duration 
of the ventilation process �%� are given, �� can be determined as follows: 

�� = ��!" − ��%�������&'∙�&' + ��%� 
(5) 

The stationary concentration for the window airing event ��%� can be calculated in analogy to 
equation (3). Note that this concentration will typically not be reached during �%� by far. 

��%� = �� + ���	

���%� ∙ � 

(6) 

In the Austrian IAQ guideline different air quality classes are defined (Tappler et al. 2017). For 
the context of this work, Class 2 (≤ 1000 ppm) or Class 3 (≤ 1400 ppm), depending on the room 
type, are relevant. However, the guideline does not specify limit values for instantaneous CO2 
values, but for the arithmetic mean of the CO2 concentration over a defined assessment period 
��(. Therefore equation (4) must be adjusted accordingly to give the time until the limit value 
as defined in the Austrian guideline �!̅"****, is reached. The concentration mean �̅��� can be written 
as a function of time as: 

�̅��� = 1
� , ����

�

�
�� =  ��- − ��

��� ∙ � �1 − �����∙�� + �� 
(7) 

Equation (7) can no longer be solved for t analytically. Therefore, a numerical approach is 
implemented. Equation (7) is solved for 192 timesteps, from 0 to 2��(. The time �!"**** when the 
limit value is reached or exceeded is determined when �̅��� ≥ �!̅"****. To obtain the initial value 
��- an iterative calculation must be applied. To reduce computational demand, an approximative 
calculation for ��- was developed, showing reasonable accuracy and little influence on the final 
results (Greml et al. 2021). 
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Additionally, the window airing interval required when assuming ideal airing events �!",***** �1 is 
also calculated for informational purpose. This corresponds to the assumption that �� =  ��. 
 
2.3 Estimation of mould risk 

In order to assess the mould risk, the indoor air humidity must be determined. In contrast to 
CO2, it depends not only on internal sources and outdoor air exchange. It is also significantly 
influenced by the buffer effect of building materials, furnishings and objects of daily use. 
Therefore, a time-dependent calculation on a room level was not considered sensible. Instead, 
the humidity mass balance is calculated over an entire dwelling as daily average. The mould 
risk calculation was only implemented for residential housing. The vapor density 2� of the 
ambient air at indoor temperature 3� [K] is calculated for a given ambient air temperature 3� 
[K] and ambient air humidity 4� [-] as follows. Herein, the saturation vapor pressure � is 
calculated according to Magnus' formula, e.g. (WMO 2018): 

2��5�� = 4� ∙ ��3��
461.5 ∙ 3�

 
(8) 

Assuming that humidity is distributed evenly throughout the home and that temperature 
differences between rooms might exist, e.g. cooler bedroom, the vapour density in the coolest 
room with temperature 3�,:�� [K] can be calculated as follows. 

2��5�,:��� = ;<� =
	
�� + 2��5��> ∙ 3�

3�,:��
 

(9) 

Here, <� =
	 is the humidity source strength and ��  is the average outdoor air flow rate for the 
entire home (referenced to the spatially averaged indoor temperature 3�). Note that the vapor 
density, which has the unit mass per unit volume, e.g. [kg/m³], is converted via a linear approach 
(ideal gas law) to the reference temperature 3�,:��. On the basis of this vapor density, the so-
called water activity ?@ of the mould-critical wall surfaces can be calculated as follows. 

?@ = 2��5�,:��� ∙ 461.5 ∙ 3�,:��
��3A��  

(10) 

It corresponds to the relative humidity of the bulk (room) air as it takes the temperature of the 
wall surface 3A�. The risk of mould growth is high at ?@ values >0.8, provided this condition is 
present over a certain period of time (few days), see e.g. (ÖNORM B 8110-2 2003; Sedlbauer 
2001; UBA 2016). This calculation method assumes substantial risk of mould growth if the 
calculated daily average is >0.8. For Austrian climates the mould-critical wall surfaces are the 
ones with the lowest temperature, i.e. at thermal bridge locations. The interior surface 
temperature 3A� of a thermal bridge, can be estimated using the so-called B�CD factor. It is a 
dimensionless quantity for assessing thermal bridges, see e.g. DIN 4108-2. 

3A� = B�A� ∙ E3�,:�� − 3�FG + 3�F 
(11) 

Depending on the building age and thermal standard, assumptions can be made for B�CD, e.g. 
old building: 0.5, new construction: 0.7, passive house: 0.9. Since the temporal variation of the 
ambient air temperature 3� is strongly damped on the inner surface (due to the heat capacity of 
the wall structure), the 24 h moving average of the ambient temperature 3�F is used in equation 
(11). This has shown to be a good assumption for typical massive construction in previous 
studies (Rojas et al. 2015). 
 
2.4 Estimation of natural in-/exfiltration 

Both, the estimation of the time interval between airing and the estimation of the mould risk, 
require input regarding the air exchange rate due to in- and exfiltration. It depends on the 
airtightness of the building and is driven by wind and temperature differences between inside 
and outside (chimney effect), resulting in a high temporal variability. Various approaches to 
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determine natural in-/exfiltration are known from the literature, they can be roughly divided 
into the following categories, see e.g. (Liddament 1996): 
- Category 1: "Rules of thumb" / empirical factors, e.g. DIN 1946-6 
- Category 2: Simplified theoretical models, e.g. LBL model (Sherman 1980) 
- Category 3: Detailed physical multi-zone model / simulation, e.g. CONTAM (NIST n.d.) 
The contracted assignment for this work precluded the use of simulation software with a 
detailed physical model according to category 3. The input effort would be too extensive and 
the use would ultimately be reserved for experts only. Thus, a choice had to be made between 
the first two categories. While the first category has the advantage of simplicity, it has the 
disadvantage that it cannot directly consider influences of weather, i.e. the temporal variability 
of natural in-/exfiltration which is critical when evaluating indoor air quality is not taken into 
account. Therefore, a well-known and well documented model from category 2, the Lawrence 
Berkeley Laboratory (LBL) model (Sherman 1980) was chosen. Numerous studies have 
validated this model or used it for their investigations, e.g., (Berge 2011; Binamu and Lindberg 
2002; Hayati, Mattsson, and Sandberg 2014). In the LBL model, the in/exfiltrated air flow rate 
is calculated as follows: 

����H = ��IBA
 ∙ ∆3 + B@
 ∙ K² 
(12) 

Herein, �� is the effective leakage area, a measure of the air leakage of the building envelope. 
It can be derived from a building air tightness measurement, i.e. from the $M� value. The 
temperature difference ∆3 between indoor and outdoor air and the meteorological wind speed 
K are weighted (non-linearly) by a stack effect factor BA and a wind factor B@, respectively. 
Further details on the LBL model and its parameters can be found in general summary literature, 
e.g. (Liddament 1996) or in the original literature (Sherman 1980). 
 
2.5 Monte Carlo approach 

The calculations described above require a number of input parameters with respect to building 
type, geometry, tightness, terrain, etc. and information about the building occupants and the 
resulting source strengths (of CO2 and H2O). Furthermore, the highly variable ambient 
conditions (temperature, humidity and wind strength) enter into the calculations. The question 
arises how to deal with the uncertainty or variability of these input parameters. Most input 
parameters can be assigned a value range rather than a single value. In a deterministic 
calculation approach, one would have to select a single representative value for each input 
parameter. The big disadvantage of this is, that the information about the variance of the input 
parameters and their influence on the variance of the result is lost. Especially for the evaluation 
of indoor air quality and mould risk, this loss of information is problematic, because issues 
might occur for non-representative conditions. The methodology should therefore be able to 
identify and quantify not only the "worst case" but also the "intermediate" and "best case" 
conditions and their probability of occurrence. For this purpose, all input parameters must be 
varied within their value range. This quickly leads to an unmanageable number of 
combinations. The so-called Monte-Carlo (MC) approach offers a remedy, see e.g. (Rubinstein 
and Kroese 2017). Instead of computing the entire parameter space (every possible 
combination), this approach computes only a random sample from the entire pool of value 
combinations. In the method presented here, 1000 parameter combinations are computed for 
each query. The value of each parameter is randomly chosen according to a stored probability 
distribution function (PDF). In total 170 PDFs are defined, see Table 1. Beta-distributions are 
used to generate the PDFs as their shape can be defined with two shape parameters, resulting a 
useful choice to model random variables with finite limits. Most of them were defined based 
on “estimated guesses” by the authors, some of them based on literature values. It is the goal to 
continually update the PDFs as soon as the necessary empirical data is available. Nevertheless, 
for any given parameter, users can alter the stored PDFs as needed or specify a single value 
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depending on the uncertainty of the query. Figure 1 shows three examples of the stored PDFs 
based beta distributions with different shapes. 
 

 
Figure 1: Examples of probability density functions based on beta distributions used to define variability of input 
parameters. Left: airtightness value for standard new constructions [1/h], Center: room area for bedrooms [m²], 

Right: window tightness class for old buildings (is consequently rounded to integer value). 

As can be seen in Table 1 one or more PDFs have been defined depending on the parameter, 
e.g. the PDF of the room area should depend on the selected room type (bedroom, living room, 
etc.). For many parameters, the PDF must be selected depending on the building type (single-
family house, multi-family house, office building, etc.) or building standard (old building, 
standard new construction, low-energy construction, etc.). 

Table 1: Summary of all relevant input parameters and the corresponding number of defined probability density 
functions (PDFs) and what the selection of the PDF depends on in () 

Building and room 

parameters 

No. PDFs 

(dependency) 

Parameters for mould risk 

assessment 

No. PDFs 

(dependency) 

Location - Thermal bridges (fRSI) 5 (bld. standard) 
Building type - Total humidity load [l/d] - 
n50-value [1/h] 5 (bld. standard) Emi. rate occupancy [g/(h m²)] 1 (hum. load) 
Room type - Emi. rate occupancy [g/(h per)] 1 (hum. load) 
Room area [m²] 9 (room type) Emi. rate absence [g/(h m²)] 1 (hum. load) 
Room height [m] 9 (room type) Dwelling area [m²] 4 (bld. type) 
Window area [m²] 9 (room type) No. of person 4 (bld. type) 
Window airing AER [1/h] 2 (bld. type) Window airing AER [1/h] 2 (bld. type) 
Window airing dura. [min] 2 (bld. type) Window airing dura. [min] 2 (bld. type) 
Window class (EN12207) 5 (bld. standard) Temperature avg. [°C] 5 (bld. standard) 
Terrain class (wind) 15 (location) Temperature min. [°C] 5 (bld. standard) 
Shielding class (wind) 15 (location) Temperature abs. [°C] 5 (bld. standard) 
Occupancy parameters No. PDFs 

(dependency) 

„Hidden“ parameters 

(not shown in entry mask) 

No. PDFs 

(dependency) 

No. adults 9 (room type) Factor n50 bld. vs. n50 room  1 (-) 
Activity adults [met] 9 (room type) Factor leakage distribution 2 (-) 
No. children 9 (room type) Building height [m] 6 (bld. type) 
Activity children [met] 9 (room type) Rel. stack eff. height [-] 6 (bld. type) 
Avg. age children [a] 9 (room type) Rel. wind press. height [-] 6 (bld. type) 

Further details about all the assumed PDFs can be found in (Greml et al. 2021). 
 
It should be noted that this approach requires statistical independence of the different 
parameters, e.g. the number of children in the classroom, should not depend on the parameter 
"room size". In reality, there may be dependencies between some of the parameters. However, 
this was considered when defining the PDFs and their value range. E.g. in reality, in rare cases, 
class occupancy with only 5 or 40 students will occur, but it can be assumed that a 
correspondingly smaller or larger classroom will be selected. Thus, the range of values for the 
number of students was restricted to 15 to 25 students. Altogether, the authors assume that the 
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effect of these dependencies on the final results are small. Nevertheless, this should be 
investigated further. An obvious exception regarding statistical independence are the 
parameters describing the weather conditions, i.e. temperature, humidity and wind speed. 
Therefore, those value ranges are not defined via PDFs, but with metrological data sets. These 
contain hourly values for representative years for the stored locations (15 Austrian cities). The 
weather data sets were generated using Meteonorm software (Meteotest n.d.). A random 
number is used to select any hour between January 1 and February 28. Only core winter months 
were chosen to focus on critical periods within which insufficient window ventilation by 
occupants may occur. 
 
2.6 Assessment metric 

The results of the presented calculation method are used to assess the “sufficient ventilation” 
requirement in terms of CO2 concentration and mould risk in the following manner. 
CO2 concentration: The median of the 1000 calculated time intervals between window airing 
events, required to comply with the Austrian IAQ guideline, is compared with a time interval 
defined as reasonable for occupant intervention depending on the room type. This definition is 
summarised in Table 2. If the calculated time interval is smaller than the reasonable intervention 
time, than ventilation solely via manual window airing (and in-/exfiltration) is not considered 
acceptable. Note that the median is used for comparison, i.e. 50% of the calculated cases are 
expected to require shorter window airing intervals. 

Table 2: Assumptions of reasonable time interval between occupant intervention 

Room Type Time Interval 

bedroom 480 min 
living room, office 120 min 
meeting room 60 min 
classrooms 45 min 

 
Mould risk: The calculation tool estimates the mould risk for two separate scenarios. One 
considers regular occupancy. Here, the corresponding humidity sources (persons, cooking, 
showering, plants, aquarium, …) and a reasonable minimal occupant intervention (window 
airing twice a day) are accounted for. The other scenario considers absence, e.g. during a winter 
vacation. Here, reduced humidity sources (plants, aquarium, …), no window airing and reduced 
indoor temperatures are assumed. The mould risk is reported as fraction of cases (of the 1000 
calculations) where the calculated water activity ?@ is >0.8. Based on the authors judgement, a 
mould risk fraction <1% is considered uncritical, fractions >5% are highlighted as critical. 
 
3 EXEMPLARY RESULTS 

 
This section presents selected calculation examples to show the applicability of the calculation 
tool and the plausibility of the results. The only three obligatory inputs are the location, the type 
of building and the building standard. The following exemplary queries show the results for a 
standard newly constructed multifamily (MF) building in Vienna. Unless otherwise noted all 
the other parameters were not further specified. Their values were chosen based on the stored 
probability density functions generating random variations for the 1000 Monte-Carlo 
calculations. 
 
3.1 Window airing requirement based on CO2 concentration 

In an exemplary query the window airing requirement for the bedroom was assessed. Note that 
for each query the results vary slightly. Figure 2 shows the results of the timely evolution of the 
CO2 concentration and the histogram of the required window airing interval. The query results 
estimate that for 50% of the cases (median) the limit value of the Austrian guideline (average 
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concentration in assessment period of 8 hours <1000 ppm) would be exceeded every 68 minutes 
or sooner. In 5% (95%) of the cases the window airing interval would need to be 23 (190) 
minutes or shorter. This result shows that for newly constructed multi-family buildings a 
ventilation strategy based on manual window airing is unacceptable for the bedroom if one 
wants to comply with the guideline and assumes that airing within an 8 h rest period is 
unacceptable. 

 
Figure 2: Window airing requirement for the bedroom of a new MF building (see text). Left: Evolution of time 
average of CO2 concentration without and with airing for the median case, and for selected percentiles without 

airing. Right: Histogram of window airing interval if Austrian limit value is not to be exceeded. 

 
Figure 3: Window airing requirement for a 50 m² living room of a new MF building (see text). Left: Evolution of 

time average of CO2 concentration without and with airing for the median case, and for selected percentiles 
without airing. Right: Histogram of window airing interval if Austrian limit value is not to be exceeded. 

In another exemplary query the window airing requirement for the living room was assessed. 
For living rooms, the Austrian guideline suggests that the average CO2 concentration should 
not exceed 1400 ppm. This work assumes that a time interval between manual interventions by 
the occupants of greater two hours is acceptable for the living room. Therefore, the results for 
the living room are not as clear as for the bedroom. When the variable input parameters are 
based on the defined PDFs, the 5th percentile, the median and the 95th percentile of the airing 
interval are 24, 64 and 146 minutes, respectively. So only in a few cases (5-10%) the airing 
interval would be greater two hours. However, when the floor area of the living room is 
specified to be 50 m² instead of being variable between 16 and 46 m² (P5 and P95), the median 
airing interval is 130 minutes and therefore assessed as acceptable (see Figure 3). This 
sensitivity to air volume underlines the importance of using dynamic models when assessing 
bio-effluents. 
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3.2 Mould risk based on daily averaged indoor air humidity 

In an exemplary assessment of the mould risk around 17% of the cases show a risk of mould 
growth (water activity ?@ > 0.8) during occupancy if the variable input parameters are based 
on the defined PDFs. The tool also calculates the additional air exchange to reduce the mould 
risk fraction to 1%. For this example, up to around 40 m³/h would be needed. If a construction 
with minimal thermal bridges (B�CD = 0.9 +/- 0.03 corresponding to Passive House quality 
instead of 0.7 +/- 0.06 corresponding standard new construction) is assumed, the fraction 
exhibiting mould risk is reduced to about 4.5%. In this case an additional air flow rate of up to 
~10 m³/h would be needed to reduce the fraction to 1%. If the humidity source strength is 
assumed to be “low” (resulting in a P5-P95 range of 2.0 - 6.7 L/day, instead of 2.3 - 8.4 L/day) 
the mould risk fraction is at around 9%. Only the combination of both assumptions (minimal 
thermal bridges and low humidity source strength) would reduce the fraction with mould risk 
to about 2%. Note that, although not shown here, results indicate that for certain cases (e.g. high 
airtightness values) the absence scenario will be more critical in terms of mould risk. 
 

 
Figure 4: Histogram for number of cases with different water activity results. Values >0.8 correspond to cases 
with substantial mould risk. Left: Result for standard newly constructed multifamily building in Vienna. The 

remaining parameters are defined by the stored PDFs. Right: Results for newly constructed multifamily building 
in Vienna with minimal thermal bridges (Passive House standard) and low humidity load assumption. 

4 CONCLUSIONS 

 
The presented calculation method, and its implementation in a spreadsheet software, can be 
used to asses if natural in-/exfiltration and window airing can provide sufficient ventilation to 
comply with given CO2 concentration limits and ensure low mould risk. The novelty is the 
“simple-to-use” stochastic approach based on simplified physical models. It accounts for 
uncertainty and variability of the input parameters providing uncertainty information in the 
outputs. The current implementation is geared towards Austrian buildings and circumstances, 
reflected in the stored PDFs defining the variance of input parameters and in the applied 
assessment metrics. An adaption or amendment for other countries or regions is easily possible. 
Exemplary results indicate that for current Austrian construction practices, it is not reasonable 
to rely solely on window airing by the occupants to provide sufficient ventilation in multifamily 
housing in terms of CO2 concentration and mould risk. Current limitations are the lack of 
empirical data to justify stored PDFs and to validate the outputs. Future work should address 
these limitations. 
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ABSTRACT 
 

EN 16798-7:2017 considers that windows on roofs that have a pitch below 60° are not included on the windward 

side whatever their orientation. It means that roof windows are accounted for, but only on the leeward side when 

using the existing standard for calculation of air flows, EN 16798-7.  

Therefore, in the specific case of a room only equipped with roof windows (e.g. an attic) and aeraulically 

independent from the rest of the building, whatever the orientation of the roof windows, only the simplified “single-

sided” calculation method of EN 16798-7:2017 is applicable. 

However, literature (Liddament 1996) shows that roof windows can have in some cases a positive wind pressure 

coefficient (Cp), when the wind is attacking straight onto the windows.  

This purpose of this note is to: 

- develop a more precise calculation method adapted to roof windows to take into account cross-ventilation 

that may occur through them (even when there are no facade windows in the zone) 

- compare results obtained using this “adapted” method and the existing single-sided method from EN 

16798-7. 

This study has shown that, for a building with low buildings surrounding it, the simplified single-sided method 

from EN 16798-7 was indeed underestimating the airflow rate by up to 77%. 

More information on the calculation method proposed in EN 16798-7:2017, including the validation of simplified 

formula with a pressure code, can be found in (Leprince, Valérie; Carrié, François-Rémi, 2016) and (Larsen et al. 

2018). 

 

KEYWORDS 
 

Cross-ventilation, roof window, attic, 16798-7, calculation method 

 

NOMENCLATURE 
 

Variable Unit Definition 

Aori;j m² Window area on the orientation “j” 

Aw,i m² Area of window “i” 

Aw,tot m² Zone total windows area  

Aw,cross m² Window area considered for cross-ventilation 

CD;w _ Discharge coefficient 

Cp _ Wind pressure coefficient 

Cst m/s/(m.K) Coefficient taking into account stack effect in airing calculations 

Cwnd - Coefficient taking into account wind speed in airing calculations 

Nang - Number of divisions of the horizontal plane (4 for facade windows, 6 for case 1, 15 for case 

2) 

Nw - Number of windows in the building 

hw;st m Useful height for stack effect for airing: height difference between the bottom and the top 

of the windows 

u10,site m/s Wind speed at 10 meter high 
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αw,i ° Orientation of window “i" 

βw,i ° Tilt angle of window “i" 

ΔT °C Temperature difference between inside and outside 

ρa kg/m3 Air density 

 

 

1 INTRODUCTION 

 

 

The questions raised in this study are: 

- What airflow rate, due to cross ventilation, may 

occur through 2 roof windows in an attic? 

- Would it be relevant to develop a more precise 

method, than the one described in EN 

16798:7:2017, for the specific case of cross-

ventilation through roof windows? 

- Could this “new adapted method” be used as an 

addendum to EN 16798-7 for this specific 

calculation?  

According to EN 16798-7:2017, roof windows always have a negative Cp. So, the existing 

simplified cross-ventilation method from EN 16798-7 cannot be used in the case of this 

attic. Therefore, when using the existing standard, the simplified single-sided equation shall be 

used to calculate the airflow rate in this attic, as there are no other options.  

The existing simplified single-sided method from EN 16798-7 will be used as reference to be 

compared with the new developed method. 

Theoretically, it is actually possible that an airflow rate due to cross-ventilation occurs through 

2 roof windows.  According to the literature, a roof window may indeed have a positive wind 

pressure coefficient when the wind is attacking straight onto the roof, contrary to facade 

windows for which the coefficient is almost always negative when the wind angle is 45° (see 

Figure 1). 

 

  

Figure 1: Wind pressure coefficient data from (Liddament 1996) for a rectangular building for 2 different 

shielding conditions 

In this study, it is assumed that Cp coefficients are constant for a roof pitch between 30-60 

degrees. In the following example, a roof with a pitch of 45 degrees has been considered as 

illustrated in Figure 2. A linear extrapolation was used on Cp coefficient from Figure 1 (see 

green markings in Figure 1 for the line “Roof > 30° pitch”) for wind angles between 0° and 45°. 

As the Cp depends on the surrounding of the building, if the building is surrounded by 

obstructions equal to: 
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- half the height of the building (left table), then Cp is positive for wind angles between -

30° and +30° 

- the height of the building (right table), then Cp is positive for wind angles between -12° 

and + 12°. 

 

 

Figure 2: Wind directions that induce positive pressure coefficients on roof and facade windows 

 

Figure 2 compares wind directions that induce positive Cp coefficients for roof windows and 

facade windows. It highlights that the wind angle that induces positive Cp coefficient is 

narrower for roof windows than for facade windows. Moreover the range is reduced by roughly 

60% if the building is surrounded by buildings with the about same height rather than half the 

height. 

As EN 16798-7:2017 only divides the building into 4 orientations, it considers that Cp 

coefficients for roof windows are always negative. Therefore, according to EN 16798-7, cross-

ventilation cannot occur when there are only roof windows in a ventilation zone (e.g. in an 

attic). 

 

2 OBJECTIVE AND METHOD 

 

The objective of this study is to test a new method, based on a EN 16798-7 method (called the 

“adapted cross-ventilation method”), to take into account cross-ventilation occurring through 

roof windows and find the impact on estimated ventilation airflow rate. The principle of this 

new method is, when a zone with only roof windows is simulated, instead of dividing the plan 

into 4 zones, to divide the plane into: 

- 6 orientations (=360°/60°, where 60° is the range for positive Cp values) when the 

zone is surrounded by obstructions half its height (case 1) 
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- 15 orientations (=360°/24°, where 24° is the range for positive Cp values) when the 

zone is surrounded by obstructions of the same height (case 2). 

 

2.1 Test Case 

 

Figure 3: Illustration of the test case 

The test case is an attic aeraulically independent from the rest of the building. The roof is a two-

sided roof with a pitch of 45° and equipped with one roof window on each side of the room. 

The hypotheses used are detailed in Table 1. 

 

Table 1: Hypotheses of the calculation 

Reference air density ρaref 1.2 kg/m3 

External air density ρae 1.2 kg/m3 

Discharge coefficient CD;w 0.67 - 

Coefficient taking into account stack effect in airing 

calculations 

Cst 0.0035 m/s/(m.K) 

Useful height for stack effect for airing: height difference 

between the bottom and the top of the windows 

hw;st 0.8 m 

Coefficient taking into account wind speed in airing 

calculations  

Cwnd 0.001 1/(m/s) 

 

The following configurations have been considered for the test case (Table 2): 

 

Table 2: Configurations considered for the test case 

Assumption on Configurations considered 

Temperature difference between inside and outside (°C) 0; 2; 5; 8; 10; 15; 20 

Wind speed, u (m/s) 0; 1; 2; 3; 4; 5 

Free window area: Aw;1=Aw;2= (m²) 0.15; 0.25; 0.35; 0.5 

Difference of wind pressure coefficients between 

windward and leeward sides (ΔCp) see Table 1 

- Case 1: building surrounded by obstructions 

equivalent to half the height of the building 

- Case 2: building surrounded by obstructions equal 

to height of the building 

- 0.75 (case 1) 

- 0.48 (case 2) 

 

2.2 EN 16798-7: 2017 method for single-sided ventilation 

According to EN 16798-7:2017 roof windows always have a negative Cp so the simplified 

cross-ventilation equation cannot be used in the case of an attic and therefore the simplified 

single-sided equation shall be used to calculate the airflow rate in our test cases: 
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(1) 

 

Results from this equation will be named “Method EN 16798-7 single-sided” and will be used 

as a reference to be compared with new results from the "adapted cross ventilation method", as 

seen in the results part. 

 

2.3 EN 16798-7: 2017 method for cross-ventilation 

Simplified formulas for cross-ventilation cannot be used in our test cases as there are no facade 

windows, however, as this method has been used to develop the “adapted method”, it is 

explained here. 

To calculate the airflow rate coming in and out of a ventilation zone when cross-ventilation 

occurs, EN 16798-7:2017 proposes a simplified method based on the following equation: 

 
(2) 

 

Where the calculation of Aw;cros,  representing the equivalent cross ventilation area, is made as 

follows: 

 

(3) 

 

 

 

(4) 

 

The calculation of the airflow rate due to wind takes into account roof windows only on the 

leeward side (never on the windward side), where roof windows are included in the total 

window area of the zone Aw,tot. 

 

2.4 Adapted cross ventilation method for roof windows 

To take into account the fact that cross-ventilation may occur through roof-windows located as 

described in our example, in this study, instead of dividing the plane into 4 angles of 90° each, 

it will be divided into: 

 Case 1: 6 angles of 60° (Nang=6) 

 Case 2: 15 angles of 24° (Nang=15) 

We propose the following algorithm for a ventilation zone with only roof windows (at least 

two) that are located on at least 2 different orientations. This algorithm can only apply for 
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ventilation zones with only roof windows (it does not apply when there is a facade window in 

the zone). 

��;��� =���;�
	

���

 (5) 

 
In our example: 
AW;1=AW;2= AW;TOT= 

0.15 m² 0.3 m² 
0.25 m² 0.5 m² 
0.35 m² 0.7 m² 
0.5 m² 1 m² 

For j = 1 to Nang ���;���� = �� − 1� ∗ 360���� 

���;���� = ��� + 3602���� 

�"�;���� = ��� − 3602���� 
(6) 

 

For k =1 to Nw (number of roof windows in the ventilation zone) 

If αmin;roof≤ αw,k< αmax;roof and 30° ≥ βw,k ≥ 60° then Aw;ori;j= Aw;ori;j +Aw;k  

 
(7) 

It sums the area of each roof window that are: 
 For case 1: located within an angle of 30° on each side of the center of the part  
 For case 2: located within an angle of 12° on each side of the center of the part.  

End for k 

End for j 

��;#��$ = 1���� ∗ � 1
% 1��;��";&' + 1(��;��� − ��;��";&)'

	*+,
"��

 
(8) 

 

This equation assumes an equiprobability of wind direction: the wind comes from each 

direction 1/Nang 
th   of the time. 

In our example this equation is: 
For case 1, Nang=6 (6 angles) 

A.;/012 = 16 ∗
⎝
⎜⎜
⎛ 1
% 1A.;�' + 1(A.;')'

+ 1
% 1A.;'' + 1(A.;�)'⎠

⎟⎟
⎞ = A.;�3√2 (9) 

 
For case 2 , Nang=15 (15 angles) 

A.;/012 = 115 ∗
⎝
⎜⎜
⎛ 1
% 1A.;�' + 1(A.;')'

+ 1
% 1A.;'' + 1(A.;�)'⎠

⎟⎟
⎞ = 2 ∗ A.;�15√2  (10) 
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AW;1=AW;2= CASE 1, AW;CROS= CASE 2, AW;CROS= 

0.15 m² 0.035 m² 0.014 m² 
0.25 m² 0.059 m² 0.024 m² 
0.35 m² 0.082 m² 0.033 m² 
0.5 m² 0.118 m² 0.047 m² 

 

Then formula 47 of EN 16798-7:2017 is applied: 

 
(11) 

 

In this study u10;site;max is considered to be 5m/s. 

Results from this equation will be named “Adapted cross-ventilation method from EN 16798-

7” and will be compared to the simplified single-sided method. 

 

3 RESULTS 

 

The graphs below compare the ventilation airflow rates calculated with the simplified single-

sided method from EN 16798-7 (dark green bars) and the ventilation airflow rate calculated 

with the “adapted” cross-ventilation method (which takes into account cross ventilation that 

can occurs in a zone or room with two roof windows) illustrated in light green bars. 

 

 
As expected, when the wind speed is 0 m/s there is only the stack effect as a driving force for 

ventilation, so both methods give the same result and there is no difference between case 1 and 

case 2. 

Table 3 gives results for wind speeds from 1 to 5m/s. These results show an important difference 

between case 1 and case 2:  

- when the building is surrounded by buildings of its own height (case 2) there are little 

differences between the simplified single-sided method of EN 16798-7 and the adapted 

cross-ventilation method. For 25 out of the 42 cases studied, results are the same and 

the maximum difference is 28% when wind is the main driver (hence small temperature 

difference and high wind speed) 

- when the building is surrounded by building equivalent to half its height, the difference 

is significant: only 11 out of the 42 configurations studied provide the same results, the 

maximum difference reaches 77% and is observed for 11 configurations. 
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For case 1, with the adapted cross-ventilation method, the wind is the main driver for ventilation 

from 2m/s as long as the temperature difference remains below 20°C. This is shown by the 

airflow rates seen in the light green bars being constant (for a given wind speed above 2m/s, 

they are all having the same height whatever the temperature difference). 

The results also show that, for a given case, wind speed and temperature difference, differences 

in percentage between the 2 methods do not depend on the free window area (as in both methods 

the flowrate is proportional to the free window area). 

Table 3: Results for the simulations for case 1 and case 2 

 

Case 1 

 

 

 

 

Case 2 

W
in

d
 s

p
ee

d
: 

1
 m

/s
 

W
in

d
 s

p
ee

d
: 

2
 m

/s
 

W
in

d
 s

p
ee

d
: 

3
m

/s
 

 
 

W
in

d
 s

p
ee

d
: 

4
 m

/s
 

 

W
in

d
 s

p
ee

d
: 

5
 m

/s
 

 
 

 

 

- 77% - 45% - 13% 

- 77% - 73% - 57% - 45% - 39% - 25% - 13% 

- 77% 

 

- 72% - 64% - 59% - 50% - 42% 

- 77% - 73% - 69% - 62% - 57% 

- 77% - 76% - 70% - 65% 

- 28% 

- 28% - 15% 

- 10% 

- 28% - 15% - 4% 

- 28% Identical - 24% - 6% 

No difference in the result of the 

2 methods No difference in the result of the 2 methods 

No difference in the result of 

the 2 methods 

Identical 

No difference in the result of 

the 2 methods 
- 28% 
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Table 4 gives the airflow rates calculated with both methods for case 1, for three different free 

window areas ranging from 0.15m² to 0.50m². It confirms that for case 1 there is a big difference 

between the results given by the simplified single-sided method from EN 16798-7 and the one 

given by the “adapted” cross-ventilation method. The difference between the two methods 

increases with wind speeds. 

  

Table 4: Airflow rate trough roof windows calculated with the adapted method and the simplified single-sided 

method from EN 16798-7 for case 1. 

Wind speed 

(m/s) 

Free 

windows 

area 

(m²) 

Airflow rates calculated with 

the adapted method (m3/h) 

Airflow rates calculated with single-

sided method in EN 16798-7 (m3/h) 

Min* Max* Min* Max* 

1 

 

0.15 74 128 17 128 

0.25 123 213 28 213 

0.50 246 426 57 426 

2 

0.15 148 34 128 

0.25 246 57 213 

0.50 492 114 426 

3 

0.15 222 51 128 

0.25 369 85 213 

0.50 739 171 426 

4 

0.15 295 68 128 

0.25 492 114 213 

0.50 985 228 426 

5 

0.15 369 85 128 

0.25 615 142 213 

0.50 1231 285 426 

* Depends on the temperature difference 

 

4 CONCLUSIONS 

 

The objectives of this study were: 

- to develop a more precise calculation method adapted to roof windows to take into 

account cross-ventilation that may occur through them (even when there are no facade 

windows in the zone) 

- to compare results obtained with this method to the simplified single-sided method from 

EN 16798-7  

The “adapted” calculation method developed is consistent with the one proposed in EN 16798-

7:2017, but simply further divides the horizontal plane to better take into account the specific 

cases of roof windows. The “adapted” method developed shall only be used for the specific 

case of zones with only roof windows with multiple orientations. As the Cp coefficient 

remains positive for a wider range of angles for facades windows (see Figure 1Figure 2), 

applying this new method to zones with facade windows may lead to falsely consider cross-

ventilation. Combining the two methods would lead to much more complex algorithms. 

In this study, where roof windows could have positive Cp values even if they have a pitch 

between 30-60 degrees, we have shown, that: 

- in case 2 (building surrounded by hight obstacles), the new “adapted” cross-ventilation 

method provides results close to the simplified single-sided method from EN 16798-7, 
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- in case 1 (building surrounded with lower building) cross-ventilation can theoretically 

occur quite often and the simplified single-sided method from EN 16798-7 highly 

under-estimates the average airflow rate in this specific case.  

Proposing this new adapted method for cross-ventilation to calculate the airflow rate in the 

specific case of room with only roof windows would allow to better estimate the airflow rate in 

the room. This new “adapted” cross ventilation method could be used as an addendum to EN 

16798-7 for this specific application of zones with only roof windows. 

Nevertheless, while interpreting those results the following limitations shall be kept in mind: 

- The given airflow rates are averaged airflow rates which by no mean are instantaneous 

airflow rates, assuming (among other things) an equiprobability of wind directions 

which may not be relevant in certain places 

- Simplified equations used here have been developed in the context of EN 16798-7:2017 

and compared to models performed in CONTAM and to on-site measurements (see 

(Larsen et al. 2018; Leprince,  2016.)). They slightly underestimate the airflow rate as 

EN 16798-7 focuses on the calculation of the building energy use in periods when there 

is a cooling demand, and they have not been checked for very small temperature 

differences. 

- Cp coefficients used in this study are the ones provided in (Liddament 1996), where 

other sources provide other values. 

- The airflow rates only apply when windows are open. In case of high-speed winds or 

high temperature differences, when windows may only be open for very short periods 

of time, the averaged airflow rate may not be relevant. 

It would be interesting to complete this study with: 

- On-site measurements to estimate the real airflow rate,  

- Wind tunnel measurements to check if the Cp coefficients are applicable for roof 

- CFD simulations to check the impact of the position of the roof windows (angle of 

opening) on the airflow rate. 
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ABSTRACT 
 

This paper touches on historic indicators of good hospital design such as sun, daylight and natural ventilation. 

Evidence is provided that recent trends in hospital design that lean towards more highly serviced buildings with 

fixed windows lead to higher levels of Sick Building Syndrome, nosocomial infections and SARS CoV-2 related 

infections and deaths than in naturally ventilated buildings with opening windows. The now soaring levels of 

nosocomial infections in hospitals make it imperative that we actively reassess such evidence and begin to evolve 

designs that actually improve the mental and physical health of staff and patients, not kill them. What are the roles 

in the poor health performance of many modern hospitals played by current building standards, regulations and 

assumptions based on outdated comfort models and dose related measures of Indoor Air Quality? Some simple 

suggestions on hospital design to help occupants survive and thrive in them in an uncertain future are offered.    
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1 INTRODUCTION 

 

At the 28th AIVC Conference in 2007 I argued that hospitals were facing three perils: climate 

change, insecurity of energy supplies and pandemics. Poorer building design and construction 

standards were seen as a major problem. More extreme weather events were also a threat to 

energy supplies with the impacts of Hurricane Katrina cited as providing evidence of hospital 

system collapse across a whole city after flooding (Roaf et al., 2009). In 2007 a new approach 

to constructing hospitals was asked for using climate and site appropriate and passive designs 

that relied more or less on local natural energy to power ‘healing indoor environments’. This 

paper looks how that might happen and what was learnt from SARS CoV-19 experiences.  

 

 

2.     HISTORIC HOSPITALS: DESIGNED TO MAKE YOU BETTER  

 

Traditional hospitals were built with high ceilings and large windows to ensure the purging of 

infectious pathogens and reductions in cross infections indoors (Hobday, 2020; Hobday and 

Dancer, 2013; Beggs et al. 2003). Florence Nightingale wrote in her report on the Health, 

Efficiency and Administration of the British Army in 1858 that fresh air and sunlight are 

essential for health, and reading in bed (Nightingale, 1858). In 1864, Britain’s Chief Medical 
Officer John Simon promoted the importance of natural ventilation in wards.  Like Nightingale, 

Simon supported oblong wards with sash windows reaching to the top along the two long sides, 

with sufficient space for one bed between each window. At the time, it was believed that 

smallpox and other infections were contracted following the inhalation of airborne material. 
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3. MODERN HOSPITAL DESIGN AND VENTILATION  

 

The evolution of more modern hospital design and ventilation in hospitals has been well 

covered by a number of authors (Short, 2017; Francis et al.,1999).  Hospital design radically 

altered after the second world war. A major problem in traditional hospitals was seen to be 

inefficiently arranged nursing units where staff had to walk continually up and down long 

wards that held twenty patients or more in paired beds light and ventilated from both sides. 

Later double-loaded corridors that connected smaller six-, four- or two-bed wards and private 

rooms were introduced. Distances covered were onerous and wasted staff energy. Designs were 

centralised to reduce expensive exterior wall construction, facilitate the delivery of services, 

and minimized nurse staffing requirements by reducing travel distances. With the post-war 

advent of antibiotics and improved aseptic practices, the medical establishment began to 

believe that patient healthiness could be maintained regardless of room design. This is far from 

true argues Heschong (2021) in her Chapter 15 on Healthy Daylight. 

De-coupling the indoor climates of buildings from their micro-climates was only 

possible with the inexorable rise of air-conditioning in buildings, initially by the 1960s in the 

USA, and later in the UK and Europe. The move was driven not least by regulations for 

Heating, Ventilations and Air-Conditioning (HVAC) of buildings written almost universally 

now by members of the HVAC professions who are normally paid in proportion to the amount 

of equipment that is installed in a building (Roaf and Nicol, 2022). As mechanical systems 

proliferated, so did fixed window hospitals because it was persuasively argued that: 

a) people required and preferred indoor temperatures falling within a narrow comfort zone (eg. 

around 200C-250C) to remain comfortable, implying also to be healthy;  

b) opening windows reduced the efficiency of mechanical systems so increasing energy use.   

In reality the over-cooling of buildings became endemic although some doctors 

apparently even preferred the total environmental control offered by air conditioning, central 

heating, and electric lighting. Kisacky (2007) shows how windows were thought to be no 

longer considered necessary to healthy in hospitals and by the 1960s and 1970s even 

windowless patient rooms had appeared. This is despite the fact that research has demonstrated 

that patients in hospital rooms with windows improved at a faster rate and in greater percentage 

than did patients in windowless rooms.  Kisecky (2007) also wrote:   

 

The efficient, inhuman, and monotonous buildings of the second half of the 20th century 

bear witness to the extent to which hospital design became a tool to facilitate medicine 

rather than a therapy in itself. Today, a stay in a hospital room is endured, not enjoyed. 

 

Prior to 2007 a new generation of UK hospitals were funded as PFIs (Public Private Finance 

Initiatives). Companies were paid excessively to construct and manage hospitals over twenty 

to twenty-five year periods. Developers got rich. Hospital administrators were often left with 

structures and systems built cheaply to last at least twenty-five years after which they were 

handed over with high operational and system repair and replacement and energy usage. In the 

wake of such flawed initiatives hospitals became dependent on air-conditioning (AC), in sealed 

‘envelopes’ around deep-plan buildings, designed with minimal regard to their location in 

urban or greenfield sites or local climates. Areas of poorly oriented and fixed glazing in a 

heating climate increasingly exacerbates the problem of peak summer energy usage, at times 

cause whole building systems to fail.   Hospitals were traditionally considered to be places you 

went to in order to get better, what they have become was places where people get sick when 

they go there.  

 

 

196 | P a g e



4. HOSPITALS THAT MAKE YOU SICK 

 

4.1   Sick Building Syndrome 

By the 1990s it was found that people in fully Air-Conditioned (AC) environments suffered 

much higher rates of sick building syndrome (SBS) and comfort-related illnesses than those in 

naturally ventilated offices (Seppanen and Fisk, 2002; Mendell et al., 2003). A constant 

narrative is floated about the dangers of poor Indoor Air Quality (IAQ) (Ghaffarianhoseini et 

al., 2018), but the definitions of IAQ concentrate on dosages of ‘pollutant’ contamination while 
ignoring the human and building dimensions of the environment. The same doses are regulated 

regardless of the construction or design of a building, the actual number or prefernces of its 

occupants. Many studies demonstrate that IAQ is better with fewer SBS symptoms reported in 

naturally ventilated buildings than in AC ones (Fisk et al., 2009) but time is also a confounding 

variable, with building uses changing regularly. SBS has also been linked to low ventilation 

rates in buildings but as Seppanen and Fisk (2002) conclude: 

Because increases in ventilation may increase building energy consumption, 

research is also needed to identify practical methods of decreasing minimum 

ventilation requirements by reducing pollutant emissions from buildings and 

building air-handling systems. Methods to increase ventilation rates without 

increasing energy consumption, or to increase the effectiveness of ventilation in 

controlling pollutant exposures, should also be investigated. 

A simple way to do so is to open a window to purge spaces of pathogens or toxins. Mendell et 

al. (2002) in their seminal paper on the subject of how to improve the health of workers 

reinforce the urgent need for better research on the subject. Poor research blights this field.  

 

4.2   Nosocomial Infections Soar in Fixed Window Buildings 

Hospital acquired (nosocomial) infections are caused by common pathogens including 

bacteria, viruses, and fungi, a common one being the bacterium Staphylococcus aureus. Others 

common pathogens include Escherichia coli (E Coli), Enterococci, and Candida are common 

culprits, and all can be normally found on the skin and mucous membranes. Recent worrying 

outbreaks of antibiotic-resistant strains such as methicillin-resistant Staphylococcus 

aureus (MRSA) that can be especially dangerous, are difficult to treat and are increasing.  

Health care-associated infections (HCAIs) are defined in the USA as infections that 

occur while receiving health care, developed in a hospital or other health care facility that first 

appears 48 hours or more after hospital admission, or within 30 days after having received 

health care. The scale of the problems they cause are huge. The US Centre for Disease Control 

and Prevention identifies that nearly 1.7 million hospitalized patients annually acquire HCAIs 

while being treated for other health issues and that more than 98,000 patients (one in 17) die 

due to these (Hague et al., 2022).  Advice on reducing the impacts centres simply on hand 

washing, more often and better, completely ignoring the aerial transmission routes of 

pathogens. This also happened before the 6th July 2020 with SARS CoV-19 when a group of 

international scientists complained the World Health Organisation who were forced to admit 

that aerosols were the major transmission route for the pathogen (Morawska, 2020).    

By May 2020 15.8% of people in the UK being treated for COVID-19 had actually 

acquired it in a hospital and over a quarter of those died from the disease (Read et al., 2021). 

By 2022 English researchers found that due to the delay from the onset of the infection, to 

symptom onset, to testing positive cases of nosocomial transmission of SARS-CoV-2 were 

missed under common definitions of HCIAs. Some 20% of symptomatic COVID-19 patients 

in hospitals in England in the first wave had acquired their infection in hospital settings and it 

was proposed that increased awareness and testing, especially of patients on discharge was 

needed to prevent hospitals becoming vehicles for SARSCoV-2 transmission (Knight et al., 
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2022). Tens of thousands of medical staff died globally in the pandemic having been exposed 

to the virus in the hospitals they worked in and must be universally praised for their dedication 

to service when they knew full well of the infection risks they faced at work.  

 

4.3   Tuberculosis (TB) Transmission reduced in Naturally Ventilated Wards 

In seminal studies on the transmission of tuberculosis in five pre-1950 hospitals and three 

modern ones built between 1960 and 1990 in Lima, Peru, Escombe (2007) found a disparity 

between the levels of TB cross infection in the naturally ventilated and the air-conditioned 

ward. Opening windows and doors maximized natural ventilation so reducing the risk of 

airborne contagion as well as the maintenance requirements of the mechanical ventilation 

systems, a key factor particularly in limited-resource settings and tropical climates, where the 

burden of TB and institutional TB transmission is highest. In settings where respiratory 

isolation is difficult and the climate permits, he recommended that windows and doors should 

be opened to reduce the risk of airborne contagion.  

Natural ventilation created by opening windows and doors provided higher rates of air 

exchange, absolute ventilation, and theoretical protection against airborne TB infection. These 

factors prevailed in facilities built more than 50 years previously, even on days with little wind. 

By contrast, the mechanically ventilated rooms he studies had poor absolute ventilation even 

at recommended air exchange rates for high-risk areas, and consequently had higher estimated 

risks of airborne contagion.  

 

5. LESSONS FROM SARS Cov-19 COVID-2 Pandemic  

 

5.1 Cluster outbreaks of COVID-19 

SARS-CoV-2 had been detected in air ventilation ducts in hospitals (eg. Ma, 2020).  Window 

opening regimes have been shown to lower nosocomial infection rates. A study of four 

healthcare settings in Lanarkshire Scotland of COVID-19 of cluster outbreaks found nineteen 

COVID-19 clusters on fourteen wards at the newest Hospital W during the six-month study 

period. Each outbreak lasted from two to 42 days and involving an average of nine patients and 

seven staff in each. COVID-19 clusters in the two older Hospitals H and M reflected lower 

community infection rates. Forty clusters occurred across all three hospitals before a January 

window-opening policy was installed in the other two hospitals and despite multiple 

confounders it was apparent that having a window opening regime in place reduced cluster 

occurrence. In Hospital W, there were 17 clusters between 1st October and 25th January 

compared with just two from 25th January until 31st March when windows were opened, 

despite there being more patients than in the earlier period (Dancer et al., 2021).  

Evidence that SARS-CoV-2 can be transmitted by aerosols via ventilation systems 

recorded in three COVID-19 wards at the deep plan Uppsala Hospital, Sweden. SARS-CoV-2 

was detected the in central ventilation systems in that hospital in April and May 2020, distant 

from patient areas, showing clearly that the virus was transported long distances in airborne 

form, even with relatively low air change rates in these wards (Nissen et al., 2020).  

 

5.2   CO2 is a Bad Proxy for Viral Load 

The HVAC industry promotes the use of CO2 levels in spaces as a proxy measure for ‘pollution’ 
or poor IAQ. CO2 is not a pollutant and there is no reasonable published evidence as to what 

constitutes a safe level of CO2 in doors. The European SCATS Study measured levels of CO2 

in Portuguese offices of 1000-300ppm without occupant complaints (McCartney and Nicol, 

2002). The level at which submarine crews are mandated to take action to improve CO2 levels 

is 5000ppm.  The HVAC industry has often deemed 1000ppm CO2 to be a trigger for increased 

need for ventilation in a space.  No validated scientific evidence for choosing this level is 

198 | P a g e



provided but it strikingly coincides with the vague figure of 1000ppm of CO2 was arbitrarily 

recommended as a safe level for the unhealthy gas in 1858 by Max von Pettenkofer, a German 

physiologist (Porteous, 2011).    

The equating of CO2 with viral load had tragic consequences. During a 2020 aerosol 

borne outbreak of COVID_19 in a Dutch nursing home seventeen (81%) residents from one 

ward with a recycling air ventilator, and two air conditioners were diagnosed with COVID-19 

and subsequently seventeen (50%) healthcare workers of the same ward also tested positive. 

By contrast, all tests of the one hundred and six workers and ninety-five residents in the six 

other wards with mechanical fresh air ventilation only were negative. CoV-2 RNA was 

detected in dust present on the mesh of the living room air conditioners of the infected ward, 

and in the block filters of the ventilation cabinets. Healthcare facility managers were warned 

off ventilation systems recirculating unfiltered air (de Man et al., 2020). Setting CO2 trigger 

points to recirculate air below 1000ppm also proved fatal because elderly patient have very 

shallow breathing and CO2 did not reach trigger levels so the viral load in the space soared to 

dangerous levels. The HVAC industry now advises levels of 600 or 800ppm as triggers for 

increasing mechanical ventilation rates in wards but this can then cause energy usage and bills 

to soar at a time when the costs of that energy is also rising. CO2 levels are a bad proxy for 

viral load or air pollution. A room with lethal IAQ may have only one person in it. A major 

problem with accurately estimating levels of indoor pollution is that the regulations provide 

‘dosage’ indicators of individual substances like pathogens, formaldehyde or VOCs which are 

difficult and expensive to measure (Bluyssen, 2022) whereas CO2 is cheap and easy to record, 

but of little use in measuring viral load or toxicity of space on the whole.  

 

5.3   Does Filtration Eliminate Pathogens?  

HVAC organisations like ASHRAE, REHVA and CIBSE put forward the use of induct filters 

including HEPA, MERV and UV filters to reduce the transmission of pathogens between 

rooms and this has been shown to be more or less successful in various studies of COVID_19 

in buildings (Roaf, 2022a). The virus as aerosols largely is transmitted between individuals in 

the same space so duct cleansing is of only some use. Within wards filters can also be used but 

to date the knowledge base associated with the use of supplementary air filtration in hospitals 

is weak. Little is known about how filtration devices should be deployed or the likely health 

benefits that might arise. Based on the supposition that room air filtration might help to mitigate 

the nosocomial transmission of COVID-19 and also reduce aerial dissemination of pathogens 

around the clinical environment a team from Addenbrookes hospital in Cambridge set up the 

Air Disinfection Study (AAirDS) to test the hypothesis. Twelve room air filtration units were 

installed containing HEPA filters and UV-C lamps, on two wards for older patient’s wards, 
along with sensors throughout the control and intervention wards to continuously monitor PM 

and CO2 levels as well as the ambient temperature and humidity.  Collectively, this indicates 

that aerosols were freely migrating between the various sub-compartments of the ward, 

suggesting that social distancing measures alone cannot prevent nosocomial transmission of 

SARS-CoV-2. Air filtration did reduce PM levels throughout the ward space, suggesting that 

filtration has the potential to mitigate the nosocomial transmission of COVID-19 and other 

harmful pathogens. 

Again it is important that most current standards and guidelines for IEQ are focused on 

dose-related indicators such as temperature level and ventilation rate, while building-related 

indicators and occupant-related indicators have been rarely considered (Bluyssen, 2022). 

Previous studies show, however, that building-related indicators such as building layout and 

the amount of space can influence occupants’ overall satisfaction with IEQ (e.g. Kim and de 
Dear, 2012), building materials and furnishings can affect health (e.g. Bluyssen et al., 2016). 

Moreover, these comfort and health effects are related to preferences and needs of the 
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occupants (occupant-related indicators), and therefore can differ (Bluyssen, 2010). The fact 

that an in room filter works well in one ward with set dimensions and occupancy levels may 

not reflect its effectiveness on other conditions. That is the problem with much IAQ research. 

Therefore, there seems to be a need to include both building-related and occupant-related 

indicators, additionally to the dose-related indicators listed in most standards and guidelines.  

 

6.  WHAT TEMPERATURES ARE HEATLTHY FOR PATIENTS? 

 

The study of thermal comfort has moved on considerably from the 20th century idea that there 

is an average person who is comfortable as temperatures dictated by limited steady state models 

like PMV, that results in similar comfort recommendations whether in Africa or Alaska 

(Humphreys, Nicol and Roaf, 2016). It is now widely recognised that people adapt to those 

conditions they normally occupy, which are largely determined by the local climate and the 

buildings they occupy. The Adaptive Comfort Model was established some fifty years ago 

(Roaf and Nicol, 2022b), and now forms the basis of the European Comfort Standard EN ISO 

7730 and the US American ASHRAE standard 55. Field studies shown that people can be 

comfortable indoors in temperatures ranging between 100C and 350C (Nicol, 2022), but only 

when adapted to the temperature ranges question. Accepting a far wider range of daily 

temperatures encourages the use of open windows, while the narrow comfort limits dictated by 

the PMV method push designers and users into air-conditioning buildings.  

Work being done now at Maastricht University focus on the relationship between human 

physiology and comfort under controlled laboratory conditions to explore how health is 

impacted by temperature. Research observations there show huge variations in how different 

people experience similar environments, for instance under identical thermal conditions, 

reporting comfort experiences ranging from uncomfortable to very comfortable, and from very 

uncomfortable to comfortable (Jacquot et al., 2014). These differences can be due to genetics, 

body composition, sex, age, cultural and habitual differences, and the amount of perceived 

control. Generally, the physiological changes, both in heat and cold responses appeared to have 

positive effects on metabolic health, not least by keeping related systems active and 

functioning, avoiding their atrophication (van market Lichtenbelt, 2022; Pallubinsky, 2022).  

Pallubinsky (2022) wrote:   

The time has come to shift perspective, as this overprotective character and provision of 

omnipresent comfort are neither feasible nor desirable any longer, considering the 

enormous amount of energy and resources spent to provide tightly controlled thermal 

environments (often with the same target temperature all year round). On top of all that, 

research has shown that being in a constant state of comfort can actually have negative 

impacts on health and deteriorate our human capability to deal with thermal challenges. 

Historically temperatures have been used manage diseases, with fevers being sweated out, and 

tuberculosis wards wheeling patients outdoors to into freezing temperatures. There is no 

evidence that keeping people in a narrow thermal zone improves their health over time, 

whoever there is a growing body of evidence that exposing patients to thermal variety actually 

stimulates and benefits their thermo-regulatory systems. opening windows in hospital staff and 

patient’s rooms may not only improve indoor air-quality by flushing out real pollutants, but 

importantly purge viral loads at the same time.   

 

7.  BLINDED BY SCIENCE 

 

In 1894 the nascent HVAC industry in the USA wrote its first Bye-Laws that explicitly stated 

that one of its main aims was to lock the general public firmly into paying for their products 

and services  by a) developing standards mandating the use of their own heating and ventilation 
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products for all classes of buildings, with minimum performance standards; b) promoting 

legislation compelling the ventilation of all public buildings in accordance with the standards 

of this society and c) opposing legislation that harms the business of the ASHVE engineer. The 

ASHRAE forefathers would have been delighted to see the extent to which they have 

succeeded. Around the world Standards and Regulations have locked designers into installing 

ever more HVAC equipment into homes and offices (Cass and Shove, 2018). Competing 

systems like the use of natural ventilation via opening windows for purging of room air and 

also comfort cooling have been effectively side-lined by many HVAC regulators (Roaf and 

Nicol, 2022B). Radiant systems for heating and cooling have been effectively eliminated by 

standards that underplay their value (Teitelbaum and Meggers, 2022) while over-promoting 

fan-driven air in ducted and non-ducted HVAC systems.  

 

7.1    Affiliation Bias is Rife in the Regulations 

The HVAC industry worked hard to keep people smoking indoors in the 1990s, underpinned 

by research paid for by the tobacco industry. An exhaustive study by Bero (2002) of the public 

commentary of the California environmental tobacco smoke risk assessment, and also the 

Washington and Maryland indoor air regulations in the 1990s found evidence of systemic 

biases in the use of the risk assessment process by critics and supporters of regulations using 

different criteria to evaluate the scientific evidence. It found that various interests socially 

constructed evidence to support their predefined positions. At one point, the tobacco industry 

suggested that mechanical ventilation is a good control measure for environmental tobacco 

smoke, referencing ASHRAE Standard 62–1989. This has some resonance now as the HVAC 

industry is now promoting higher airflow rates to reduce viral load in spaces in the COVID 

pandemic, despite the fact that most systems in larger buildings may simply be working with 

recirculated air so further forcing infections onto a wider range of people. 

The Bero study confirmed the findings of other research that the attitudes of experts 

were influenced by their affiliation bias, recommending that sources of the research 

controversies and their data be independently investigated. Related court judgements 

highlighted risks arising from the different interest groups using different criteria to evaluate 

the research evidence and the dangers of not fully disclosing the special interests of the 

determination process, including those from corporate, public health and environmental 

groups. He urged that the policy and risk assessment process should be strictly controlled to 

eliminate influence of such affiliation bias. The problem must be seen as a whole body of 

evidence, rather than focusing on the minutiae of individual, often weak, studies.  

 

7.2.   The Pseudo-Precision Problem  

The problem of decision makers being blinded by the pseudo-science presented as evidence in 

the passive smoking example. The use ‘hyper-precision’ and with it ‘pseudo-precision’ in the 

mandating of dose levels for IAQ substances makes evaluation of IAQ, and in turn its 

achievement, or even of the questioning, of the dose levels required, beyond the reach of 

ordinary building managers and many researchers. Thermal comfort temperatures required in 

high class buildings under some standards presented to one or two decimal places when 

everyone knows that such accuracy is impossible to achieve in real spaces, let alone across 

them, possibly not even in laboratory conditions. The trend to demanding hyper-precision in 

measures has been described as ‘is not quite mendacious, but on the path to being so’.  
 

8. THE EXTREME WEATHER WILD CARD 

 

Despite over thirty years of endeavour, and billions of investment in reducing greenhouse gas 

emissions, they are still increasing from all sectors, but increase is from the built environment 
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which in 2019 totalled 34% of all man-made emissions. A large proportion of these emissions 

come from energy generated to heat, cool and ventilate buildings (IPCC, 2022). Many of these 

emissions are unnecessary. Most buildings do not need to be conditioned 24/7/365. IN 2012 in 

the USA alone the over-cooling of buildings wasted around 104,000 GWh of energy and 

produced some 57,000 kt CO2e of emissions at a staggering cost of 10 billion USD (Derrible 

and Reeder, 2015). With escalating outdoor temperatures, the cost and climate impacts of over-

conditioning challenge even wealthy organisations. For every wasted KWh of energy in a 

hospital the salary of a nurse or doctor is eaten away at.  Extreme weather also closes down 

whole hospitals as we saw in Hurricanes Katrina in late August 2005 where some patients were 

abandoned in their beds by staff during flooding (Roaf, et al. 2009).    

 

8.1    Grid Failures during Extreme Weather Events 

The 1999 Southern Brazil blackout was a widespread power outage caused in Brazil on March 

11th 1999, caused initially by a lightning strike affected up to 97 million people, some for hours 

and some for months. On Thursday, August 14, 2003 over 55 million people on the Eastern 

Seaboard of the USA lost power in the North Eastern Blackout that lasted in many places over 

48 hours during a heatwave. On the 31st July 2012 the largest blackout in history affected more 

than 620 million people, about 9% of the world population, or half of India's population, spread 

across 22 states in northern and eastern India. The blackout triggered by a heatwave lasted 

hours in some places and days in other.  These are extreme events all linked to extreme weather 

but every country is now experiencing grid failures due to extreme heat, cold, wind-storms and 

flooding. Hospitals typically have energy back-up provisions for 24 - 48 hours. Some extreme 

outages occur for longer than that. Grid failures often occur at peak load points in the morning 

or evening. Buildings with enough well-design thermal mass in them can thermally cruise 

through the peaks hours, to both avoid over-burdening local grids.   

 

8.2    Extreme Heat Causes HVAC Failures 

On Tuesday 19th July 2022 one of the UK’s biggest hospital Trusts declared a ‘critical site 
incident’ because their datacentres both failed in the heatwave when their air-conditioning units 

failed. Guy’s and St Thomas’ hospitals had to cancel operations, postpone appointments and 
divert seriously ill patients to other hospitals in the capital (Guardian, 2022). As temperature 

rise in the heating world air-conditioning systems will increasingly fail and cannot be 

responsibly warranted because scientists simply do not know how hot it will get how soon.  

9.        THE MENTAL HEALTH ISSUE 

Many people including the author, who have spent time in a hospital as staff or patients with 

no opening windows understand the need to re-think hospital design.  Many know the mental 

distress caused by not being able to access fresh outside air as a prisoner breathing only 

recirculated air passing through rooms occupied by hundreds of other infected patients there. 

Also, inevitably, IAQ generally deteriorates as temperatures rise indoors increasing, causing 

fearfulness of the experienced conditions (Roaf, 2022a). Some control of IAQ must be given 

to occupants in an unpredictable world and local control over window opening is a good start. 

10.   GOOD HOPITAL DESIGN: FUTURE TRENDS  

 

In 1858 Nightingale persuaded politicians to design better hospitals.  So should we.  She had 
good evidence to convince them. So have we.  So why have recent decision makers chosen to 
build hospitals that have affected the mental and physical health of the billions who use them, 
and have demonstrably been responsible for hundreds of thousands of excess deaths during 
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COVID. Most hospitals today are ill-equipped to protect us in the inferno climates of the future. 
It is time to set aside the pseudo-science that underpins most current building conditioning and 
ventilating standards and regulations and take a long hard look at the strengths and weaknesses 
of current models. One way forward might be to remove the ducts air-blown systems and 
choose to heating and cooling buildings with wipe clean radiant hydronic systems that do not 
share potentially infected air between spaces.  

All occupied spaces should have well designed, useful, opening windows supplying air for 
breathing, comfort cooling and room purging of pathogens and pollutants free of charge. Major 
passive measures should include avoiding occupied rooms on western facades, extensive 
external shading, shallow plan buildings that enable good access to fresh air, day and sunlight 
to most spaces in a hospital. Personal Comfort Systems (PCSs) that heat people locally, not the 
whole building, can be used against a thermal backdrop of providing seasonal use of higher 
and lower background temperatures. Individual patient heating and cooling can be supplied 
according to medical needs, eg. using suspended horizontal radiant panels above each bed 
thermos-set to the needs of hypo or hyper-thermic patients. Staff can use PCSs as needed, eg. 
floor or desk fans or in extremis local plug in air-conditioners. Extra room height gained from 
removing suspended ceilings may enable the use of low energy ceiling fans, and or high level 
hopper windows to create circulate natural ventilation paths in the space. Through the wall two 
way ventilators with heat exchangers in winter can evacuate viral and pollution loads from 
spaces. In high load spaces in-room HEPA filters can also be used if necessary with active 
window opening regimes in places, even in cold or hot weather at different times of day. Air-
lock spaces like flexible sun/wind spaces on wards may be included to pre-condition air for 
wards and transient use by patients. Any hospital must include high levels of thermal inertia. 
Eg. with high mass materials involved to ensure that when the building continues to provide 
acceptable indoor conditions for as long as possible when the national or local grid fails.   

Hospitals must make people better – not sicker, at an affordable price and during extreme 
weather. Hospitals can run largely on solar boosted energy systems on estates, possibly storing 
thermal inertial in high mass islands like morgues for emergencies (Todorovich, 2011).  
Designers of these hospitals will have to be brave, but the possibilities are many. The time to 
change is now and engineers and architects need to step up to the plate and make it happen.    
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SUMMARY 
 
Airborne transmission has been widely proven to be the main means of contagion of SARS-CoV-2 (Severe Acute 
Respiratory Syndrome Coronavirus 2) , as multiple studies have established (Greenhalgh et al., 2021; Miller et al., 
2021; Lidia Morawska & Cao, 2020; Tang et al., 2021; World Health Organization, 2021), Furthermore, the main 
documented COVID-19 outbreaks have occurred indoors (Qian et al., 2021; Randall et al., 2021; Wang et al., 
2022), with medium and long-range transmission —beyond 1.5 m— as a especially relevant transmission way in 
poorly bad ventilated spaces (Li, 2021; Z. Peng et al., 2022). 
Thus, it is necessary to promote healthy indoor spaces through self-protection practices and an adequate indoor air 
quality (IAQ). In this way, the removal of the virus-containing aerosols from indoor air —either by ventilation, air 
filtration or UV radiation— must be an essential part of the prevention strategy. 
One of the main ways to assess the degradation of the IAQ in occupied spaces —with no other significant sources 
or sinks of indoor carbon dioxide (CO2) — is monitoring the indoor CO2 level. This parameter can be a good proxy 
—affordable and easy to handle— to evaluate and control the aforementioned ventilation rates, especially in spaces 
with high occupancy density (American National Standards Institute and American Society of Heating 
Refrigerating and Air-Conditioning Engineers, 2019; Pavilonis, Ierardi, Levine, Mirer, & Kelvin, 2021; Z. Peng 
et al., 2022; Persily & de Jonge, 2017; Zhu et al., 2020). Given that virus-containing aerosols are emitted during 
the respiratory process as CO2 does, the measurement of the excess CO2 level exhaled (∆CO2) can also be used to 
estimate the airborne transmission risk of respiratory diseases such SARS-CoV-2, tuberculosis, or measles.  
Thus, the estimation of the COVID-19 infection risk indoors ―strictly via aerosols― can be performed with the 
online tool COVID Risk airborne (https://www.covidairbornerisk.com/), a non-profit software developed by 
Campano et al. (Campano-Laborda et al., 2021) and based on the adaptation of the Wells-Riley model (Rudnick 
& Milton, 2003) performed by Peng and Jiménez (Jimenez Palacios & Peng, 2021; Zhe Peng & Jimenez, 2021). 
The methodology on which this tool is based has been validated by comparison with existing COVID-19 outbreaks 
(Z. Peng et al., 2022). 
This tool (Figure 1), which has been designed to be used both by scientists and technicians (detailed calculation) 
and by nonprofessional users (simplified calculation), uses the average excess CO2 level exhaled (∆CO2) during a 
given event as a proxy to calculate how many 'quanta' inhaled each occupant (a 'quanta' can be considered as the 
minimum infectious dose of the aerosol pathogen whose inhalation leads to infection in 63% of vulnerable people). 
Inhalation of quanta depends on: 

 SARS-CoV-2 variant under analysis. 
 Room dimensions and environmental conditions (rate of decay of infection intensity and surface 

deposition rate). 
 Removal/inactivation of aerosols from the environment (filtering, UV exposure, face masks). 
 Number of people present, number of infectious occupants, activity involved (metabolic and vocalization) 

and immunity to the infection (by vaccines or previous infections).  
 Event duration. 
 Ventilation rate / Mean ∆CO2 value during the event. 
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Figure 1: Landing page of COViD Risk airborne. 

With this data input, this tool can estimate both the number of secondary cases in the given event, and the Risk of 
Infection (H) ―in terms of the size of the outbreak―, but it can also calculate two additional risk indicators, which 
are not referred to the number of vulnerable occupants (those who are liable to contract the disease), so they can 
be used regardless of the number of people vaccinated or the effectiveness of the different vaccines: 

 Attack rate (AR): The proportion of occupants in the event who could have inhaled a 'quanta'. 
 Relative risk of infection (Hr): Number of 'quanta' emitted by a single infected person which are inhaled 

by a single person for a given exposure time and premises of the volume specified. There are three 
categories of risk (low, medium, and high) for Hr, according to previous studies of different indoor 
scenarios and existing documented outbreaks (Z. Peng et al., 2022; Zhe Peng & Jimenez, 2021). 

 
Among the various considerations made by this tool, it should be noted that: 

 The model EXCLUDES droplet and contact/fomite transmission and assumes that 2 m (6 ft) social 
distancing is honoured. Otherwise, the infection rates calculated would be higher. 

 As the model also assumes the atmosphere in the premises/room at issue to be uniformly distributed, it 
does not accommodate the thermal stratification or floatability characteristic of very high clearance 
indoor spaces. 

 The increased transmissibility of the SARS-CoV-2 variants is obtained from the reports of the European 
and North American Centres for Disease Control and Prevention (Campbell et al., 2021; Centers for 
Disease Control and Prevention, 2022). 

 The estimation of the airborne viral emission is performed through the expiratory activity, which depends 
on the metabolic and vocalization activities (Buonanno, Stabile, & Morawska, 2020; L. Morawska et al., 
2009). 

 The evaluation of the average ventilation rate and the recommended short-term exposure values for 
inhalation, in m³/h per occupant, are calculated through the metabolic rate, which depends on activity, 
age and gender (Z. Peng et al., 2022; Wang, Wang, Wei, Wang, & Duan, 2011), as well as the CO2 
emission (Persily & de Jonge, 2017). 

 The decay rate of the virus infectivity in aerosols depends on the Air Temperature (Ta), Relative Humidity 
of the air (HR), the UV index and the deposition of virus-containing aerosols to surfaces (Schuit et al., 
2020; Smither, Eastaugh, Findlay, & Lever, 2020; van Doremalen et al., 2020). 

 The theoretical aerosol retention efficiency of masks, respirators and face shields depends on the type of 
the mask and its fitting (Davies et al., 2013; Melikov, 2015; Milton, Fabian, Cowling, Grantham, & 
McDevitt, 2013). 

 
In conclusion, this online tool proposes a validated and precise method for simulating SARS-CoV-2 disease 
propagation, strictly via aerosols. One possible purpose would be to determine the risk of infection under 
circumstances defining a given planned event and the possibility of lowering such risk. Whilst it is not an 
epidemiological model, it can be used as a component of such approaches to estimate variations in aerosol 
propagation across a range of inputs. Thus, it can be very useful to scientists, technicians, building managers, 
designers, and citizens to reduce the risk of airborne transmission of SARS-CoV-2 in indoor events. 
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The serious social and health crisis faced as a result of the spread of SARS-Cov 2 has highlighted the weaknesses 

of human beings but has mainly highlighted the inadequate static response of existing buildings; all those confined 

spaces characterised by the simultaneous presence of a large number of people, such as classrooms, have shown, 

over the past two years, how unhealthy are because of the high possibility of contraction of the virus inside them. 

The following investigation project aims at improving the air quality within the educational spaces by applying 

strategic solutions of natural ventilation in order to reduce the possible propagation of an airway transmissible 

virus. To this end, through a defined working methodology, a real monitoring and a data collection campaign has 

been conducted within two children’s institutes located in the province of L'Aquila (Abruzzo, Italy), as a result of 

which it has been possible to conclude that the optimal values of CO2 concentration within the classrooms under 

study have been disregarded for almost all of the time. Moreover, natural ventilation alone is not a valid strategic 

solution to improve air quality inside the classroom and the consequent reduction of the risk of transmission of 

Covid-19. 
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1     INTRODUCTION 

 
The correct ventilation of a circumscribed perimeter and specifically of a school environment 

implies a high indoor air quality, decisive for the productivity of the subjects who live daily 

within this space; there is evidence that there is an increase in the quality of the work carried 

out, a reduction in sick leave and a reduction in related diseases [1,2]. On the contrary, poor air 

quality within a school can lead to serious health risks, especially among children who are more 

sensitive to the consequences of pollution than adults. [3] 

The dispersion of a pathogen within a confined environment is determined both by humans, 

who can incubate the virus and release it into the air in the form of aerosols, and by conditioning 

systems in which pathogens, due to poor maintenance of the installations, can settle and
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multiply and then spread in the environment [4,5]. The diseases associated with prolonged stay 

in confined spaces, the so-called Building Related Illness (BIS), derive from specific chemical, 

physical or biological substances, the effects of which affect the respiratory system, the 

cardiovascular system, exposed skin and mucous membranes, nervous system and 

immunological system [6]. Given the problem of overcrowding in classrooms, it is obvious that 

the consequence is an increase in the spread of infectious diseases transmitted by air between 

pupils and teachers. 

Pursuing a certain level of air quality within a defined perimeter means substantially diluting 

the indoor air with air considered "clean", that is, free of contaminants, blowing out the 

"contaminated" air inside the room [7]. Various parameters, including temperature, humidity, 

particles and aerosols, formaldehyde or organic compounds [8] can be used to determine the 

level of air quality within a room; among them, due to the speed of the calculation, the 

concentration of CO2 ( carbon dioxide ). The concentration of CO2 within inhabited spaces is 

in fact usually used as an indicator of indoor air quality [9]; and it is a clear indicator of whether 

or not the air we breathe has been previously breathed by other people. [8] 

According to the above mentioned factors, the determination of a sufficient level of indoor air 

quality and the consequent measurement of the CO2 level in indoor spaces is a valid indicator 

for the risk assessment of transmission of COVID 19. Despite the fact that the World Health 

Organisation (WHO) has established that the concentration of standard CO2 within a 

circumscribed environment should not exceed 1000 ppm, values between 700 and 800 ppm are 

already considered harmful to the risk of virus propagation. [11] 

 
METHODOLOGY 

 
The project, as described, was conducted through a precise working methodology that allowed 

to collect and to analyse the environmental data necessary for the development of the final thesis. 

This strategy was structured as follows: 

 
• identification of the case study 

• indoor parameter monitoring 

• analysis of results 

• strategic interventions 

 
1.1    Identification of the case study 

 
Two kindergartens located in two different countries, both close to L'Aquila (Abruzzo, Italy), 

have been identified as case studies. (Fig.1 , Fig.2) 

L'Aquila, within the classification of climatic zones in the italian territory, is part of ZONE E, 

with a range of degrees day between 2101 and 3000; located at 714 m above sea level, has a 

daily average temperature of 11,9 C. Its location, between the Ocre and Velino mountains to the 

south and the Gran Sasso massif to the north, means that cold air tends to stagnate frequently 

causing a thermal inversion due to which temperatures often drop below zero during the night, 

and this happens more easily in the suburbs and in the countryside. The buildings, built in 2009, 

have the same construction characteristics and both are equipped with an underfloor radiant 

heating system. Both are developed on the ground floor and are equipped with classrooms, 

offices, laboratories, toilets, a canteen area with adjoining kitchen and a gym.  The buidilngs’ 

structure is entirely in wood, thermally and acoustically insulated, with optimal requirements 

of safety, static and functional, and a low environmental impact. The day inside the kindergarten 

is not marked by rigid lessons or hours and frequently the number of pupils present is 

considerably lower than the number actually enrolled.
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Fig.1 Scuola dell’infanzia “IV Novembre”, Ocre                        Fig.2 Scuola dell’infanzia “Beato Bernardino”, Fossa 

 

 

1.2    Indoor parameter monitoring 

 
Before taking the measurements, data relating to external climatic conditions were recorded in 

both cases, fundamental to the balancing of the instruments used and to the determination of 

any discordant phenomena within the classrooms. 

The indoor parameters within the classrooms (Co2, temperature and humidity ) were monitored 

by installing two fixed devices in order to monitor the indoor parameters for the next 10 weeks. 

The Wöhler CDL 210 is used for the continuous monitoring of CO2, temperature and humidity 

in  a  confined  environment.  The  device  is  equipped  with  an  internal  memory  for  the 

historicization of the sampled data. Through dedicated software it is possible to transfer and 

store the collected data easily on a PC. The specific sensor of the CO2 molecules allows safe 

and accurate analysis of carbon dioxide in indoor environments. 
 

 
 

1.3    Analysis of results 

 
The data collection campaign at the two institutes lasted a total of 10 weeks during which more 

than 50.000 measurements were stored. These values have been carefully analysed on the basis 

of the parameters, within the school time range between 08.30 and 17.30. In general terms, the 

average occupancy rate of classrooms over the 10-week period was 62%. 

The study shows that within the two kindergartens the concentration of CO2 remains below the 

recommended limit (700 ppm) only for 4 hours out of the total 9 hours of the entire school day, 

with an average of 45% compared to the interval considered. On the contrary, it exceeds the 

limit of 900 ppm for an interval equal to 33% of the time. In the remaining 22% the values of 

CO2 fluctuate between 700 and 900 ppm. This condition is further supported by the calculation 

of the median value of CO2 concentration which is equal to 862 ppm. 
The study of the temperature parameters allows to exclude, in the present case, a possible 
correlation between the same and the increase of carbon dioxide in the classroom. During the 
entire period of the data collection campaign this parameter is varied in an irregular way. The 
analysis of the temperatures reached shows that the measurements taken remain within the 
recommended range, between 20 and 22 ° C, for an interval equal to 55% of the time, with a 
median temperature equal to 21°.  Values drop below the 20°C threshold for a time frame of 
24%, while exceeding the limit of 22°C for the remaining 21% of the time. 

The observation of the values related to the moisture analysis finally highlights a mirror 

situation  within  the  two  kindergartens:  there  are  values  perfectly  contained  within  the
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recommended range (40% -60%) for an interval equal to 50% of the entire school day, humidity 

rarely exceeds the maximum recommended limit, but for at least 49% of the time there are 

values below 40%. 
 

 

Values collected during the data campaign in each of the two kindergartens 

 

 

 
Fig.3 Analysis of CO2 concentration, temperature and humidity, Scuola dell’infanzia “IV Novembre”, Ocre 

 
 

 
 

 
Fig.4 Analysis of CO2 concentration, temperature and humidity, Scuola dell’infanzia “Beato Bernardino”, Fossa 

 

 
 

1.4    Strategic interventions 

 
In the final phase of this investigation project, some proposals were launched for strategic 

interventions aimed at improving air quality in the classroom, monitoring the relevant 

parameters and analysing the results obtained. During the last eight weeks of work between 

January and March 2022, intervention strategies to increase the natural ventilation of the 

classroom and reduce the risk of infection were introduced into the daily practice of the two 

kindergartens. The solutions presented clearly depend on the study of the outcome of the data 

collection campaign, therefore closely related to the diagnosis made in relation to the two
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kindergartens studied, as well as the results obtained from their application. However, this does 

not hinder their application to different areas of education or work. 

 
The strategies adopted are as follows: 

• opening two windows at the beginning of each lesson time for about five minutes; 

• reduced opening ( a vasistas) of two windows during the whole school day; 

• implementation of an air purifier within the classroom (where possible); 

• introduction of a 1000 ppm limit overrun alarm system, following which windows had to be 

opened to reduce CO2 concentration. 

 
The period of application of the first measure appears to be two weeks. The analysis of the 

collected data shows that the parameters relating to the CO2 concentration continue to reach 

values indicative high and above 1000 ppm in most of the days considered. Nevertheless, the 

trend remains broadly contained in a range of 800 to 500 ppm. This information is reflected in 

the calculation of the median indices of 669 ppm. With the application of the first strategic 

intervention there is an overall improvement of 13% compared to the values of the CO2 

concentration, monitored during the data collection campaign within the two classrooms. The 

application of this strategy is therefore linked to the effort of the staff and represents a practical 

solution only within 20 minutes after the opening of the window. 
 

 
 
 

Fig.5 CO2 concentration comparison before and after application of the first strategy 

 

The second strategic solution proposed has provided, where possible, the constant opening of 

two potty windows during the entire duration of the school day. Also in this case the parameters 

were monitored for a total period of about two weeks. Although less than the first strategy 

adopted, the analysis of CO2 parameters continues to highlight the daily monitoring of high 

values within the two classrooms. Over a long period of time, values above 1000 ppm continue 

to be recorded, but by examining the median indices it is possible to observe that the 

concentration of CO2 remains on average between 600 and 700 ppm. With the application of 

the second strategic intervention there is an overall improvement of 18% compared to the values 

of the CO2 concentration, monitored during the data collection campaign within the two 

classrooms. In this case a fundamental limit is represented by the external climatic conditions 

that, if unfavorable, do not allow the opening of the windows and the consequent reduction of 

the CO2 values inside the classroom.
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Fig.6 CO2 concentration comparison before and after application of the second strategy 

 

The third strategy solution provided, in parallel with the maintenance of the windows open to 

vasistas, the implementation of an air purifier inside the classroom. It should be made clear that 

the use of this instrument reduces the risk of spreading aerosols and other pathogens, but does 

not improve indoor air quality. The application of this strategic intervention has led to optimal 

results within the investigation process. With an improvement of the parameters examined of 
21% it has been possible to see a clear reduction in the time span in which, inside the classrooms, 
values exceeding 900 ppm are reached: percentage that drops to a 15% of the range considered 
compared to 33% of the data collection campaign. Here too, however, there is an important 
limitation of application: the impossibility of decreasing the growth of the maximum values. 
Although drastically reducing the times of the day when the values exceed the recommended 
limit, there are still extremely high levels of CO2. 

 

 

 
Fig.7 CO2 concentration comparison before and after application of the third strategy 

 

 

During the last proposed strategic intervention, an audible alarm system was activated in the 

Wohler device, exceeding the preset limit of 1000 ppm; as a result of the signal being emitted, 

users were therefore required to ventilate the classroom more adequately by opening the 

windows. Observation of the weekly data shows a marked improvement in the maximum levels 

of CO2, which in fact, in no case exceed 1000 ppm. Nevertheless, it is possible to note that the 

average of the monitored values is higher than those analysed previously, falling in a range 

between 700 and 900 ppm. In this case the percentage of improvement compared to the 

parameters monitored during the data collection campaign is equal to 22%, but the significant 

limit of the proposed strategy is that its effectiveness is immediate but not prolonged in time. It 

is clear that the intervention allows to keep the levels below the preset limit but it is only a tool
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to support the achievement of better air quality. In fact, it emerges the need to implement this 

strategy with an effective ventilation system. 
 

 
 

 
Fig.8 CO2 concentration comparison before and after application of the fourth strategy 

 

 
 

2     CONCLUSIONS 

 
The results obtained in the final phase of the project program, related to the introduction of 

intervention strategies, have revealed the real extent of the problem related to the theme of air 

quality and proper ventilation. Each of the interventions adopted, commonly considered of 

extreme support for the purpose of the cause, has presented important limits of application. 

The constant opening of the windows to vasistas does not allow to introduce inside the 

classroom the airflow functional to the precise condition recorded in the enclosure; the use of 

the purifier, albeit extremely useful in reducing the risk of infection from Covid-19, does not 

guarantee the reduction of the concentration of CO2. The use of the alarm sound that allows 

you to keep within a certain threshold levels reached within the class, requires the 

implementation of additional ventilation strategies that allow to maintain over time that 

certain standard of quality. 

 
The proposed program highlights that the optimal values of CO2 concentration within the 

classrooms of a kindergarten are not complied with for almost all time; and through the 

application of the proposed strategic solutions, clearly establishes the insufficiency of only 

natural ventilation as a remedy for the improvement of air quality. To endorse this thesis, 

beyond the analysis conducted, there is the  finding that natural ventilation alone cannot 

guarantee constant air exchange and that it can also promote, through the circulation of indoor 

air, the transport of viral loads to locations distant from those occupied by infected persons. 

Thinking that aerating the environment by natural ventilation can be a valid tool aimed at 

reducing indoor air pollution and reducing the risk of infection from SARS Cov 2 turns out to 

be a pure utopian dream: if so, the windows should be opened much more frequently and for a 

sufficiently long duration. This strategy, as we have seen from the analyses carried out, has, 

however, obvious practical limitations, including, more importantly, the close relationship with 

the external environment, which could possibly be characterised by polluted atmosphere, noise 

or extremely low temperatures. In case of particularly rigid climates such as that of L'Aquila, 

in fact, the opening of the windows is reduced to a small amount of time compared to the entire 

duration of school hours, causing not only the loss of accumulated heat but also a sudden 

lowering of temperatures and the consequent increase of the thermal discomfort inside the 

classroom.
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1 CONTEXT AND OBJECTIVES 

A smart ventilation system is able to continually adjust itself to provide the desired indoor air 

quality (IAQ) while minimizing energy use, utility bills, thermal discomfort and noise. A 

smart ventilation system is also responsive to e.g. occupancy, outdoor conditions, direct 

sensing of contaminants and can provide information about e.g. IAQ, energy use and the need 

for maintenance or repair. Technically, all components for such systems are available in the 

market.  

 

Current practice in the design of ventilation systems, however, is driven by minimum 

requirements for IAQ, minimum energy use and/or investment costs. For midsized buildings, 

where the system complexity exceeds the typical ‘all-in-one-box’ solutions that are available 

for single-family dwellings, the design of ventilation systems is very conservative and 

inefficient. No method exists today to select the most optimal system and room layout in a 

specific building based on a coherent set of indicators for design optimisation (i.e. indoor 

environmental quality (IEQ), energy use, life cycle costs, comfort, maintenance, resilience).  

 

To meet this need, we want to determine a performance based method that approaches the 

design of a smart ventilation system as a whole, that is driven by optimisation and assesses 

the performance of the system during its whole life-cycle. Focus is on new and renovated 

midsized buildings with a design minimum airflow rate of more than 1000 m³/h such as 

apartment blocks, schools, elderly care homes and office buildings. 
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The specific scientific objectives are: 

• define specific performance indicators for indirect performance metrics such as 

acoustics, resilience, functionality, user satisfaction and specific conditions such as 

partially heated buildings, bedrooms, care flats 

• aggregate all performance parameters (energy use, IEQ, comfort, health and all other 

metrics listed above) into one general indicator for ventilation performance  

• automate and optimise aerolic layout and integrated design of the air distribution 

systems based on the new performance indicator 

• improve and optimise positioning of connections of the ventilation system to the 

outdoor environment and to the rooms of the buildings   

 

2 ORGANIZATION AND WORK PLAN 

The workplan consists of two work packages: WP2 performance assessment and WP3: 

optimisation of system design including a set of 6 tracks each addressing the aims as shown 

on Figure 1 and 2 respectively.  

 

 

Figure 1: research tracks in WP2: performance assessment 

 

 

Figure 2: research tracks in WP3: Optimisation of system design 
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SUMMARY 
 

In the frame of the project Flux50 smart ventilation, researchers and industrials aim at qualifying ventilation in 

mid-sized buildings through multidisciplinary consideration of sleep quality, user satisfaction, acoustic comfort, 

installation, maintenance, resilience and indoor air quality. As those factors may impact at different levels it is 

important to select a common metric for evaluation. Assessment of financial costs induced by the various 

categories will be used in that purpose. The major complexity of this task relies on identification and objective 

evaluation of each separate cost at building or individual scale. Identified impacts are divided into two categories, 

hard costs and soft costs. The first one include material, maintenance, operation and installation costs while the 

second gathers medical costs, productivity lost, learning disturbance and willingness to pay. Authors explain, for 

each concerned category, a generalization of medical cost calculated by Disability Adjusted Life Years (DALY) 

approach; and productivity lost function. Costs related to user satisfaction are assessed by a correlation between 

thermal comfort, energy consumption and productivity. This work is an early stage towards the next step of the 

project, which is a global optimization of ventilation according to all mentioned aspects. In this purpose, a case 

study is currently being investigated via a combination of multiple numerical environments of a floor of Antwerpen 

university. 
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INDOOR ENVIRONMENT QUALITY AND ITS RELATED COSTS 

 

 

1 ENERGY CONSUMPTION 

costs related to energy consumption are quite simple to obtain. To establish a cost, 

multiplying energy need for each category (heating, cooling, ventilation…) per KWh cost of 

the corresponding energy is sufficient. 

������ �	�
����	� �	
� = � �����,�
�

�
 � �����,� 

(1) 

Where �����,� is the energy need for energy type i (KWh) and �����,� is the cost of the 

corresponding energy (€/KWh). 
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2 USER SATISFACTION AND HYGROTHERMAL INDUCED COST 

Due to thermal discomfort, working productivity may decrease significantly. Therefore a 

productivity loss is applied as described in equation (2). 

 

����	�ℎ����� �	� 	�� �	
� =  !"���� !!# (2) 

 

 

Figure 1 productivity lost as a function of thermal sensation vote. (Lan ,et. al, 2006) 

 

3 INDOOR AIR QUALITY 

 

3.1 Health  cost with Disability Adjusted Life Years Lost 

The DALY approach allows to quantify Disability Adjusted Life Years lost due to exposure to 

a chemical substance as explained in Logue et al. (2012). The cost of a DALY depends on 

which pollutant is responsible for losing it. Indeed, if the life year and productivity cost are 

independent. As the diseases induced by exposure to a chemical substance, varies from one 

pollutant to another, health cost will vary as well. The cost for a DALY is detailed in equation 

(3).  

 

#��� �	
�� = �� � ���� �	
� $ !���� $ ℎ����ℎ �	
�� (3) 

All detailed cost per pollutant are referenced in table 

Table 1 : Health cost induced by individual pollutant (€) 

Benzene Trichloroethylene Radon PMs CO 

46 000 70 971 25 526 10 402 1 085 

 

One life year cost was estimated around 115 000€ by and !���� is roughly estimated by 145 000 

€  (Pornade, 2014), but can be recalculated for each building, based on the average productivity 

of the concerned company. This methodology is detailed in work of  Cony and Laverge (2022).  

 

 

3.2 Sick Building Syndrome (SBS) cost calculation 

 

An original part of this work is a proposal of SBS cost calculation as described in equation  

 

%&%���� = !���� ' !"���(52.93% $ 2.832501!0 $ 0.83250#03 ' 2
5 

(4) 
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4 ACOUSTIC  

Noise disturbance has two main impacts, over productivity and health. A strong noise 

disturbance may result to a loss of productivity for people annoyed. Figure presents 

percentage of people highly annoyed by noise depending on the acoustical level (dB). This 

percentage is then multiplied by a productivity decrease and a productivity as described in 

equation . After a long term exposure to a noise, some health issues may occur. To quantify 

the cost that it represents, we are calculating equivalent DALYs associated to noise ( Xiao et. 

al, 2016). 

 

4	�
�5��� = #�������� ' #��� �	
� $ !�	6����7��� �	

 (5) 

 

 

Figure 2 highly annoyed people by  various noises as a function of dBs. (Grobarth et. Al, 2019). 

 

5 SLEEP QUALITY 

 

Sleep quality is influenced by many factors. Therefore, sleep quality is hard to quantify, only 

from environmental parameters. Improving sleep quality from ventilation related parameters 

is complex, but the detection of bad environments is possible even with a sometimes 

diverging literature. As a main hypothesis to propose a formula, we consider that probability 

of sleep disturbance is 1 if all parameters are gathered to influence sleep quality in a negative 

way. 

 

%��� 8������ =  � 9�:�
�

�

;
 

(6) 

 

 

If  Sq ≤ 0 good 

If  0 < Sq ≤ 1  probably bad 

If  Sq ≥ 1  bad for sure 
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Table 2: sleep quality influencing factors (inspired by Chenxi Liao’s PhD, 2021) 

Column Title Good (-1) Neutral (0) Probably bad 

(1) 

Bad (2n-1) Coefficient 

T (°C) X 17-28 <17 or >28 X 0.0447 

H° (%) X 40-60 <40 or >60 X 0.0447 

CO2 (ppm) X 750-1150 1150-2600 >2600 0.0351 

Noise (dB) X X >35  X 0.0319 

 

In order to obtain a final economical assessment related to sleep quality, researchers are 

currently investigating DALYs lost due to sleep quality issues as well as their associated 

costs. 
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SUMMARY 

Current HVAC control systems assume occupant-related information, i.e., preferences, occupancy and behaviour. 

Furthermore, occupants often have limited control over the indoor environment in non-residential buildings. As a 

result, occupants are often dissatisfied with the indoor environmental quality (IEQ). This study works towards 

defining a novel occupant-centric control (OCC) framework which integrates occupants’ feedback regarding their 
satisfaction with the IEQ. This study collected both occupant satisfaction assessments via surveys and IEQ 

measurement data in various case studies. The collected data is used to (1) determine the statistical relationships 

between occupant satisfaction and IEQ and (2) develop personalized models to predict occupants’ satisfaction with 

IEQ. Afterwards, the developed personalized models will be integrated in an occupant-centric controller. A 

suitable consensus strategy, seeking the most optimal conditions in case of conflicting occupant preferences, is 

determined to make the OCC system applicable in multi-occupancy spaces, such as, classrooms and open-plan 

offices.  

  

KEYWORDS 

Occupant-centric control, Occupant satisfaction, Indoor Environmental Quality, All-air HVAC systems  

 

1 INTRODUCTION  

Occupants in non-residential buildings usually have limited possibilities to adapt the indoor 

environmental conditions to their preferences. Furthermore, current control systems often 

consist of conservative and fixed schedules and setpoints,  based on simplified assumptions 

regarding the occupants that hardly correspond with the actual situation (O’Brien et al., 2020). 

The lack of occupant-related knowledge in current control systems and limited control 

possibilities for occupants leads to low occupant satisfaction levels with the IEQ in current non-

residential buildings (Cheung et al., 2021). 

A possible solution to increase occupant satisfaction levels is to move towards an occupant-

centric control loop for HVAC systems which adapts setpoints and schedules to the preferred 

IEQ conditions of the occupants. The work package in this project aims to increase insights in 

the relationships between IEQ conditions and occupants’ satisfaction and to define an occupant-

centric controller (OCC) which integrates occupants’ feedback on their satisfaction with IEQ.  

 

2 DATA COLLECTION AND STATISTICAL ANALYSIS 

Data collection campaigns have been set-up consisting of both IEQ monitoring (e.g., 

temperature, relative humidity, CO2, sound level,…) and regular satisfaction assessments (i.e., 

5 star rating scale) via surveys (Carton et al., 2021, 2022). Up till now, approximately 6800 

satisfaction assessments have been collected in different classrooms located in primary schools, 

a secondary school and a university. The mixed-effects regression analysis of a sub-dataset 

(n=834) containing measurements of 3 classrooms of a secondary school, showed that the 

indoor temperature is the main influencing IEQ parameter of occupant satisfaction. 

Furthermore, some non-IEQ related parameters, such as location of the participant in the 

classroom and moment of satisfaction assessment (at beginning or end of course), showed a 

statistically significant relationship with the satisfaction scores given by the participants.  

224 | P a g e

mailto:quinten.carton@kuleuven.be


Further steps consist of (1) data collection and statistical analysis in open-plan offices, and (2) 

using the collected data to construct personalized models that predict occupants’ satisfaction 
with IEQ. 

 

3 INTITIAL SCHEME OF THE OCCUPANT-CENTRIC CONTROLLER 

The aim of this study is to define an OCC that (1) integrates occupants’ feedback regarding IEQ 
satisfaction, (2) is applicable in multi-occupancy spaces and (3) controls an all-air HVAC 

system. Figure 1 shows the initial scheme of the proposed OCC in which all three control 

requirements are included.  

The OCC controls the supply air temperature (Tsup) and air flow rate (mair) for an all-air HVAC-

system by determining the preferred IEQ conditions of a group of occupants sharing the same 

space. The preferred IEQ conditions are defined using feedback from the occupants on the 

received IEQ. Occupant feedback can be integrated immediately into the control (e.g., 

complaints result in direct change of the setpoints) or can be stored with historical feedback 

data. The database with historical data will be used as a source to construct predictive models 

on group-level (e.g. class group or colleagues sharing the same classroom or office) or personal 

level. Personalized models will be combined with a consensus strategy, balancing conflicting 

occupant preferences, to determine the most suitable IEQ condition for a group of occupants. 
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ABSTRACT  
 

Urban settings change the microclimate around buildings and resulting thermal comfort inside.  This paper presents 

a method to consider microclimatic conditions, especially the effect of wind variations around the building, which 

impacts natural ventilation rates and indoor operative temperatures. Air and surface temperature and wind speeds 

were studied using ENVImet for two areas located in Cadiz (Spain) and London (United Kingdom), representing 

temperate and hot European climates and moderate and dense urban settings.  The outputs of these microclimate 

simulations provided the spatial and temporal distribution of wind speed and directions at the building facades of 

two multi-family residential buildings located in the middle of the simulated areas (one in London and one in 

Cadiz) and the surface temperatures of surrounding buildings. These were used as boundary conditions to the 

EnergyPlus models of the two buildings to investigate their impact on achievable natural ventilation rates and the 

indoor thermal environment. Data for the case-studies were available through the ReCO2ST project. The ENVImet 

hourly wind speed values were used as input to the Air Flow Network models of EnergyPlus for the calculation of 

the wind pressure and the ventilation rates of the two buildings. The hourly surface temperatures calculated by 

ENVImet were assigned to the shading surface in front of the main façade of the case-study building located in 

Cadiz, to investigate its impact on thermal radiation emission and indoor operative temperatures. This was done 

by using the “Surrounding surface” objects of EnergyPlus V9.3.0. It was found that ventilation rates are reduced 

(in comparison to meteorological weather files) and this reduction impacts negatively on internal operative 

temperatures. The surface temperature of the facing building has a further negative impact during daytime, 

increasing the maximum indoor operative temperature.  A thermal comfort analysis was carried out indicating that 

the selection of a suitable weather file and microclimatic conditions is essential for more accurate predictions of 

internal thermal comfort and will assist in the sizing of passive and active systems to avoid overheating.  

 

KEYWORDS 
 

Microclimate, urban, weather files, ventilation, thermal comfort  

  

1 INTRODUCTION 

 

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, 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 modifies 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 
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can more realistically predict future performance – avoiding what has been termed 

‘performance gap’, between measured performance and predicted performance.  

 

The impact of the overlapping effect of global warming and urban microclimate on building 

thermal performance is therefore important for our understanding on how building will perform 

now and in the future. Methodologies for generation of future weather files for building 

simulation exist following IPCC scenarios (Herrera et al. 2017; IPCC 2000, 2014). 

Methodologies which include both future weather and urban microclimate are less developed. 

Extensive research has been carried out on urban climate models and coupling methodologies 

to include urban microclimate in dynamic thermal simulation (DTS) (Afshari 2017; Jain et al. 

2020; Lauzet et al. 2019; Mao et al. 2017; Tsoka et al. 2018; Yang et al. 2012). However, very 

few attempts have been reported to generate future weather data that also include urban effects, 

to investigate the thermal performance and overheating risk of buildings under future urban 

climate conditions (CIBSE 2014; Kolokotroni et al. 2012; Mauree et al. 2018). To fill this gap, 

we proposed a methodology based on the use of urban climate models (UWG), empirical wind 

models (URBVENT) 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.  

 

2 GENERATING FUTURE URBAN MICROCLIMATE CONDITIONS 

 

The methodology adopted in this study to generate future urban microclimate conditions to 

perform DTS is reported in Figure 1.  

 

 

Figure 1 Method to generate future urban microclimate conditions to perform dynamic thermal simulations 

METENORM was used to generate future weather files based on the IPCC emission scenarios. 

The future weather files were used as input to the UWG (Bueno et al, 2013) and URBVENT 

(Ghiaus and Roulet, 2004) models to generate future-urban weather files, capturing the local 

modifications of air temperature and wind speed  determined by an urban area at the local scale 

(Salvati et al. 2019, 2020). These simplified models do not account for the impact of the actual 

three-dimensional geometry of the building and its surrounding obstacles on the air flow around 

the building. However, important microclimate phenomena are also driven by the shape and 

arrangement of the buildings and other urban elements and their interaction with wind flow and 

solar radiation. These micro-scale phenomena have significant impact on the outdoor thermal 

comfort but also on the building energy performance in urban context (Futcher, Kershaw, and 

Mills 2013; Futcher, Mills, and Emmanuel 2018; Nazarian et al. 2019; Nazarian and Kleissl 

2015; Salvati and Kolokotroni 2019, 2020).  

 

The novel contribution of this paper consists in using the future-urban weather file as input to 

ENVImet simulations, to investigate the impact of the buildings’ shape and urban context on 
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the air flow and surface temperatures and if these microclimate modifications have negative 

impacts on the indoor environment.  

 

ENVImet is a microclimate simulator for urban areas with high spatial and temporal resolution. 

The model has been further developed in the last years (Huttner and Bruse 2009). The last 

release V4.4.4 allows to run simulations in “full forcing” mode, namely using local hourly 

values of air temperature, relative humidity, wind speed and direction as input inflow boundary 

conditions to the three-dimensional CFD atmospheric model, increasing significantly the model 

accuracy (Salvati and Kolokotroni 2019). 

 

The ENVImet simulations were performed for two case-studies, using as input the air 

temperature, relative humidity, wind speed and direction of the hottest week of the future 

weather files generated by METENORM and the urban wind speed attenuation based on the 

URBVENT models. The two buildings are located in London (UK) and Cadiz (South Spain) 

and were selected as case-studies because data were available through the ReCO2ST project 

(ReCO2ST, 2022). The ENVImet models for Cadiz and London are reported in Figure 2.  

 

 

Figure 2: Aerial view of the London and Cadiz buildings and urban context and corresponding ENVImet models 

The outputs of the microclimate simulations provided the spatial and temporal distribution of 

wind speed and directions at the building facades and the surface temperatures of surrounding 

buildings. These were used as boundary conditions to the EnergyPlus models of the two 

buildings, to investigate their impact on the indoor thermal environment. The ENVImet 

simulations were run for 108 hours so as to have hourly outputs for 4 days, discarding the first 

12 hours buffer time.  

 

3 LINKAGE BETWEEN ENVIMET OUTPUTS AND ENERGYPLUS  

The outputs of the ENVImet microclimate simulations were used as input values to the Air 

Flow Network (AFN) models in EnergyPlus for the calculation of the wind pressure and the 

ventilation rates of the two buildings. This entailed a different approach compared to the 

standard approach using pressure coefficients.  

The EnergyPlus AFN model calculation of the wind pressure (��) at each opening is based on 

Bernoulli’s equation (1)  
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�� = ��	

��

�

�
< ∞                                    (1) 

Where �� are the wind pressure coefficients and ����
�  is the local wind speed at the building 

height calculated with the power law profile, considering the roughness of the weather station 

site and the building site and the height above ground level (U.S. Department of Energy 2019). 

In this study, the pressure coefficients values for each façade have been set based on the AIVC 

TN44  tables for low-rise buildings surrounded by obstructions equal to the height of the 

building (Orme, Liddament, and Wilson 1998). The main weakness of this procedure consists 

in the calculation of the local wind speed based on the power law profile, which is not valid 

within the urban canopy layer where the presence of large obstacles (buildings, trees) 

significantly modifies the airflow around buildings. The inaccuracy of the ventilation potential 

due to this approximation can be relevant, since the wind speed elevated to the second power 

is the major determinant of the wind pressure calculation.  

 

In this study, the standard approach using the undisturbed wind speed and the pressure 

coefficients is compared to another approach using the hourly values of wind speed and 

direction at each facade derived from ENVImet simulations. The “Outdoor:nodes” objects in 

EnergyPlus were used to set the hourly wind speed and direction values calculated by ENVImet 

as input values to the external nodes of the AFN model for the calculation of the wind pressure. 

Using this approach, the wind pressure at each AFN external node is calculated as follows: 

�� = ±	

���

�

�
                                             (2) 

 

Where ����
�  is the hourly wind speed in front of the building façade calculated by ENVImet 

and ± is the direction of the pressure determined by the relative angle of the wind stream on 

the facade, considering a positive pressure (inward acting) on the windward facades and a 

negative one (outward acting) on the leeward surfaces. 

In the case of Cadiz, additionally the impact of the surface temperature of the wall opposite to 

the studied building was investigated. The building in Cadiz is located in a narrow canyon, 

facing another building of similar height. Some studies highlighted that the actual temperature 

of surrounding urban elements may affect the thermal performance of urban buildings, by 

decreasing the heat losses though long-wave exchange with the environment (Jain et al. 2020; 

Palme and Salvati 2018; Salvati et al. 2020). For this reason, the impact of the actual 

temperature of the wall facing the studied building was also investigated. To do so, the hourly 

surface temperatures calculated by ENVImet have been assigned to the shading surface in front 

of the main façade of the Cadiz building. This was done by using the new “Surrounding surface” 

objects of EnergyPlus V9.3.0 and assigning the corresponding view factors to the external 

surfaces of the main façade of the building. A conceptual illustration of the link between the 

ENVImet outputs and the EnergyPlus models is reported in Figure 5 and Figure 10.  

 

4 MICROCLIMATE ANALYSIS: WIND SPEED AND DIRECTION AT THE DEMO 

BUILDING SITES 

The microclimate simulations confirmed the relevant role played by the 3D urban morphology 

on wind speed and direction around the studied buildings. The results for the dominant wind 

directions are reported in Figure 3 and Figure 4 for London and Cadiz, respectively. In the case 

of London, the wind speed at the building facades is affected by the surrounding buildings and 

trees and by the shape of the building itself.  In Cadiz, the wind flow in the main street is 

significantly reduced by the dense urban fabric and its orientation with respect to the dominant 

wind direction (South-West), despite the proximity to the sea. The simulations also showed that 

the wind speed in the courtyard is very low for any wind speed and direction. 
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Figure 3: ENVImet results of the airflow around the building in London for different dominant wind directions. 

The horizontal maps represent the wind speed distribution at 4.5m above ground level, corresponding to the 

height of the studied floor. Below each horizontal map, the vertical distribution of wind speed is reported 

 

Figure 4: ENVImet results of the airflow around the building in Cadiz for different dominant wind directions. 

The wind rose for Cadiz is reported in upper-right corner.  The horizontal maps represent the wind speed 

distribution at 4.5m above ground level, corresponding to the height of the studied floor. Below each horizontal 

map, the vertical distribution of wind speed around the building is reported. 
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5 IMPACT OF MICROCLIMATE CONDITIONS ON INDOOR THERMAL 

COMFORT  

The simulation results showed that the site-specific wind speed and surface temperatures have 

a clear impact on the indoor thermal operative temperatures and air change per hour of the two 

buildings.  The wind speed at the different openings of the Cadiz model as calculated by 

ENVImet and by EnergyPlus are compared in Figure 6. The same figure also shows a clear 

difference between the air temperature and the opposite wall temperature especially during 

daytime and also during nighttime in the hottest day. 

 

Figure 5: ENVImet outputs and use of outdoor nodes and Surrounding Surface objects in the Cadiz model 

 

Figure 6: Difference between the weather file and the ENVImet wind speed data at the height of the windows in 

the Cadiz model (left) and difference between the air temperature and the surface temperature of the wall opposite 

to the studied building (right). 

Figure 7 shows a comparison of the rooms’ air change per hour (ACH) as calculated using the 

standard approach and the weather file data or the ENVImet data. The second graph illustrates 

the impact of the modified ACHs on the room operative temperatures. The results confirm that 

the decrease wind speed in urban canyons has an impact on the natural ventilation potential of 

urban buildings, decreasing the ventilation rates. This is more or less evident depending on the 

room location and opening characteristics. The biggest reduction is found for the rooms having 

larger windows and for the rooms of the flats MSW and MSE, located in the middle of the main 

façade of the building.  

The reduced ventilation rates have an impact on the indoor operative temperatures, with an 

average increase of 0.2 – 0.8 ºC across all the rooms and a maximum increase of up to 2.8ºC 

due to reduced ventilation rates.  
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Figure 7: Top: Comparison of the room ACH calculated using the weather file and ENVImet wind data for the 

Cadiz building. Bottom: Average and maximum impact of reduced ACH on the room operative temperatures.  

 

Figure 8: Increase of the indoor operative temperatures due to the reduced wind speed (grey bars) and 

surrounding surface temperatures (yellow bars) for the Cadiz demo buildings  

A further increase in the indoor operative temperatures of the room facing on the main street is 

determined by the actual surface temperature of the opposite building, as shown in Figure 8. 

The hourly values of wind speed, outdoor temperature and indoor operative temperature have 

been reported in detail for one of the rooms of the building in Error! Reference source not 

found..  
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Figure 9: Hourly values of wind speed, outdoor temperature and indoor operative temperature under the different 

boundary conditions for the Bedroom 1 of the flat MSW in the Cadiz demo building. 

These graphs show that the increase of the indoor operative temperature due to the attenuation 

of wind speed in the urban fabric is more evident on the days with stronger winds (23rd and 24th 

of July) and it has an impact on both the daytime and the nigh time indoor temperature. Instead, 

the surface temperature of the facing building has an impact during daytime, increasing the 

maximum indoor operative temperature.  

 

The modification of wind speed and direction due to the shape of the building and the 

surrounding obstacles has an impact on the ventilation rates and indoor operative temperatures 

of the demo building in London. Figure 11 shows that the wind speed at the building facades is 

much lower than the estimation done by EnergyPlus using the power law profile.  

 

 

Figure 10: ENVImet outputs and use of outdoor nodes in the London demo building EnergyPlus model 

 

 

Figure 11: Difference between the weather file and the ENVImet wind speed data at the height of the windows in 

the London demo building.   

The reduced wind speed has a clear impact on the ventilation rates of the bedrooms, in particular 

those on the East facade (R21, R22, R23 and R24), as shown in Figure 12. Using the ENVImet 

wind data instead of the weather file data, the ACH of these rooms is reduced by about 35%, 

from an average of 3.1 to an average of 2 ACH. The other rooms are much less affected by 

reduced wind speed. In some cases, the ventilation rates increase using the ENVImet data 

instead of the pressure coefficients and weather files data. This happens for the bedroom R25, 

which is located on the corner, it is probably due to the beneficial effect of a different wind 

speed and wind pressure on its window compared to the other windows on the same façade, 
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contributing to create a pressure difference with the other spaces. The reduced ventilation rates 

of the east-façade rooms also have a significant impact on the indoor operative temperatures of 

the rooms, which increase of 1.0-1.1 ºC on average (Figure 12). The maximum increase of the 

operative temperature due to the reduced ventilation reaches up to 3.7 ºC.  

 

 

 

Figure 12: Top: Comparison of the rooms ACH calculated using the weather file and the ENVImet wind data for 

the London demo building. Bottom: Average and maximum impact of reduced ACH on the room operative 

temperatures 

 

6 CONCLUSIONS 

A method was developed to consider microclimatic conditions, especially the effect of wind 

variations around the building in urban context, which impacts natural ventilation rates. Air and 

surface temperature and wind speeds were simulated using ENVImet and the resulting 

microclimatic conditions were used as inputs to EneryPlus simulations by setting hourly values 

of wind speed and surface temperatures to the AFN model outdoor nodes and the “surrounding 

surface” objects of EnergyPlus. It was found that ventilation rates are significantly reduced in 

comparison to a standard approach using the meteorological weather files data and this 

reduction impacts negatively on internal operative temperatures in summer.  A thermal comfort 

analysis was carried out indicating that the selection of a suitable weather file and microclimatic 

conditions is essential for more accurate predictions of internal thermal comfort and will assist 

in the sizing of passive and active systems to avoid overheating.  
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ABSTRACT 

 
The use of the word “resilience” has increased significantly since 2010, however, there is a lack of understanding 
around 1) how thermal resilience is defined (where some definitions were offered only recently) and 2) what 
distinguishes it from typical overheating assessments. In addition to this, there is a lack of uptake in the remote 
monitoring industry (which uses low-cost solutions) when it comes to typical parameters used in thermal comfort 
studies and there is need to demonstrate how resilience performance can be reported going forward. To address or 
go towards addressing these gaps in the literature several case study buildings with low-cost measurement 
solutions are assessed according to both standardised approaches to overheating and regarding emerging resilience 
metrics in the literature. The aim of the study is to address what differences exist between standardised 
performance and resilience performance over time for buildings located in temperate climates which represent the 
best case for passive solutions. In this paper, hourly data from two A-rated residential buildings is analysed over 
several years with respect to outside conditions. The data logging systems are representative of typical “off-the- 
shelf” monitoring solutions on the market for residential applications in Ireland. A combination of standardised 
overheating metrics and emerging ambient warming resilience metrics are used to determine the thermal resilience 
of these buildings in present day conditions. The data logging solution tested in theory provided sufficient data, 
however, the use of residential Wi-Fi networks resulted in many dropouts which was found to be unfavourable. 
Current results indicate overheating incidences in both buildings but in different building zones. Despite these 
zones overheating, the use of ambient warming resilience metrics indicated that the buildings were able to supress 
outdoor stress passively (aIOD < 1). The use of ambient warming resilience metrics was therefore found to aid in 
diagnosing the current suppressibility of the buildings passive systems. In addition to this, more work is needed in 
comparing low-cost solutions and research grade equipment to determine their suitability going forward. More 
work is needed in further exploring and refining additional field measurement-based resilience assessment 
methods and considering other variables and factors outside of ambient warming. 
 

KEYWORDS 
Thermal resilience, data-driven, overheating, passive cooling, assessment, ambient warming 
 
  
1 INTRODUCTION 

 
The vast majority of people in Ireland (85%) are concerned about climate change, with 37% 
describing themselves as "extremely concerned.", 47% believe that climate change is affecting 
them "right now," and 22% believe that it will begin to affect them within the next decade 
(Deignan et al. 2022). The truth is that climate change is already having a significant impact on 
businesses and various economic sectors, such as the building sector, and the magnitude of this 
impact will increase in the coming decades (IPCC 2021). Despite the fact that the impact of 
global warming is unknown and is contingent on future actions, the World Meteorological 
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Organization (WMO) and the United Nations Environment Programme (UNEP) have already 
predicted a warming of +4°C in Europe by 2100 (IPCC 2013). Many European countries have 
developed their building policies in recent years to include net zero energy buildings (NZEBs) 
as passive buildings and it is necessary to control potential indoor overheating in a future 
warming scenario (BPIE 2015). A recent review of existing thermal comfort (TC) indices and 
overheating (OH) metrics concluded that a new TC index for OH risk prevention is necessary 
(Carlucci and Pagliano 2012). According to McLeod et al., (2013), there are numerous well-
insulated buildings whose occupants report experiencing high temperatures. Passivhaus (PH) 
is one of the most well-known design standards in Europe, having been implemented in 
thousands of buildings since 1991. According to a study conducted on a multifamily PH in the 
United Kingdom, 72% of monitored flats failed to meet design criteria, indicating that user 
behaviour plays the most significant role in increasing or decreasing the risk of OH (Sameni et 
al. 2015). There are numerous examples of OH prevention throughout Europe; some findings 
indicate that user strategies, such as ventilation and shading are critical for maintaining an 
acceptable level of indoor thermal comfort during hot periods (Mlakar and Štrancar 2011). In 
Irish context, there are a number of studies which indicate overheating in Irish dwellings built 
to both PH standards as well as in A-rated or high-performance dwellings (Colclough et al. 
2018; Finegan, Kelly, and O’ Sullivan 2020; Saini et al. 2020; Washan 2019). These studies 
indicate that overheating can be an issue in highly insulated dwellings with some reporting 41% 
of summer hours greater than 25°C in a living space (Saini et al. 2020). Others have also shown 
that tools used in the design of these can be inaccurate as they account for the whole building 
as opposed at the zone level (Finegan et al. 2020). Many have highlighted the need to update 
existing tools including upgrading the Dwelling Energy Assessment Procedure (DEAP) to 
account for OH or requiring a comprehensive “hour” analysis of OH at design stages (Washan 
2019). Outside of these examples there are concerns that OH will get worse over time due to 
climate change. These concerns have led researchers to evaluate how resilient buildings are in 
current and future conditions (Hamdy et al. 2017; Sengupta et al. 2020).  The overall aim of 
this study is to determine what differences exist between conclusions drawn from standardised 
overheating assessments compared and conclusions drawn using metrics used for typical 
assessments of building thermal resilience due to ambient warming. The secondary aims of the 
study are: 1) to determine the feasibility of completing such assessments using “off-the-shelf” 
sensors and low-effort approach and 2) what is required to improve data-driven thermal 
resilience assessments for these buildings in the future. 
 
 
2 MATERIALS AND METHODS 

 
2.1 Evaluation Metrics  

There are numerous metrics and indices used in the assessment of indoor overheating (OH) 
likelihood in the context of buildings in general. These have been well documented by 
numerous authors (Colclough et al. 2018; Psomas et al. 2018), a summary of such metrics that 
are typically used for the purposes of OH evaluations are presented in  
Table 1. Metrics that consider the thermal resilience of buildings are emerging and the most 
comprehensive of these regarding thermal resilience is the work of (Sun, Specian, and Hong 
2020) who presented a review of resilience metrics to evaluate the thermal resilience of 
buildings. In this work, two types of metrics are proposed: 1) simplified biometeorological 
indices and 2) complex indices. The simplified biometeorological indices are based on air 
temperature or a combination of air temperature and humidity. On the other hand, heat-budget 
models include the critical meteorological and physiological parameters needed to describe the 
physiological heat load: air temperature, water vapour pressure, wind velocity, and short and 
long-wave radiant fluxes. 
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Table 1: Typical criteria that are relevant to overheating evaluations in residential buildings. 

Standard/Publication Criteria Reference 

Passive House Standard Ta
* > 25°C for 10% of the time 

(Colclough et al. 2018; Passive 
Haus Institut 2019) 

CIBSE TM36 
To > 28°C for 1% of occupied hours (Colclough et al. 2018) 
To > 25°C for 5% of occupied hours (Colclough et al. 2018) 

CIBSE TM59 

Naturally ventilated 

1) Number of hours where ΔT ≥ 1 should not 
exceed 3% of occupied hours (May to Sept.) 

(CIBSE 2017) 

2) Operative should not exceed 26°C for more 
than 1% of annual hours (between 10pm and 7am) 

(CIBSE 2017) 

Mechanically ventilated 

Operative should not exceed 26°C for 3% of the 
annual occupied hours 

(CIBSE 2017) 

Ta = air temperature, To = operative temperature, *For NZEB or low energy buildings To and Ta are assumed to be equal 

 
 
An example of a simple biometeorological index that has been used in the context of buildings 
is the Heat Index (HI) shown in Equation (1) as indicated by (Board of Trustees of the 
University of Illinois, Laboratory, and Regents of the University of California 2022). 
 
 

Heat Index (HI) =  (−8.78469475556)  + (1.61139411�)  + (2.33854883889�)  +
 (− 0.14611605��)  + (− 0.012308094��)  +  (− 0.0164248277778��)  +

 (0.002211732���)  + (0.00072546���)  +  (− 0.000003582����) 
(1) 

 
Where the HI is described by multiple linear regression equation based on the air temperature 
� (in °C) and the relative humidity � (in %). Table 2 indicates the typical ranges of HI that are 
considered and what negative health consequences are likely for different ranges of HI.   
 

Table 2: Definition of four levels of Heat Index (taken from (Illinois and California 2021)). 

Heat Index in 

Celsius 
Heat Index Level 

Colour 

code 
Less than 26.7 °C Safe: no risk of heat hazard  

26.7 °C - 32.2 °C 
Caution: fatigue is possible with prolonged exposure and activity. Continuing 

activity could result in heat cramps. 
 

32.2 °C - 39.4 °C 
Extreme caution: heat cramps and heat exhaustion are possible. Continuing activity 

could result in heat stroke. 
 

39.4 °C - 51.7 °C 
Danger: heat cramps and heat exhaustion are likely; heat stroke is probable with 

continued activity. 
 

over 51.7 °C Extreme danger: heat stroke is imminent.  

 
In addition to these metrics some authors have considered the sensitivity of buildings to 
overheating incidences or climate warming, as well as consideration for the change in outside 
conditions (Hamdy et al. 2017; Rahif et al. 2021).  
 

IOD   = ∑ ∑ �����,�,�,����� !,�,�"#∗%�,�&
'���(�)
�()

*�()
∑ ∑ %�,�

'���
�()

*
�(�

 (2) 

 
The IOD (in °C) is the summation of positive values of the difference between zonal indoor 
operative temperature �+,,-,.,+ and the zonal thermal comfort limit �/-01,.,+ averaged over the 
sum of the total number of zonal occupied hours 2-// (3), where 4 is the time step (in this case 
one hour), 5 is occupied hour counter, 3 is building zone counter, and 6 is total building zones 
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(Hamdy et al. 2017). The AWD (in °C) metric (shown in Equation (3)) is used to quantify the 
severity of outdoor thermal conditions by averaging the Cooling Degree hours (CDh) calculated 
for a base temperature (�7) of 18 °C, over the total number of building occupied hours, where 
�-8%,9,+ is the outdoor dry-bulb air temperature and 2 is the total number of building occupied 

hours, where only the positive values of ��-8%,9,+ − �7":
are taken into account in the summation. 

In addition to a base temperature of 18°C, a base temperature of 14°C was also considered as 
the buildings that were monitored were highly insulated (Rahif et al. 2021). It has been proposed 
that the IOD and AWD be combined to reflect the sensitivity of buildings to overheating using 
an overheating escalation factor (;<=>) see Equation (4). 
 

AWD = 
∑ ����?@,A,���B"#%�&'

�()
∑ %�'

�()
 (3) 

 
The overheating escalation factor metric has been used previously to estimate the sensitivity of 
dwellings to overheating (Hamdy et al. 2017). It represents the variation in the indoor 
temperatures when they exceed a chosen thermal comfort temperature limit in each time-period 
(IOD) because of the severity of outdoor warmness, represented in this case by the AWD.  

 

;<=> = 
<=>

CD> 

 

(4) 

If the relationship between IOD and AWD is suitably representable with a linear regression 
model, the ;<=> will be the slope coefficient of the regression line. An overheating escalation 
factor greater than the unit (;<=> > 1) means that indoor thermal conditions get worse when 
compared to outdoor thermal stress. On the contrary, an overheating escalation factor lower 
than the unit (;<=> < 1) means that a dwelling can suppress some of the outdoor thermal stress. 
 
 
2.2 Example buildings 

This study considers two residential buildings, both located in Ireland. One building is in the 
midland’s region of Ireland (referred to as Inland), the other is located on the southwest coast 
(referred to as Coastal). Both buildings are detached A-rated buildings according to Irish energy 
performance certificates and both have high performance envelopes (U-value of walls < 0.20 
W/m2K, roofs < 0.14 W/m2K, floors < 0.13 W/m2K, windows <1.50 W/m2K). The Inland case 
study was a retrofitted building, the coastal case study dwelling was a passive house certified 
dwelling and so air-tightness air change rates (measured at 50Pa) varied for each building 
(Inland = 3.81-1 @50Pa, Coastal = 0.60-1 @50Pa). Both buildings were equipped with 
mechanical ventilation heat recovery (MVHR) units which had summer bypass modes, 
triggered when the exhaust air temperature inside the duct was greater than 25°C. Both were 
equipped with air-source heat pumps for heating and used natural ventilation (NV) for cooling 
(O’Donovan and O’Sullivan 2021; O’Sullivan et al. 2021). Two zones were monitored in both 
buildings, one bedroom and living zone in each building respectively. The living room zone in 
Inland dwelling consisted of a living space coupled with a kitchen and had over 18m2 of external 
air-filled double glazing (SE = 6.2m2, NE = 7.5m2, SW = 4.4m2) where over 45% of all glazing 
area was openable using mostly side-hung windows and one large sliding door, with no external 
shading devices. The bedroom zone of the Inland case study had one 3.7m2 window that was 
northwest facing, there were also no external shading devices in this room, however, there were 
more substantial internal slated venetian blinds. No overheating indicators were used in the 
design of Inland dwelling. The coastal case study used Passive House Planning Package (PHPP) 
to factor in overheating and predicted 2.8% of internal temperatures greater than 25°C. The 
living room space is largely west facing and has over 14m2 of external triple glazing, where 
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approximately 4.4m2 of this glazing is openable with a sliding door on one side. There are some 
overhangs on the west façade which case a shading effect. The living room is connected to a 
kitchen space which has a stack ventilation system. The bedroom zone studied in the coastal 
dwelling had 9.1m2 of external triple glazing (S = 5.1m2, E = 4.0m2) where there is one openable 
window (0.7m2) on the east elevation, again similar overhangs were present for windows in the 
bedroom zone.  
 
2.3 Equipment locations, data specifications, and general approach 

Both case study buildings had Netatmo weather stations (Netatmo 2020) installed with 
measurements being taken in living spaces and bedrooms. Quoted accuracies for these 
instruments were: ±0.3°C for temperature, ±3% for relative humidity and ±50ppm for CO2 

(Netatmo 2020). Measurements were conducted over two years from February 2020 to mid- 
December 2021 in the Inland dwelling, and over four separate years from January to December 
in 2017, 2018, 2020, and 2021 in the Coastal dwelling. Two rooms were monitored in each 
building (one bedroom and one living room space). Both internal and external datasets from 
Netatmo systems were downloaded at 30-minute intervals and averaged hourly. This dataset 
was merged with data from the nearest meteorological station (Met Éireann 2021). The analysis 
was conducted using RStudio version 4.1.0. To calculate the heat index the “weathermetrics” 
library was used as was indicated by (Brooke Anderson, Bell, and Peng 2013). Considering the 
standardised metrics and emerging resilience metrics described the approach of this paper is to 
adopt a similar approach to (Hamdy et al. 2017), however, instead of simulating the relationship 
between internal and external warmth,  the data described above is used instead, which is 
historical data for varying external and internal conditions.  
 
 
3 RESULTS AND DISCUSSION 

 
3.1 Background climate  

The climate in Ireland has been seen to be particularly suitable to passively cool year-round in 
current and future conditions (Bravo Dias, Soares, and Carrilho da Graça 2020; O’ Donovan, 
Murphy, and O’Sullivan 2021).  
 

 
Figure 1: Ambient warmness degree (AWD) with respect to cooling degree hours for both locations from 2017 

to 2021. (Size indicates the cooling degree hours, colour indicates base temperature used) 
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Despite both locations being relatively mild and classified as the sample global climate, 
locations in the midlands region of Ireland are likely to experience higher temperatures that 
those near the coast, exceeding 25°C in the Inland location and no observed exceedance of 25°C 
in the coastal location. In 2018 and 2021, there were over 60 hours in the year where external 
maximum air temperatures exceeded 25°C in the Inland location (see Figure 1).  Figure 1 
indicates the climate warming based on other metrics from a resilience perspective. Based on 
previous definitions for Dutch residential buildings which highlight and AWD of greater than 
3°C as a risk (Hamdy et al. 2017), it is evident that warming in the Inland region is likely to be 
approach levels that could be risky. The same degree or severity of warming is not present in 
the coastal location which has had some years with zero CDHs. When the HI is used to 
determine the health risk there are very few periods of time since 2017 when conditions in the 
Inland region were likely to cause fatigue depending on activity levels. Based on these climactic 
indicators it is likely that the years considered (2018, 2020, 2021) should result in overheating 
incidences and may serve as good comparison years to demonstrate the severity of OH in the 
dwellings considered. 
 

3.2 Overheating and thermal resilience 

Table 3 presents a summary of the results for bedroom and living room zones in both case study 
buildings using typical comfort or OH metrics and indices used in reference to resilience 
studies. Regarding overheating, it is evident that the living room in the inland location overheats 
consistently in 2020 and 2021, and equally the performance of the bedroom in the coastal 
location is also undesirable. Both spaces fail the OH criteria for CIBSE and for reasonable 
levels of comfort for those with a high-level of expectation from EN 16798-1.  
 

Table 3: Performance of each zone with respect to different metrics during occupied time (all seasons were 
included occupied hours were considered between 6pm and 7am, bold indicates values that exceed categories 

described in Table 1, grey indicates calculations that were not applicable). 

Metric Units 

Inland Coastal 

2020 2021 2020 2021 2017 2018 2020 2021 2017 2018 2020 2021 

Bedroom Living Bedroom Living 

T25 % 0.0% 0.8% 7.6% 11.2% 1.9% 3.4% 4.6% 7.9% 0.0% 0.0% 0.0% 0.1% 

T26 % 0.0% 0.0% 2.7% 4.0% 0.4% 1.4% 2.0% 4.2% 0.0% 0.0% 0.0% 0.0% 

T28 % 0.0% 0.0% 0.0% 0.6% 0.0% 0.2% 0.3% 1.1% 0.0% 0.0% 0.0% 0.0% 

Cat I % 0.0% 0.0% 4.8% 4.5% 1.5% 2.5% 3.6% 5.9% 0.0% 0.0% 0.0% 0.0% 

AWD18 °C 1.5 2.0 1.5 2.9 1.7 1.3 0.7 1.6 1.7 1.3 0.7 1.6 

AWD14 °C 1.9 1.8 1.9 2.2 0.9 1.6 1.3 1.7 0.9 1.6 1.3 1.7 

IOD26 °C   0.5 1.1 0.7 1.0 1.1 1.4     

IODCat I °C   0.8 0.8 0.6 1.0 1.1 1.3  0.7   

 
 
The extent of this overheating also indicates increasing degrees of overheating year-on-year 
between 2017 to 2021.  However, both buildings also have zones in their buildings that do not 
overheat despite being exposed to the same degree of ambient warmness (or AWD). The degree 
of OH according to an adaptive relationship (shown in Figure 2) shows considerable 
overheating in these zones that would indicate that they have an unacceptable thermal 
environment according to these standards.  This figure indicates the variance in OH at zone 
level, despite both zones in each respective building being in exposed to the same degree of 
ambient warmness. This supports the observations of (Psomas et al. 2016) where it is clear that 
local overheating is more likely to be an issue in these types of buildings. Figure 2 also indicates 
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the need for OH assessment to include seasons that are non-typical to cooling seasons and 
existing standards (i.e. May to September). 
 

 
Figure 2: Scatterplot of exponentially weighted external mean with respect to the indoor operative temperature, 

using the adaptive model applied to both case study buildings during all measurement periods combined 
considering seasons outside of summer. (Black line indicates upper threshold for Category I of EN16798-1, 
colour indicates month of the year, while the data point clarity indicates values below the upper threshold or 

not). 

 
Figure 3: Heat maps for each room during 2020 (Colour indicates operative temperatures in excess of threshold 

indicated, compliant refers to operative temperature less than 25°C). 

 

 
Figure 4: Internal HI for bedroom and living spaces in both case study buildings during 2020 (Colour indicates 

the hazard level). 
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For the coastal dwelling OH incidences occur in many months that are outside of the peak of 
the summer, but also in winter months. Figure 3 indicates that there can be very high 
temperatures in both the bedroom of the coastal dwelling and the living room of the inland 
dwelling, which occurs predominately in the afternoon and evening. There are few incidences 
of OH from 10pm to 7am in the bedroom of the coastal dwelling. Figure 4 indicates the likely 
amount of heat stress in each zone (considering both temperature and humidity), which would 
be a non-typical metric used in OH assessments. Using the HI, we can see that there several 
periods during the daytime where caution (and smaller occurrences of extreme caution) is 
required when entering both bedroom and living spaces. This occurs despite external HI 
conditions being largely “safe” during 2020. The reporting of this index shows that more 
caution should be taken by occupants than might be expected given the outside conditions. In 
addition to this, is also evident that this is a zone level experience, and that there is a risk for 
occupants in one zone of each building and not in the other. Figure 5 indicates the likely 
resilience of these environments that have overheated in their respective years. In this figure, 
the IOD and AWD from this study is plotted against the work of (Hamdy et al. 2017). The two 
lines of best fit from Hamdy’s work indicate: 1) the relationship between IOD and AWD when 
the ventilation rate is maximised and an adaptive comfort threshold is used (in green), and 2) 
the same relationship when a minimum ventilation rate is applied and a static comfort threshold 
is used (in yellow).  
 

Figure 5: Scatterplot of AWD14 with respect to IODCATI for different zones in both case study buildings (Text 
indicates year, colour of smoothed lines of best fit and points represent zone type and reference values from 
(Hamdy et al. 2017) for a minimum ventilation scenario and a fixed threshold and a maximum ventilation 

scenario with an adaptive threshold). 

 
These represent the range of best and worst cases from previous work with reference to the 
work in this study. Overall, the overheating escalation factor shows despite high OH incidences 
in the bedroom of the coastal dwelling and the living room of the inland dwelling that their 
respective escalation factors are 0.78 and 0.02 respectively. Considering the relationship 
between IOD and AWD, what is clear is that in this incidence, (despite changes in AWD) the 
sensitivity of these structures to overheating over many years indicates that passive cooling can 
supress a good portion of the warmth of the external climate sufficiently (aIOD < 1).Considering 
these with reference to the work of (Hamdy et al. 2017) we can see that most IOD values are 
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closer to the suppression slope of less than 1 and closely follow the maximum ventilation and 
adaptive threshold scenario (indicated in green, with a slope of 0.19), however, the trend in the 
bedroom of the coastal dwelling indicates that more interventions may be needed in this zone. 
The lack of overheating in some zones also points to suppression of OH despite increasing 
ambient warmness. It should be noted that when a typical IOD and AWD (i.e. AWD18 and 
IOD26)  relationship is drawn as indicated by (Hamdy et al. 2017) this also leads to escalation 
factors (or slopes) which are -0.04 and 0.36 for coastal and inland dwellings respectively which 
indicate a general suppression of excess heat also.  
 
3.3 General discussion  

The following assessment using both ambient warming resilience and overheating metrics 
indicates that it is feasible to account for resilience using measured data, however, there are 
many drawbacks to data-driven approaches such as data dropouts which can be significant even 
with industry standard systems (O’Donovan, O’Sullivan, and Murphy 2017). More work is 
needed to integrate existing metrics into cloud-based platforms to allow for the creation of 
dashboards or decision support tools so action can be taken in buildings in advance of future 
extreme conditions. Despite there being some evidence to suggest that the difference between 
air temperature and mean radiant temperature are negligible during most periods (Walikewitz 
et al. 2015), differences are likely to exist depending on different room characteristics. There is 
a need to compare different low-cost sensor enclosures and their suitability in measuring the 
operative temperature. The high temperatures observed here in the bedroom of the coastal 
dwelling was indicated by homeowners as being due to the incorrect installation of reflective 
coatings leading to higher surface temperatures. It should also be noted that the MVHR units 
in each building rarely trigger summer bypass mode despite high levels of overheating in 
specific zones. This is likely due to the mixing of air from zones where there are no overheating 
issues with those that are overheating. The lack of a summer bypass may be contributing to the 
overheating issue in the living room of the inland dwelling, as this has been seen to be a 
contributory factor to OH in dwellings (Morgan et al. 2017), however the cooling benefit may 
be limited (McLeod and Swainson 2017). Regarding future resilience assessments, it should be 
noted that there can also be a limitation as to the number of years considered (Hamdy et al. 
2017; Ramin Rahif et al. 2021) use four years (with more than one year between years) when 
drawing relationships, clearly drawing conclusions from two points is not as reliable as four, 
this should be considered in future assessments, for example what is the centrality of the IOD 
and AWD relationship and what value can be had using different metrics when referring to 
indoor heat and outdoor heat. More consideration should also be given to the amount of 
averaging data as part of AWD and IOD used, a small number of data points greater than the 
18°C and 14°C threshold can lead to average IOD values that are not representative, given its 
consideration of positive values only. The value of the resilience assessment in this application 
case is that is highlights the likely increases in internal conditions under foreseen warm ambient 
conditions which provides insights into which zones are likely to experience more OH risk in 
the future. The extension and use of the heat index and its incorporation into IOD and AWD 
calculations could also be of benefit. The overall OH indicates a need to consider OH and NV 
at design stage and including additional ventilation and shading choices into the DEAP 
methodology. 
 
 
4 CONCLUSIONS 

 
In this study we present and overheating assessment of two A-rated homes in Ireland using a 
data-driven approach and compare this to an ambient warming resilience assessment using the 
same data. Although OH assessments indicate which zones in each building are overheating, 
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the use of ambient warming resilience-based assessment provides insights into the extent of this 
overheating over time and what the likely sensitivity of a building’s zones are to ambient 
warmness. The work presented here shows that this assessment is feasible using a data-driven 
approach, however, more work is needed in providing additional diagnostics and explaining the 
factors that are likely to contribute to varying sensitivities, as well as assessing the need for 
additional variables and comparative assessments of the accuracy of existing low-cost systems 
over time. In addition to this, more work is needed in further examining the applicability of 
different IOD values, the required dataset quantities as well as determining more suitable 
methods for identifying threshold values when considering ambient warmness. Varying metric 
thresholds (adaptive and static) and varying warmness thresholds can lead to different 
sensitivity values. Future “off-the-shelf” solutions should focus on improving data quality as 
well as incorporating the metrics discussed. Despite both buildings having zones that overheat 
both zones can supress this heat and if additional measures are used to reduce solar loads both 
may be resistant to ambient warmness in current conditions. 
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ABSTRACT 

Airtight and highly insulated buildings are subjected to overheating risks, even in moderate climates, due to 

unforeseeable events like frequent heatwaves and power outages. Educational buildings share a major portion of 

building stocks and a large percentage of the energy is expended in maintaining thermal comfort in these buildings. 

Overheating risks in educational buildings can lead to heat-stress and negatively impact the health conditions and 

also cognitive performance of the occupants. In the light of increasing severity and longevity of heat waves in 

future climate scenarios, and associated power outages occurring during the heatwaves, measures to reduce 

overheating risk while limiting the cooling energy is gaining importance. Since the performance of existing 

buildings are not guaranteed during events like heatwaves, power outages, it is crucial for these buildings to be 

resilient to overheating. (Building) resilience is a method to deal with these uncertainties and is stated as “an ability 

of the building to withstand disruptions; and to maintain the capacity to adapt, learn and transform.” The focus of 

this paper is to evaluate thermal resilience for two test lecture equipped with low-energy cooling strategies like 

natural night ventilation (NNV) and indirect evaporative cooling (IEC) rooms, by dynamic Building Energy 

Simulations (BES). To assess the thermal resilience to overheating  three different heatwaves (HW) files 

( intense,  severe, and longest) for 3 future scenarios (1) Historical (2010-2020), (2) mid-term (2041 -2060) and 

(3) long-term (2081-2100) and a 24h power outage (PO)scenario was simulated. Benchmarking was done with a

base case- Typical Meteorological year(TMY) with no power outage. The heatwave files were developed adopting

the methodology proposed by the 'Weather Data Task Force’ of International Energy Agency Energy in Buildings

and Communities Programme (IEA EBC) Annex 80 “Resilient Cooling of Buildings”. This study shows, IEC has

high to moderate recovery capacity in TMY period and low recovery capacity in HW period, for a power outage

of 24 h.  Recovery capacity is low during HW period, especially during an intense and longer HW period when

outdoor temperature influences the cooling capacity of the IEC. The results also demonstrates the impact of the

thermal mass on the resilience to overheating. Passive survivability assessment indicates, the lecture room with

lighter thermal mass does not violate 30℃ threshold during a power outage in TMY period and additionally,.

recovers faster (11% times faster) from peak temperature compared to lecture room with heavy thermal mass.

There is a steep increase in unmet degree hours (occupied hours above24℃ threshold) during HW compared to

TMY period.  This paper gives a directive towards assessment of resilience to overheating  and also points out the

gap in the existing indicators to assess the resilience.

KEYWORDS 
Overheating, Thermal Resilience, Educational Buildings, Heatwaves, Power Outages  

1 INTRODUCTION 

The Intergovernmental Panel on Climate Change (IPCC)s 2022 report warns about the 

severity of the climate change impacts (stronger storms, frequent heatwaves, droughts etc.) in 

future climate scenarios and also stresses on adaptation and mitigation plans[1]. In Europe, the 

last two decades have witnessed 18 of the warmest years on record, and an increase in the 

frequency and intensity of extreme weather events [2]. Warmer summers and frequent 
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heatwaves will lead to higher outdoor temperature which in turn will surge the overheating risk 

in buildings. Overheating in buildings is expected to increase as global warming continues [3]. 

Buildings in even moderate climate like Belgium are subjected to climate change and frequent 

heatwaves, increasing the overheating risk and cooling energy need in buildings[4][5]. 

Heatwaves are often associated with power outages due to pressure in the grid for peak 

electricity demand[6]. Educational buildings accounts for a large share of building stocks and 

are responsible for high energy consumption due to high occupant density  with intermittent 

use, increased airtightness, and high glazing ratio. A major portion of this energy use is 

expended to provide thermal comfort in the classrooms. The thermal environment in the 

educational buildings impacts the health of the occupant’s well-being and the cognitive 

performances[7].  Since the occupants spends a large share of time in the classrooms and in 

educational buildings, it is also fundamental to ensure thermal comfort in classrooms.. 

Currently, these educational buildings, have implemented energy efficient technologies and 

practices (e.g., high-insulation, airtight envelopes, improved glazing, natural ventilation, 

passive cooling strategies to mitigate climate change through reducing carbon emissions. 

However, overheating has become a recurring problem in these buildings proving that 

“excessive striving for energy efficiency” could compromise a building’s ability to maintain 

comfortable thermal conditions during heatwaves[3][8].  Thus, to avoid any health risks due to 

overheating in these educational buildings, these buildings need to assess and improve the 

resilience to overheating apart from its energy performances. 

Building Resilience can be defined as “An ability of the building to withstand disruptions; 

and to maintain capacity to adapt, learn and transform” [9][10]. Thus, apart from energy 

performance, resilience is gaining importance to assess building performance [11] [12] and can 

be considered as a primary function of the building [13].  Thermal Resilience can be assessed 

by existing indicators like Thermal Autonomy[14],Passive survivability [15] and Recovery 

Capacity [16]. Thermal autonomy (TA) is the percentage of occupied hours when indoor 

operative temperature is inside limits of thermal comfort without intervention of active systems. 

Passive survivability (summer) refers to the time (in hours) from when cooling is shut off to 

when the indoor operative temperature reaches 30 °C from original cooling set-point of 24 °C. 

Recovery capacity is the rapidity of the restoration of the normal functions, i.e., the time taken 

by the building and the system to get back thermal comfort temperature from the peak 

temperature in the building. 

The objective of this paper is to evaluate the thermal resilience of two test lecture rooms 

in Technology Campus Ghent, KU Leuven. For this a base case scenario during a TMY file 

with no shock or power outage (PO) is compared to 3 types of heatwave (HW) (intense, severe, 

and longest) for historical (2001-2020),future mid-term (2041-2060) and future long-term 

(2081-2100) scenarios. Additionally, the impact of a 24-hour power outage on the hottest day 

of the TMY and HW scenario was also assessed. Performance of the test lecture rooms and the 

passive cooling technologies like -indirect evaporative cooling (IEC) and the natural night 

ventilation (NNV) will be evaluated by thermal comfort indices like degree hours and  thermal 

resilience indicators like the passive survivability and recovery capacity.  

 

2 MATERIAL AND METHOD 

2.1 Case Study Building 

The case study building is a nZEB educational building consisting of two test lecture rooms 

built on top of an existing university building at the Technology Campus Ghent, KU Leuven.  

The building consists of four zones: two test lecture rooms (E120-first floor and E220-second 

floor), a staircase and a technical room. The floor area and the volume of each test lecture rooms 

are 140 m2 and 380 m3 respectively. The test lecture rooms are identical in design with different 

thermal mass. E120 has external insulation with a brick external wall, whereas E220 has a 

lightweight timber frame external wall with the same U-value. Both the rooms have concrete 
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slab floor. Thus, E220 has a light and E120 has a medium thermal mass according to the EN 

ISO 13790[6]. 

  

Figure 1. Section (left) and floor plan with sensors(right) of the case study building 

Figure 1 shows the actual photograph, section and plan of the test lecture rooms. Error! 

Reference source not found. indicates the U-values indicating the building properties. The 

educational building is designed and constructed according to the Passive House Standard, 

meaning that the air tightness n50 is lower than 0.6 h-1 and the u-values of the building envelope 

are lower than 0.15 W/m2K. The air tightness n50 value of E120 and E220 are 0.41 h-1 and 0.29 

h-1 respectively. There are triple glazed windows (u-value: 0.65 W/m2K, g-value: 0.52)  on the 

south-west facade and 4 windows in the north-east façade. The window-to-wall ratio is 26.5% 

on both facades. The window-to-floor ratio is 13%. The windows on the South-West façade are 

equipped with internal and external solar shading. Movable screens on the southwest façade acts 

as the external shading, which are controlled automatically (shading is ON when the radiation on 

the windows is above 250 W/m2). The shading control is also provided with manual overrule. 

The net energy demand for heating the test lecture rooms are calculated in [17]. The annul net 

demand is 11 kWh/(m2.a), achieving the requirements of Passive House standard in school 
buildings[18]. 

Table 1. Construction packages and u-values 

Construction package u-value  
External Wall (E120 and E220) 0.15 (W/m2K) 

Roof 0.14 (W/m2K) 

Floor 0.15 (W/m2K) 

 

2.2 HVAC and control strategies 

The building is equipped with an all-air system with balanced mechanical ventilation with a 

total supply airflow of 4400 m3/h. 4 Variable Air Volume (VAV) boxes control the airflow of 

the demand-controlled ventilation system. The airflows are based on CO2 concentrations and 

temperature in the rooms. For heating, the air is pre-heated by air-to-air heat recovery with heat 

exchangers with an efficiency of 78%. Additionally, heating coils of 7.9 kW each are integrated 

in the supply ducts for each lecture rooms. A condensing wood pellet boiler with an internal 

storage of 600l is the heat source. The maximum heating power is 8kW and the maximum 

efficiency is 95%. The two lecture rooms are passively cooled by –(a) natural night ventilation 

and (2) indirect evaporative cooling at the air handling unit that cools the supply air by 

controlling the modular bypass. Natural night ventilation relies on the 10 motorized windows 

with chain actuators (6 on the South-west facade and 4 in the North-east façade), located 1 m 

height from the bottom of the floor heights. The design of the ventilative cooling system is 

described in [17]. The total effective operable area of these windows is 4% of the floor area. 

For the IEC operation- both the modular bypass and the IEC are part of the Air Handling Unit 

(AHU). When the IEC is operation, the AHU supplies the maximum flowrate of 4400m3/h. The 

maximum capacity of the IEC is 13.1 kW. 
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Figure 2. Ventilation system(supply in green, return in brown)(left) of the test lecture rooms and principle of 

natural night ventilation (middle) and detail of motorized window( 1.29 x 1.38 m2, maximum opening angle 

8.8°) (right)[19] 

Control strategy for the IEC and the natural night ventilation depends on the internal and 

external conditions. For the IEC operation, the valves in the supply side of the AHU regulates 

the air flow either through the IEC or through the modular bypass depending on the external 

conditions. For natural night cooling strategy regulates the opening of the window on both sides 

of the room if the internal and external conditions for the control strategy are met. Control 

strategy of the operation of IEC and the modular bypass is based on the internal and external 

temperature. This strategy actuates the supply air temperature and the air flow rate. When the 

room air temperature exceeds the cooling setpoint by +4℃, IEC is activated. IEC is deactivated 

when the room temperature reaches setpoint -0.5℃. [19]. Control strategy of the natural night 

ventilation is based on internal temperature and relative humidity, and external conditions like 

outdoor temperature, wind velocity, precipitation. Once open, the window will remain open for 

at least 15 min. The windows are open between 10 pm to 6 am from 1st April to 31st October if 

the following conditions are met: 

 Room temperature exceeds both the heating set point (=22°C) and the external temperature 

+2°C 

 Maximum room temperature of the previous day exceeds 23°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 

2.3 Occupancy schedules 

Typical occupancy for both E120 and E220 are shown in Figure 3.   

   
Figure 3. Occupancy schedule of E120 and E220 from Monday to Friday. The classes are scheduled between 

8:15 am to 18:00 pm  

The occupancy level in the building depends on the academic year, which consists of 124 days 

with courses and 63 days with examinations (in January, June, and August-September. Holiday 

periods are in April (2 weeks), July and the first half of August (6 weeks) and December–

January (2 weeks). The lecture rooms are in use from Monday to Friday between 8 h15 and 18 

h with a maximum occupancy of 80 persons or 1.78 m2/pers.  
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3 Methodology 

3.1 Weather Data 

Two types of weather data sets- (a) observational weather data from the weather station of the 

Ghent Technology campus, KU Leuven, and (b) Typical meteorological year and heat wave 

data for 3 period -historical (2010s), mid-term (2050s) and long-term(2100s) formulated 

adapting the method adopted by the Weather data task force of IEA Annex 80 was used for the 

model validation and dynamic simulations. A TMY weather data for Ghent was used as base 

case scenario. For historic and future heatwaves, only 3 types of heatwaves for each 7of the 3 

periods- intense, severe, and longest was chosen for the simulations. Figure 4 shows all the 

heatwaves for all 3 periods and indicates the heatwaves chosen for the simulations. The 

diameter of the circle represents the severity of each heatwave. The centre of the circle on x 

axis is the duration(days)of each heatwave and on y axis is the intensity(℃) of the heatwave. 

 

Figure 4. Heatwaves in Ghent for 3 period -Historical (2000-2020), mid-term (2041-2060) and long-term (2081-

2100)  

Table 2. Weather data used for simulations and the duration and occurrence period for heatwaves 

Data 

Durati

on of 

HW 

(days) 

Data TMY 

PO during 

TMY 
Data HW 

PO during 

HW 

Historical Intense 10 TMY 1A PO TMY1A HW 1A PO HW 1A 

Historical Severe and Longest 27 TMY1B PO TMY 1B HW 1B PO HW 1B 

Mid-term Intense 6 TMY2A PO TMY 2A HW 2A PO HW 2A 

Mid-term Severe 14 TMY2B PO TMY 2B HW 2B PO HW 2B 

Mid-term Longest 16 TMY2C PO TMY 2C HW 2C PO HW 2C 

Long-term Intense 34 TMY3A PO TMY 3A HW3A PO HW 3A 

Long-term Severe and Longest 45 TMY3B PO TMY3B HW 3B PO HW 3B 

 

3.2. Evaluation of thermal comfort and thermal resilience 

For thermal comfort assessment, Unmet degree hour (UDH) is used as the key performance 

indicator[20].  The concept of UDH is comparable to that of temperature-weighted exceedance 

hours, a metric defined in ASHRAE Standard 55–2017[21]. The UDH metric weighs each hour 

that the temperature of a conditioned zone exceeds a certain threshold (calculated once for each-

24℃, 25℃ and 28℃) by the number of degrees Celsius by which it surpasses that threshold. 

UDH are calculated as follows: 

 

UDH=� [�(�)
��

�	
 -Tthreshold ]+dt                                                                                            (1) 

where T is the indoor air temperature [°C]; Tthreshold is the temperature threshold [°C]; t is time 

[h]; and x + = x if x>0, or 0 otherwise.  

 

For thermal resilience assessment two indicators-(1) Passive Survivability and (2) Recovery 

capacity was used. For passive survivability assessment, the time taken for lecture rooms to 
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reach 30 ℃, once the power outage occurs, and the time taken for each lecture rooms to return 

below 30 ℃ once the power restored is calculated. Similarly for recovery capacity, the time 

taken for lecture rooms to reach 24℃ from the highest temperature reached in that period is 

calculated. The recovery capacity is considered high if the zone is gets back below 24℃ in less 

than 1-hour, medium if the time taken is below 24 hour and low if the time is more than 24 

hours. 

3.3.Building Energy Simulations (BES) 

The two test lecture rooms and HVAC system are modeled in Modelica[22]. The output of 

these simulations are the operative indoor temperatures of E120 and E220 and operation of IEC 

and the operable windows for natural night ventilation. To assess the thermal comfort during 

summer, simulations are conducted for each heat wave period and the corresponding same 

period in a typical year data with typical occupancy (see Figure 3). The thermal resilience 

assessment is done during the heat wave period and the period after a 24-hour power outage is 

implemented on the hottest day of the heat wave and the corresponding hottest day in the TMY 

period. The objective is to determine the performance of the two test lecture rooms in terms of 

thermal comfort and thermal resilience, i.e., number of hours after the power outage 

temperature remains below 30℃ and the number of hours it takes for the building to drop the 

temperature below 30℃ again when the power is turned back on.  

 

3.4. Validation of the simulation model 

Before the thermal comfort and thermal resilience indicators can be evaluated, the 

simulation model needs to be validated. Long term measurements of parameters like 

temperature, CO2, relative humidity, and AHU are conducted for both the rooms[19].   

 

Figure 5. Comparison of the indoor operative temperature of the simulation result with the monitored data in E120  

Comparison of the measured data on-site with simulated indoor operative temperatures for 

test lecture E120 has been done for the 17.09.2021. Figure 5 shows the comparison of indoor 

operative temperature for the monitored and simulated data. Method adopted in [23] is used to 

validate the simulation model. The mean absolute error between the simulated model 

temperatures and the monitored temperature is 0.75℃ and this is a good agreement between 

the monitored and simulated data. This simulation model can now be further used to analyze 

the thermal resilience of the building.  

 

4 Results and discussion 

4.1 Thermal comfort assessment 

Degree hours for each E120 and E220 are calculated based on method described in section 3.2. 

For both the lecture rooms, during the TMY period, the degree hours above 25℃ and 28℃ are 

zero( see Figure 6 and 7). This means, there are no occupied hours when the temperature are 

above 25 ℃ and 28℃. However, if there is a power outage of 24 hours in the TMY period, for 

E120, there is a an average 413%, 187% and 15% increase in the degree hours above 24℃, 

25℃ and 28℃ respectively compared to no power outage scenario. For E220, there is an 

average increase of 620% in the degree hours above 24℃ in TMY period without and with 
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power outage. There are no occupied hours above 25℃ and 28℃ for E220, in both TMY 

without and with power outage. 

 

 

 

Figure 6. Unmet degree hours for TMY and Heatwave periods, with and without power outage in E120  

 

 

Figure 7. Unmet degree hours for TMY and Heatwave periods, with and without power outage in E220 

In both test lecture rooms there is a considerable increase in unmet degree hours above 

24℃,25℃ and 28℃ during the heatwave scenario.  The increase in unmet hours from a TMY 

period to a heat wave period with power outage above 24℃ for E120 is shown in Figure 7. 

Mid-term severe heatwave with a power failure has the most severe impact in the  indoor 

temperature in E120. The indoor thermal comfort in E220 is good in TMY period, even with a 

24 hour power outage. However, there is an average increase of 3400% and 5500% unmet hours 

above 24℃ during heatwave period and heatwave period with power outage compared to TMY 

period.  
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Figure 8. Increase in %  of unmet degree hours above 24℃ threshold for E120 and E220 compared between base 

case TMY scenario and final Heatwave with power outage scenario 

4.2. Passive survivability Assessment 

. 24-hour power outage (No operation of the AHU, natural night cooling and shading) is 

imposed on the hottest day for each weather scenario. The power outage in the building will 

take place from 7:30 am (usually when the AHU starts operating) and occur for 24 hours. The 

solar shading is no longer automatically controlled during the power outage but is assumed to 

be all the way up (OFF). The power will be turned on again at 7:30 am the next day. 

During the TMY period, lecture room E120 takes 11.5 hours to reach 30℃ (E120 reaches 

a maximum of 30.5℃ and E220 reaches a maximum of 27.8℃), whereas for E220 the 

temperature never reaches 30℃ when the power outage occurs. And for E120, once the power 

is restored after 24 hours, the temperature gets back below 30℃ within 30 min. However, 

during the Heatwave period, for room E120, the temperature of the room is already above 30 

℃, before the power outage occurs. This is due to high outdoor temperature where the passive 

cooling technologies cannot guarantee thermal comfort. The conditions become even severe 

when a 24 hour heat wave is implemented. The indoor temperature reaches a maximum of 38.01 

℃ and takes 101.3 hours to drop below 30℃ , once the AHU is turned on. Figure 9 shows the 

trend of the outdoor and indoor temperature evolution for the weather data 1A (Heat wave 

historical intense and the corresponding TMY period) in the event of a 24 hour power outage. 

 

 

Figure 9. Passive survivability  and recovery time assessment 

Results shows the outdoor temperature has the highest influence i.e., during the TMY 

period, when there is a power outage of 24 hours, the temperature of Zone E120  reaches 30℃ 

after 11.5 hours whereas in E220 indoor temperature never reaches 30 ℃. However, during the 

heatwave period, a power outage has severe impact in both the rooms as indoor temperature are 

already high during heat wave period, a power outage of 24h causes temperature to rise above 

30℃ with 30 min. The time taken to reach below 30℃ is 101.3 hours compared to the 0.25 

hours in TMY period. The passive survivability is low during the heat wave period as the 

passive cooling strategies cannot guarantee thermal comfort during warm periods and a power 

outage thus escalates the severity of the condition. From this it can be concluded that when a 

power failure occurs, the thermal resilience of the building is low. The building maintains 
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temperature below 30°C for 11.4 hours without the passive cooling strategies like IEC and 

natural night ventilation during the typical weather period but fails to guarantee the 30℃ 

threshold during the heat wave period. After switching back the power, it takes about less than 

30 min during TMY period but more than 4 days to  reach below 30℃ threshold. The passive 

survivability is better for E220 than the E120 due to its lighter thermal mass which helps to 

flush out the stored heat.  

 

4.3.Recovery capacity 

 

 

Figure 10. Comparison of the indoor operative temperature of the simulation result with the monitored data in 

E120 

Recovery capacity assessment evaluates the time taken for the building and the system to get 

the zone temperature below a threshold of 24 ℃ after it has reached its peak temperature in that 

time period. Figure 10, shows the recovery capacity of the two test lecture rooms. The recovery 

capacity is influenced by the outdoor temperature, the building and the system properties. Since 

there is no active cooling in the two test lecture rooms, the outdoor environment has high 

impact. Passive cooling technology like IEC and natural night ventilation which works well in 

the TMY period, cannot guarantee thermal comfort in the heat wave period. Severe and longer 

heatwaves ( both in historical and long-term scenario) impact the recovery capacity as seen in 

Figure 10. The duration of the heatwave has more impact on the recovery capacity than the 

intensity of the heatwave. Due to high outdoor temperature, the IEC is unable to meet the 

required load in the daytime and the high night-time outdoor temperature also unable to flush 

out the stored heat in the test lecture rooms. 

  

5 Conclusions 

The aim of this paper is to analyse thermal resilience in two test lecture rooms of an 

educational building at the Ghent technology campus, KU Leuven. The study demonstrates: 

a) Overheating can occur in the summer months due to the high airtightness and high along 

with a high window-to-wall ratio.  

b) In typical  weather period, test lecture tooms with passive cooling strategies maintains 

temperature below 24 ℃. However, a 24 hour power outage effects the thermal comfort. 

This effect is more prominent in the test lecture room E120 due to its heavy thermal mass. 

The results also shows, when the building is subjected to a shock like power outage or heat 

waves, the absorptive capacity of the building is good, that is the temperature starts to 

increase in a slow pace. However, once the temperature thresholds are violated, the 

restorative capacity of the building is low. 
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c)  The building resists to increase in temperature post a power failure. But if the power 

failure occurs during a heatwave when the outdoor and indoor temperatures are already 

higher than the cooling set points, the passive strategies are take more than a few days to 

bring the temperature below 30℃. 

d) Finally, it can be concluded that building with good thermal comfort as seen in the base 

case scenario is still subjected to overheating in during heatwaves and power outages, have 

low thermal resilience. Thus, the building demonstrated low thermal resilience. It can also 

be concluded that the building design parameters like the thermal mass and air-tightness 

has considerable impact in the thermal resilience to overheating. Lighter thermal mass is 

able to store less heat and thus has lower risk of overheating, whereas heavier thermal mass 

stores the heat and the recovery capacity of the building is low. 
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ABSTRACT 
 

Outdoor air is usually considered as a source of clean air in building ventilation principles. Although outdoor air 

quality has already improved in our cities, this principle may be challenged. Particulate matter remains especially 

problematic. This simulation study investigates the role that the mechanical ventilation system, with or without 

filtration, plays in the penetration of outdoor air pollutants, which may have adverse effects on indoor air quality 

and occupant health. Based on the Brussels PM2.5 pollutant data, several configurations were examined using the 

CONTAM software. The influence of the airtightness of the building, the filter efficiency and the airflow rate of 

the mechanical ventilation system on the indoor air pollutant concentration were highlighted for a simple model, 

i.e. a single room housing, and afterwards extended to a complex model, i.e. a semi-detached house with several 

rooms. This influence was evaluated in terms of a total efficiency, taking into account filter effect and building 

envelope, as well as in terms of the occupant exposure to outdoor pollutants. Ventilation strategies based on 

outdoor pollutant concentration were implemented and assessed through exceedance days linked to World Health 

Organization (WHO) guidelines. On this basis, recommendations for managing the ventilation system in case of 

high concentrations of outdoor air pollutants can be discussed. 

 

KEYWORDS 
 

Indoor Air Quality, outdoor air pollutants, ventilation system, particulate matter, recommandations.  

  

1 INTRODUCTION 

 

Ventilation is a way to achieve a good indoor air quality by removing pollutants from the indoor 

air. Within the building ventilation principles, the polluted indoor air is replaced by outdoor air, 

which is considered as a source of clean air. Although the outdoor air quality already improved 

in cities like Brussels, some pollutants, especially particulate matter, remain problematic. This 

simulation study will highlight to what extent the penetration of polluted outside air can be 

limited depending on the ventilation system present (or not), its filtration level and its 

regulation. [4] The simulations were performed with the CONTAM software. Two practical 

aspects will be investigated;  what is recommended to do with the ventilation system in case of 

important outdoor pollution (pollution peak) and if there is any point in regulating the 

ventilation system on a regular basis and therefore automatically, based on the outdoor 

concentration changes (that may be linked to traffic for example). 

 

A first part will study the impact of few parameters on the penetration of outdoor pollutants, 

namely PM2.5, with the help of multizone simulations. The focus is on three parameters : the 

building airtightness, the ventilation flow rate and the filter efficiency. It will help to understand 

how the penetration of outdoor pollutants depends on the characteristics of the ventilation 
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system and the building envelope. By understanding what influences this penetration, strategies 

to try to control can be easier considered. 

 

A second part will aim to elaborate recommendations on how to act in case of a pollution peak 

and to study if there is a real interest to add an automatic regulation on ventilation systems 

based on the outdoor air quality. A set of configurations will be analysed on specific days: days 

with a high 24-hour mean PM2.5  outdoor concentration, days with a high variability in PM2.5  

outdoor concentration and days with a smog alert from the Belgian Interregional Environment 

Agency (IRCEL - CELINE). These first configurations will help generate interest in controlling 

the ventilation system based on outdoor pollutants. A second set of configurations 

implementing different ventilation strategies based on outdoor pollutant concentration will be 

studied in order to minimise the penetration of PM2.5 outdoor pollutant. 

 

2 INFLUENCE OF AIRTHIGHTNESS, VENTILATION FLOW RATE AND 

FILTER EFFICIENCY ON THE PENETRATION OF OUTDOOR POLLUTANTS 

 

2.1 Methodology 

 

Based on PM2.5  outdoor pollutant data from Molenbeek-Saint-Jean (Brussels) in 2018, several 

configurations were examined using CONTAM software to determine which role the 

airtightness, the ventilation and the filter efficiency play on the penetration of outdoor PM2.5. 

The simulations start with zero indoor PM2.5 concentration. Two models were defined : a simple 

model and a complex model. The simple model refers to an one-room apartment suitable for 2 

persons with a volume of 180 m3 and a floor area of 60 m2, see Figure 1. The complex model 

refers to a semi-detached house with 2 floors and several rooms, see Figure 2. 

 

 

 

                             

Figure 1: Simple model floor plan 

 

 

 

 

 

Figure 2 : Complex model ground and first floor plans 
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For each model, different airtightness, ventilation rates and filter efficiency were simulated:  

• Airtightness expressed in terms of the air permeability v50 (m
3/hm2) = 0, 1, 3, 6 

• Filter efficiency against PM2.5 (%) = 0, 30, 60, 80 

• Ventilation flow rates (supplied and extracted air in balance) for the simple 

model, see Table 1 

 

Table 1: Ventilation flow rates of the simple model 

Air change rate  

(ACH or  h-1) 

Volume 

(m3) 

Ventilation flow rate 

(m3/h) 

0 (extracted and supplied) 

0.028 (extracted and supplied) 

0.14 (extracted and supplied) 

0.28 (extracted and supplied) 

0.42 (extracted and supplied) 

0.55 (extracted and supplied) 

0.69 (extracted and supplied) 

1.39 (extracted and supplied) 

2.78 (extracted and supplied) 

5.55 (extracted and supplied) 

180 

180 

180 

180 

180 

180 

180 

180 

180 

180 

0 

5 

25 

50 

75 

100 

125 

250 

500 

1000 

     

 

• Design ventilation flow rates for the complex model were determined using the 

following rules: 25 m³/h per person, 1 bedroom for 2 persons and the others for 

1 person, design number of persons for the living room equal to the total number 

of persons in bedrooms, extract flow rates in the services rooms based on NBN 

D 50-001 [1] and increased to balance the total supply and extract flow rates. In 

this complex model, the air is supplied to the bedrooms and living room, then 

transferred to the hallways and service rooms, and finally extracted from service 

rooms. From these design flow rates, see Table 2, two additional variants were 

simulated, namely halving or doubling them.  

Table 2:Ventilation flow rates of the complex model 

Room Air change 

rate  

(ACH or  h-1) 

Volume 

(m3) 

Ventilation flow 

rate (m3/h) 

Kitchen  

Living room 

WC 

Bedroom1 

Bedroom2 

Bedroom3 

Bathroom 

3.81 (extracted) 

0.73 (supplied) 

8 (extracted) 

0.48 (supplied) 

0.47 (supplied) 

0.71 (supplied) 

2.22 (extracted) 

21 

137 

5 

52 

53 

70 

36 

80 

100 

40 

25 

25 

50 

80 

    

    

In order to evaluate the influence of a parameter on the penetration of outdoor pollutant, two 

indicators were proposed ; the total efficiency and the occupant exposure. As the simple model 

has only one room, the influence of the parameters on the indoor pollutant was evaluated based 

on a simple indicator, the total efficiency. For the complex model, as indoor concentrations may 

be heterogeneous, the influence of the parameters was evaluated in terms of occupant exposure, 

rather than based on the total efficiency. Occupant exposure indicates the cumulative 

concentration to which occupants are exposed. 
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The total efficiency was defined as:  

 𝜉 =  1 − 𝐶𝑎𝑣𝑒𝑟𝑎𝑔𝑒,𝑖𝑛𝑑𝑜𝑜𝑟𝐶𝑎𝑣𝑒𝑟𝑎𝑔𝑒, 𝑜𝑢𝑡𝑑𝑜𝑜𝑟        (1) 

 

The total efficiency is equal to 1 if the average indoor concentration is zero. The total efficiency 

is equal to 0 if the average indoor and outdoor concentration are equal. The average values are 

computed on the simulated period, on basis of hourly data.  It allows to take into account not 

only the effect of the filter but also other building features (e.g. the airtightness).  

 

The occupant exposure was defined as :  

 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 = ∫ (𝐶(𝑡)  −  𝐶𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑) 𝑑𝑡𝑡𝑓𝑡0  𝑤𝑖𝑡ℎ  𝐶(𝑡) > 𝐶𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑   (2) 

 

t0 is the beginning of the study period  

tf  is the end of the study period  

C(t) is the indoor pollutant concentration 

The occupant exposures are calculated above a threshold of 0 μg/m3 ( i.e. Cthreshold = 0). 

 

2.2 Results 

2.2.1 Simple model 

 

Figure 3 shows the total efficiencies evaluated for different airtightness, ventilation flow rates 

and filter efficiencies for January 2018. Without filtration, the total efficiency varies only very 

slightly with airtightness. With filtration, the higher the filter efficiency the more the total 

efficiency varies with both airtightness and ventilation rate.  

 

Figure 3: Total efficiencies for different ventilation rates, v50 and filter efficiencies. The highest total efficiency is 

one, in light yellow on the scale and the lowest is zero, in dark red. 

 

Figure 4 shows the total efficiencies normalized by the filter efficiency. It confirms that with a 

higher filter efficiency the influence of airtightness and ventilation rate is increased. Indeed, it 

can be seen that the higher the filter efficiency, the more the leaks and the ventilation flow rate 

have an impact on the indoor concentration (more marked colour gradient). There is more 

potential to degrade the indoor air quality when you have a good filter. The ventilation rate has 

a greater impact on the overall efficiency when v50 is large (right column on the maps). 

Airtightness has a greater influence on total efficiency at low flow rates (bottom row on the 

maps).  
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Figure 4 : Normalized total efficiencies for different ventilation rates, v50 and filter efficiencies 

2.2.2 Complex model  

This model shows similar trends to the simple model : 

• the higher the filter efficiency, the lower the occupant exposure 

• without filtration the occupant exposure is almost constant with non-zero ventilation 

rate 

• with filtration the occupant exposure increases as leaks increase and ventilation flow 

rates decrease 

 

2.3 Discussion 

 

The results obtained provide a better understanding of the influence of filter efficiency, 

envelope airtightness and ventilation flow rate in the penetration of outdoor PM2.5 inside. The 

filter efficiency has an important influence. It sets the lowest indoor PM2.5 level that can be 

reached at the building level in the best conditions. The lowest level is the “plateau” colour in 
Figure 3 and Figure 4. Imperfect airtightness deteriorates this level : the indoor PM2.5 

concentration increases as leaks increase. Part of the outside air is filtered by circulating in the 

ventilation system and another part enters the house through the leaks by infiltration without 

filtration. The higher the leaks, the higher the percentage of unfiltered air entering the home.  

Increasing the ventilation flow rate is a way to reduce the impact of the infiltrations as the 

proportion of air filtered by the system increases in relation to the air flow through infiltrations. 

In order to achieve low indoor PM2.5 concentrations, a tight building envelope, high filter 

efficiency and high flow rate are required. 

 

The purpose of the complex model was to see if the above-mentioned conclusions were 

generalizable to a more elaborated model, composed of several rooms, a ventilation system 

with air transfer from some rooms to others, and occupants with a particular occupation profile 

of these spaces. The trends regarding the impact of airtightness, filter efficiency and ventilation 

are the same ones. Using the one zone model is thus sufficient to analyse the key phenomena. 

 

Remark : These results are valid for other pollutants and for efficiencies corresponding to these 

pollutants. Here, PM2.5 and the associated filter efficiencies were investigated. In practice, other 
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pollutants such as finer PM or gaseous pollutants may not have as high a filter efficiency as 

PM2.5.  

 

3 INTEREST IN COTROLLING THE VENTILATION BASED ON OUTDOOR 

POLLUTANTS 

 

3.1 Methodology 

3.1.1 No ventilation control  

 

Based on PM2.5 outdoor pollutant data from Molenbeek-Saint-Jean in 2018, the evolution of 

indoor PM2.5 concentration was studied for three types of days and different configurations. 

The analysed days were :  

• Days with the highest 24-hour mean PM2.5 concentration : 3/03/2018 and 21/04/2018 

• Days with the highest variability in PM2.5 concentration: 21/04/2018, 15/05/2018, 

25/05/2018 and 26/05/2018 

• Days with a smog alert: 21/02/2018 , 03/03/2018 and 15/05/2018 [3] 

 

Table 3 shows the different studied configurations.  

 

Table 3: Simulated cases with Molenbeek-Saint-Jean’s PM2.5 outdoor conditions 2018 

Parameters Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Variant 6 

Ventilation system No system No system C or D C or D D D 

Flow rate (ACH) 0 0 0.28 0.28 0.28 0.28 

PM2.5 outdoor 

concentration (μg/m3 ) 

Molenbeek Molenbeek Molenbeek Molenbeek Molenbeek Molenbeek 

v50 (m3/h m2) 1 6 1 6 1 6 

Filter efficiency (%) 0 0 0 0 80 80 

 

As discussed in the previous section, the complex model shows similar trends to the simple 

model regarding the impact of airtightness, ventilation flow rate and filter efficiency on the 

penetration of PM2.5 inside. Therefore, the studied configurations were only those of the simple 

model.  

3.1.2 Ventilation control 

 

From the specific days analysis, it was noticed that it may be useful in some configurations to 

switch off the ventilation system for a certain time period. Further investigation was carried out 

to determine, according to the available ventilation system and building envelope, how to act 

in case of a pollution peak and if there is a real interest for an automatic regulation of the 

ventilation systems based on the outside. Another set of cases was simulated in which the 

ventilation flow rates were partially (by 50 or 75%) or totally reduced when the exterior PM2.5 

concentration exceeded the WHO threshold. The WHO recommends that fine particulate matter 

does not exceed 15 μg/m3 24-hour mean for more than 3-4 days per year. [2] The goal of these 

drafted guidelines is to reduce the health effect as much as possible. 

 

The simulations were carried out for a full year, based on outdoor pollutant data from 

Molenbeek-Saint-Jean in 2018. These different ventilation strategies were assessed through 

exceedances days. An exceedance day is a day for which the 24-hour average exceeds 15 μg/m3. 

Exceedance days were calculated for 80 simulation variants combining 5 filter efficiencies (0%, 

15%, 30%, 60% and 80%), 4 values of v50 (0, 1, 3 and 6 m3/h m2) and 4 types of control (no 
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control, reduction of the ventilation flow rate by 50%, by 75% or by 100% when the WHO 

threshold is reached). 

 

3.2 Results 

3.2.1 No ventilation control 

 

Figure 5 shows time evolution of PM2.5 concentration around 3rd March. Looking at the 

concentration peak as a whole, it can be seen that the simulation variants without filter (green 

curves) have a higher indoor concentration than the simulation variants without flow rate 

(orange and red curves) during the ascending phase of the peak. The variants with a 80% filter 

efficiency have the lowest indoor concentration during the pollution peak (blue curves).  

The other specific days were analysed in another set of simulations and show similar trends to 

those mentioned for 3rd  March. 

 

      Figure 5: Time evolution of PM2.5  concentration around 3rd  March 2018 for different simulation variants. 

The black dotted line is the outdoor PM2.5 concentration. The coloured lines are the simulation variants with 

different flow rates, airtightness and filter efficiencies. 

3.2.2 Ventilation control  

 

In general, it has been observed that the higher the filter efficiency, the fewer the number of 

exceedance days, see Figure 6. The number of exceedance days may decrease for variants 

without filter, with a 15% and 30% filter efficiency when the ventilation is controlled based on 

outdoor pollution. However, there are more days exceeding the threshold for variants with a 

60% and 80% filter efficiency by trying to control the ventilation than by letting it run normally 

when the building envelope is not perfectly airtight.  
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Figure 6 : Number of days exceeding the WHO PM2.5 threshold for different control strategies, v50 and filter 

efficiencies 

 

 

3.3 Discussion 

 

Figure 5 shows a potential benefit of regulating the ventilation system to reduce the indoor 

PM2.5 concentration (orange curve). Based on this, this section examines two questions that 

have practical applications :  

• What recommendations can be given to act punctually in case of a pollution peak ? 

• Would it be interesting to add automatic controls on ventilation based on outdoor air 

quality ? 

The answer to these questions depends on the building airtightness,  the filter efficiency and the 

ventilation flow rate, if there is  a ventilation system.  Two scenarios can clearly be 

distinguished: the case with a very efficient filtration and the case without filtration, i.e. with 

natural ventilation, fan assisted exhaust ventilation or even fan assisted balance ventilation but 

without filter.  
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For a ventilation system with a high filter efficiency, it is always preferable to keep the 

ventilation regardless of the level of airtightness. As seen in Figure 5 and in section 2, a good 

filtration strongly reduces a pollution peak and can even eliminate it completely with a good 

airtightness. In this scenario, the ventilation system should not be punctually switched off in 

case of a PM2.5 pollution peak.  The filter efficiency is so high that it allows the building to be 

supplied with clean air, diluting indoor air which may have a higher concentration of PM2.5 due 

to leaks. In reality, the action to be taken also depends on the composition of the peak and the 

filter efficiency towards these pollutants. Here, only one pollutant and its related efficiency 

were studied. In the event of a chemical accident that releases PM2.5 and gases, the filter may 

have no effect on the gases. Moreover, automatically regulating ventilation according to the 

outdoor PM2.5 concentration does not seem relevant either in case of mechanical ventilation 

with a good filtration.  

 

For a ventilation system without filter or with a low filter efficiency, it is interesting to cut off 

the ventilation system punctually in case of a PM2.5 pollution peak. However, if the airtightness 

is too poor, the reduction effect on the indoor PM2.5 concentration is limited. It should also be 

pointed out that when the peak is over it is necessary to ventilate again. Otherwise, the 

accumulated pollutants remain inside, see orange curve in Figure 5. An automatic regulation of 

the ventilation system based on the outdoor concentration (for example for a fan assisted 

exhaust ventilation system) could be relevant. The efficiency of this regulation decreases as 

leaks increases or with manual opening of windows and manually controlled grids.  

 

For a ventilation system with a moderate filter efficiency, the control strategy to apply is less 

obvious.  Results for the 30% filter efficiency and 60% filter efficiency show that there is a 

tipping point for filter efficiency that determines the strategy to be followed : turning off the 

ventilation system for a 30% filter efficiency does not deteriorate the indoor air quality 

compared to the 60% filter efficiency that may be worsened. This tipping point does not only 

depend on the filter efficiency but also on the airtightness. Section 2 highlighted that the 

penetration of outdoor pollutants is influenced by airtightness, filter efficiency and ventilation 

flow rate.  

For a ventilation system with a filter (without knowing its efficiency), that it is not unwise to 

recommend letting the ventilation run. The cases with v50 = 0 m3/hm2 are theoretical cases and 

in practice for an automatic control it is difficult to completely stop the ventilation system. The 

improvement regarding the exceedance days is actually small for low and moderate filter 

efficiencies when reducing the ventilation flow rate by 50 or 75%. In contrast, for higher filter 

efficiencies, letting the ventilation run gives a relevant improvement. 

 

4 CONCLUSIONS 

 

This simulation study showed that the penetration of PM2.5 outdoor pollutants can be limited 

by a good PM2.5 filter efficiency, a tight building envelope and a high ventilation flow rate.  

It also highlighted an interest in controlling the ventilation system based on the outdoor 

pollutant concentration when this one is not equipped with a filter. The indoor PM2.5 

concentration decreases when ventilation is partially or totally switched off. However, for cut-

offs lasting several hours due to high outdoor PM2.5 concentration, one might ask whether it is 

efficient to turn off the ventilation system : indoor PM2.5 concentration will be lower but that 

air renewal will be insufficient, leading to an accumulation of other indoor pollutants. Further 

research is needed to find this trade-off between outdoor conditions and indoor air quality.  

This simulation study finally discussed control strategies regarding ventilation systems 

equipped with a certain filter efficiency. The control strategy to adopt for the intermediate 
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situation, i.e. a ventilation system with a moderate filter efficiency, is not straightforward. This 

leads to a general control strategy, namely letting the ventilation system run in case the filter 

efficiency is unknown. This general control strategy seems to be a good compromise as the 

number of exceedance days is significantly lower when letting the system run for high filter 

efficiencies than the reduction in exceedance days obtained when the system is cut-off for low 

filter efficiencies.  
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ABSTRACT 
 

Within the ventilation principle of buildings, the outdoor air is considered as a source of 

fresh, "clean" air. However, as we all know, this is not always the case. Although the outdoor 

air quality in our cities already improved, the concentrations of certain pollutants, especially 

particulate matter and peak pollutions of ozone (and its precursors nitrogen oxides and 

volatile organic compounds), remain problematic. Ventilation systems may play a role in 

the introduction of these outdoor air pollutants into the indoor air, with potential adverse effects 

on the indoor air quality and the health of residents. The filters that are present in certain 

mechanical ventilation systems are primarily present to protect the system and its components 

against fouling, but have the potential to improve the quality of the supplied air.  

 

In the context of indoor air quality, the aim of our study was to investigate: what role do 

mechanical ventilation systems play in the penetration of outdoor air pollutants? | to what extent 

is conventional air filtration sufficient? | what is the effectiveness and added value of advanced 

filtration and electrostatic precipitation as an innovative technique?  

 

These research questions were answered in a bottom-up research approach, including in-

laboratory experiments on filters, in situ measurements on the ventilation system level and 

computer simulations on the building level. The novelty of our research approach lies in the 

fact that: the measurements are carried out with the real-life pollutant load of the Brussels 

outdoor air, the filtration efficiency for particulate matter is considered in a measuring range 

of 10nm-10µm (PM10, PM2.5, PM1 & PM0.1) and the filtration efficiency is monitored in function 

of time. 

 

This paper presents the final results of the in-laboratory measurements for particulate 

matter. For this part, a test setup consisting of twelve parallel test lines equipped with either 

one or two different air filters/ -cleaning devices in cascade was installed in our Brussels-

based laboratory. The selected filters allow a comparison between different filter classes 

(Coarse, ePM1, ePM2.5 and EPA), or combinations of them, and also of different types within 

the same class (wireframe, folded panel, bag type). Furthermore, two electrostatic 

precipitators were included in the test setup. This paper shows time resolved data including 
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the filter efficiency and pressure drop of the filters/devices included in the test setup. The 

results indicate a large difference in performance between different filter types within the 

same coarse filter class, the potential of fine filters to improve supplied air quality and 

point to a high performance of the electrostatic precipitators within the full measuring range. 

They also reveal important points of attention. 
 

KEYWORDS 
 

Ventilation | Particulate Matter | Filter Performance | Indoor Air Quality 

  

1 INTRODUCTION 

 

There is an increasing awareness about the importance of Indoor Air Quality in our buildings. 

Not least because of the realization that we spend most of our time indoors during which we 

can get exposed to potential harmful pollutants for a long time span. As recognized by both 

national and international (e.g. WHO) bodies, some of these indoor pollutants have a negative 

impact on our comfort, cognitive performance and health in general. 

 

Preventing and minimizing the release of pollutants at the source (I), the removal of inevitable 

pollutants from the indoor air (II) and prevention of penetration of outdoor air pollutants in the 

indoor environment (III) are the three cornerstones to obtain a good indoor air quality. 

Ventilation plays a prominent role in this, especially in the second and third cornerstone. 

Within the ventilation principle, no matter the method, the polluted indoor air is 

replaced/diluted by outdoor air, which is considered as a source of fresh and “clean” air. 

 

It goes without saying that the outdoor air cannot always be regarded as pure, especially in city 

environments. Although the outdoor air quality already improved in cities like Brussels, some 

pollutants, in particular ozone (and its precursors NOx  & VOCs) and particulate matter 

remain problematic. The principle sources of NOx and particulate matter are combustions 

processes as in car engines (traffic) and heating systems of buildings. 

 

Particulate matter is defined as a complex mixture of extremely small particles and liquid 

droplets present in the air. According to their aerodynamic diameter they are classified into 

coarse [PM10 (< 10µm)], fine [PM2.5 (<2.5µm)], very fine [PM1.0 (<1µm)] and ultrafine particles 

[PM0.1 (<0.1µm) = UFP]. Black carbon, which consists of pure carbon in several linked forms 

(≈ soot), are in general particles with a size comprised between 20-150nm and are directly 

linked to combustion processes. The mass concentration of PM10 and PM2.5 in the outdoor is 

regulated on an EU-level and more severe guide values from the WHO are available. By 

contrast, PM1.0, UFP and black carbon concentrations are not regulated, neither are there guide 

values available. However, the smaller particles are, the deeper they can penetrate our 

respiratory system and the greater the potential health risks are. 

 

From a health point of view, a poor indoor air quality is worldwide responsible for over 

3.8 million deaths a year (WHO, 2021). It largely contributes to death as a result of stroke, lung 

cancer, cardiovascular - and chronic pulmonary disease.  

 

Given the magnitude and the impact of outdoor air quality problems in our cities and the fact 

that our buildings are becoming more airtight (meaning less uncontrolled infiltration), the 

following research questions arise: what role do mechanical ventilation systems play in the 

penetration of outdoor air pollutants into the indoor environment? | to what extent is 
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conventional air filtration sufficient? | what is the effectiveness and added value of advanced 

filtration and electrostatic precipitation as an innovative technique?  

 

2 MATERIALS AND METHODS 

 

2.1 Test setup 

 

To answer the above questions, a test setup was constructed in our Brussels-based laboratory. 

As illustrated by Figure 1 A, this test setup consist of 12 parallel test lines which are all 

connected to a distribution box. Inside this distribution box (see C & D) a partition plate with 

four square openings is foreseen to evenly distribute the air to the different test lines. At his turn 

the distribution box is connected to the outdoor air by two supply boxes (see C) allowing the 

measurements to be conducted with the real-life pollutant load of the Brussels outdoor 

air. The exhaust air (red) of each line is collected and evacuated to the outdoor air at the other 

side of the laboratory.  

Each test line is composed of one or two filter boxes/devices (inter)connected to the other parts 

by round metal ductwork (ø160 mm) (see § 2.2 for the selected filters/devices), a constant 

flow fan set at 150 m³/h and a diaphragm allowing to measure the air flow rate on the basis of 

a differential pressure measurement. 

  

A 

 

B 

 

C 

 

D 

 

Figure 1 Computer-based design model and picture of the test setup as built: A) general view B) picture of a 

part of the test setup C) detailed view of the distribution box and the supply boxes integrated under the windows 

D) interior view of the distribution box 

 

 

  

269 | P a g e



2.2 Selected filters and devices 

Classic filters – six test lines are equipped with filters or combinations of them which are 

nowadays already used in ventilation systems. This includes coarse filters (G3 and G4-coarse 

60/65% class filters according to EN 779a [1] – EN ISO 16890 [2]  and a fine filter (F7-ePM1 

50/50% class). From the same classes also different types of filters were included like duct type, 

wireframe, folded panel and bag type filters. 

Intensive filtration – four test lines are equipped with filters which are nowadays rather 

exceptionally in use in domestic ventilation systems including an F9-ePM1 80% (EN 779 – EN 

ISO 16890) and E10 filter (Efficiency Particulate Air filter, EN1822:2009 [3]). These filters are 

all of the folded panel type. 

Innovative devices – two test lines are equipped with electrostatic precipitators (ESPs). 

Although, the principle of electrostatic precipitation is known for decades and already used in 

industrial applications, only recently devices connectable to domestic ventilation systems 

became available on the market. An electrostatic precipitator in general consists of two parts: 

the ioniser and the collector. Within the ioniser, the air and its particulate load will get charged 

(in this case positively) due to the corona discharge principle (high voltage on a small 

electrode). Within the second part, the ionised particles are then collected on collector plates 

with an opposite or neutral charge. In one of the systems included in the test setup, the ioniser 

(thin horizontal wires between the collector plates) and collector (multiple horizontal 

aluminium plates) are integrated into one piece which must be cleaned using a soap solution 

after a certain while in use. In the second system, the ioniser and collector are two separate 

parts, which might even be installed with a certain distance in between. Within this system the 

collector part consists of two consecutive polypropylene plates with a honeycomb structure and 

are considered as consumables (needs to be replaced after a while in use). 

 

2.3 Measurements 

Differential pressure over each filter box or device is measured on a monthly basis using a 

TSI PVM-620 manometer. To enable these measurements an airtightly sealed nipple was 

integrated in the duct, before and after each filterbox/device, to which the manometer can be 

connected for measurement. The reported value is an average value of three consecutive 

measurements of 10s each.  

Particulate matter load of air samples is measured in number-based concentrations within the 

range of 10nm up to 10µm using two different devices. Particles within the size range of 10-

420nm are quantified using a Scanning Mobility Particle Sizer (TSI, Nanoscan 3910 SMPS), 

while those between 0.3-10µm using an Optical Particle Sizer (TSI, OPS 3330). The 

measurements are conducted according to a procedure based on the Eurovent 4.10 guideline 

[4]. This guideline describes a method for in situ determination of the fractional efficiency of 

general ventilation filters. Briefly outlined, the particle load is consecutively measured before 

and after each filter, by inserting an isokinetic sampling probe into the duct, for in total 

respectively 7 and 6 measurements of one minute each. Fractional efficiencies are calculated 

six times using each time two measurements in front and one measurement after the filter. The 

filter efficiency and pressure drop was followed up based on monthly measurements during a 

total runtime of 9 to 13 months. 

Ozone production was verified using a Teledyne T204 gas analyser. 

 
a Although the filter classification standard EN779:2012 and classification (G, M, F) has been replaced in 2017 by 

the EN ISO 16890 standard and its new classification (coarse, ePM1,ePM2.5 or ePM10), both class indications 

can nowadays still be found on datasheets of general air filters. 

270 | P a g e



3 RESULTS 

3.1 Coarse filters 

3.1.1 G4-coarse 60% folded panel 

From a market study, the G4-coarse 60% filter in folded panel form (see picture in Figure 2 C) 

appears to be the most commonly included coarse filter class and form in residential ventilation 

systems. The graphs below show the results over a runtime of 13 months for such a filter that 

can be installed in a filterbox coupled to a ventilation system. As can be seen from graph B, this 

filter has a high capture efficiency for particles larger than 2.5µm. For smaller particles this 

filter is much less efficient and there is more variability on the efficiency. The time resolved 

efficiency profile (see graph A) reveals that an initial high efficiency for some particle size 

ranges is followed by a steep decrease within the two first months in use. This especially holds 

true for the particle size ranges 1-2.5µm and 0.5-1µm. This phenomenon is most likely due to 

a static electrostatic charge given to the filter medium during production (Electret Filter 

medium). As a result, the filter has electrostatic interaction as an additional retention 

mechanism, besides the mechanical retention mechanisms, resulting in an increased efficiency 

at new state. However, during use this charge gets lost explaining the decrease in efficiency. 

Graph A further reveals that the efficiency for these affected particle size ranges again increases 

in function of time. This is due to the gradual build-up of a filter cake on the filter surface. As 

a results also the pressure drop across the filter increases after 6 months in use. The pressure 

drop exceeds the proposed limit of 150 Pa for this class of filters according to standard EN 

13053:2011 after approximately 1 year, indication the need for filter cleaning or replacement. 

A G4-Coarse 60% system filter, which can be directly installed into a ventilation system, was 

found at new state to be less efficient, but has over the complete runtime a similar median 

efficiency for the larger particles (2.5-10µm) as the filterbox equivalent, however with a faster 

increase in pressure drop exceeding 150 Pa after 9 months in use (data not shown). 

A 

 

B 

C 

 

 
Figure 2 G4-Coarse 60% filterbox filter  

A) Filter efficiency profile for different 

particle size ranges in function of the 

runtime  

B) Summarizing box plot representation of 

the filter efficiency for different particle size 

ranges over a 13 months runtime  

C) Pressure drop profile in function of the 

runtime with indication of the maximal final 

pressure for a coarse filter according to 

EN 13053 :2011  Insert: picture of the 

tested filter 
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 G3 | Duct  G4 | Wireframe  G4-Coarse 65% | Cone G4-Coarse 60% | Bag 

A1 

 

B1 

 

C1 

 

D1 

 
A2 

 

B2 

 

C2 

 

D2 

 

Figure 3 Coarse filters – different filter forms Series A1-D1 Summarizing box plot representation of the filter efficiency for different particle size ranges over the runtime 

Series A2-D2 Pressure drop profile in function of the runtime with indication of the maximal final pressure for a coarse filter according to EN 13053 :2011  Insert: picture of 

the tested filter  
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3.1.2 Other forms of coarse filters 

 

Besides the folded panel form, coarse filters also exist in other filter forms like a duct, 

wireframe, cone and bag type. Except the bag filter, the other types seem an easy add-on for a 

ventilation system as a prefilter given the limited space their installation requires. As can be 

seen in the graphs in Figure 3 their efficiency for the different particle sizes is similar to that of 

the G4-Coarse 60% folded panel filter. Only the efficiency for the larger particles (2.5-10µm) 

of the coarse bag type filter is much lower, although it belongs to the same filter class as the 

folded panel filter type (see § 3.1.1). The G4-coarse 60% bag filter is in contrast characterized 

by a lower pressure drop (build-up). The G3-duct and G4-wireframe filter types on the other 

hand exhibit a relatively high initial pressure drop and a strong increase in function of time 

compared to the other coarse filters (see series A2-B2 in Figure 3 versus C in Figure 2). The 

reason for this lies in the limited filter surface of this type of filters and the associated rapid 

build-up of a filter cake. Only the cone filter type seems an interesting space saving alternative, 

due to its rather limited increase in pressure drop, but nevertheless higher initial pressure drop 

in comparison to the G4-Coarse 60% folded panel filter.        

 

3.2 Fine filters 

3.2.1 Different fine filter classes protected with a G4-Coarse 60% prefilter 

 

F7-ePM1 55% F9-ePM1 80% E10 

 

D 

 

E 

 
Figure 4 Fine filterbox filters in folded panel form installed after a G4-Coarse 60% prefilter Top) Summarizing box 

plot of the efficiency profile for different fine filter classes over a 13 months runtime D) Fractional efficiency profile 

of the F9-ePM1 80% filter after 6 months in use E) Summarizing box plot of the pressure drop over the different fine 

filters over a runtime of 13 months 

As can be expected, fine filters are in general more efficient than coarse filters (see Figure 2 

and 3 versus Figure 4). Upon comparison of the tested F7-ePM1 55% and F9-ePM1 80% filter, 

273 | P a g e



the results indicate a significant higher efficiency for the F9-ePM1 80% filter throughout the 

complete measurement range. Both filters however show a dip in their efficiency for the particle 

sizes 0.1-0.5µm and 0.5-1µm. As shown by the fractional efficiency profile for the F9-

ePM1 80% filter (Figure 4 C) the lowest point of this dip is around a particle diameter of 200nm. 

These particles are known as the most penetrating particle size (MPPS), being the particles the 

hardest to capture by a classic air filter. The tested E10 filter, lowest class of the HEPA-filters, 

on the other hand shows a high efficiency within the full measuring range (see Figure 4). These 

kind of filters are specially designed to capture MPPS particles. The higher efficiency for the 

F9-ePM1 80% and E10 filter also result in a higher pressure drop over the filter as can be seen 

in graph E. Based on the efficiency results, a cascade of a G4-Coarse 60% + F7-ePM1 55% 

allows the reduction of the PM2.5 fraction in the supplied air with on average 58±9%a and the 

cascade of the same coarse filter with an F9-ePM1 80% filter with on average 80±4%a. An F7-

ePM1 50% system filter, which can be directly installed into a ventilation system, was found 

the be significantly less efficient (data not shown).  

3.2.2 Added value of coarse prefiltration for different F7 filter forms? 

A 
F7-ePM1 55% Folded Panel 

no prefilter 
B 

F7-ePM1 55% Folded Panel 

with G4-Coarse 60% prefilter 

  
ΔP 29 65 120 Pa ΔP 28 51 193 Pa 

C 
F7-ePM2.5 70% Bag 

no prefilter 
D 

F7-ePM2.5 70% Bag 

with G4-Coarse 60% prefilter 

  
ΔP 25 31 38 Pa ΔP 32 60 196 Pa 

Figure 5 Summarizing box plot representation of the filter efficiency of two different F7 filter forms (ePM1 55% 

Folded Panel vs ePM2.5 70% bag) without (left) and with (right) G4-Coarse prefiltration over a runtime of 13 

months. Indication of the pressure drop as ΔP min median max in Pa over the 13 months runtime. 

 
a This efficiency value cannot be compared to the efficiency values attributed to a filter for filter classification purposes (e.g. 

ePM2.5 70%) since the in laboratory measurements conducted for this work do not allow the calculation of these classification 

efficiencies strictly according to the filter classification standard EN ISO 16890:2017 
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The above graphs demonstrate the influence of a G4-Coarse 60% prefilter placed in front of an 

F7-ePM1 55% folded panel as well as an F7-ePM2.5 bag fine filter. For the F7-ePM1 55% 

folded panel filter the absence of the prefilter (A versus B in Figure 5) results in a significantly 

higher filter efficiency for all particle size ranges. This is the result of a faster filter cake build-

up on this fine filter when it is not protected by a coarse filter. This also results in a higher 

median pressure drop over the run time across this F7-ePM1 55% filter alone, compared to the 

median pressure drop across the cascade of the G4-Coarse 60% and F7-ePM1 55% fine filter.  

For the F7-ePM2.5 70% bag filter the presence of a G4-Coarse 60% prefilter has no marked 

effect on the filter efficiency (C versus D in Figure 5). The filter efficiency profile remains more 

or less the same, expect for the fact that the absence of a prefilter results in less variability on 

the efficiency. Furthermore, the median pressure drop across this F7-ePM2.5 70% filter alone 

is much lower than across its cascade with a G4-Coarse 60% prefilter. Based on the efficiency 

results an F7-ePM2.5 70% bag filter without prefilter allows the reduction of the PM2.5 fraction 

in the supplied air with on average 59±11%. 

3.3 Electrostatic precipitators 

ESP – Disposable Collector ESP – Cleanable collector 

A 

 

 

B 

 

 ΔP 15 18 21 Pa  ΔP 8 10 16 Pa 

C 

 
 

Figure 6 Summarizing box plot representation 

of the filter efficiency of two electrostatic 

precipitators (ESPs) each with a different 

collector type [A) disposable collector, without 

replacement!, B) cleanable collector] over a 

runtime of 13 months. C) Filter efficiency profile 

for different particle size ranges in function of 

the runtime for the ESP with the disposable 

collector. Red line: indicative collector 

replacement interval as suggested by the 

manufacturer. Indication of the pressure drop as 

ΔP min median max in Pa over the  runtime.  

Both precipitators exhibit a very high efficiency (>90%) within the full measuring range at new 

state. For the version with the cleanable collector (see graph B in Figure 6) this very high 

efficiency remains stable during the whole runtime of 13 months. For the version with the 

disposable collector, the efficiency decreases in function of time, resulting in a large variability 

on the overall efficiency. According to the manufacturers guidelines the collector plates should 

be replaced after 3 months in use (see red line in graph C), which was from a scientific interest 

not done during the 13 months runtime. Upon replacement at the end of the runtime (data not 

shown), the efficiency increases again above 90%. For both systems their pressure drop is rather 

small in comparison to the pressure drop over the tested fine filters and only has a small 

tendency to increase in function of time. During an additional run an increase in pressure drop 
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was observed for the ESP with the disposable collector due to dust accumulation on a grill in 

the ioniser part in front of the collector plates. This indicates the need for prefiltration in front 

of electrostatic precipitators. The ozone production, commonly seen as risk of this technology, 

was found to be limited for both systems (cleanable: 29±4 and disposable:16±4 µg/m³). 

 

4 CONCLUSIONS AND DISCUSSION 

Coarse filters are mainly installed in balance ventilation systems to protect the system 

(including heat exchanger, fans,..) and the ductwork against rapid fouling. The observed high 

efficiency for larger particles (2.5-10µm) and lower and variable efficiency for smaller particles 

is in line with this function. Therefore, coarse filters cannot be considered as contributing to an 

improved air quality in terms of particulate load. One exception are pollen, since they are 

generally larger than 10µm a coarse filter will already drastically reduce their number in the 

supplied airstream. Although different filter forms belong to the same filter class, our findings 

indicate some differences in efficiency (coarse 60% folded panel versus bag type). The use of 

coarse filters with a small filter surface should be avoided, because of their typical very high 

initial and sharply increasing pressure drop. 

 

Fine filters, have the potential to improve the quality of the supplied air by a ventilation system 

in terms of particulate load. Based on its efficiency for PM2.5 particles (see § 3.2.1 & 3.2.2), an 

F7-ePM1 55% folded panel or ePM2.5 70% already allows to reduce the PM2.5 fraction in the 

supply air below the WHO guideline value of 5µg/m³ (annual mean) given the outdoor 

concentration for a city environment as Brussels. Although an F9-ePM1 80% filter has some 

limited potential (due to the dip in its efficiency profile) and an E10 filter a significant potential 

to also improve the particulate load for de PM1 fraction, their higher pressure drop is not in 

favor. Further our findings indicate that an F7-ePM1 55% folded panel filter is preferably 

protected by a G4-coarse 60% filter, while an F7-ePM 2.5 70% bag filter can be used without 

prefiltration. As such this bag filter can be installed in front of a ventilation group, protecting it 

against fouling and improving the supplied air quality at the same time. Due to its low pressure 

drop and filter cost, the necessary extra investment can be rapidly recovered (< 3 years).     

 

Electrostatic precipitation is an interesting alternative to filters due its the high efficiency of 

particle capture within the full range (10nm-10µm) and the associated low pressure drop in 

comparison to fine filters. In fact electrostatic precipitation also improves the particle load of 

the supplied air not only for the PM2.5 fraction, but also for the PM1 and PM0.1 fraction. Although 

no specific WHO guidelines are available for these fractions, for some people their reduction 

in the supplied air can be important in view of health problems. Maintenance is an important 

aspect to maintain the high efficiency of systems, especially for the one with a disposable 

collector, and prefiltration is of importance to maintain the low pressure drop across the system.    
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ABSTRACT 

Indoor Air quality (IAQ) of dwellings is the result of several sources and processes, and the impact of ventilation 

system is the one amongst many others. Definition and metrics of IAQ are several and we choose in this study to 

focus on airborne particle levels. Our question was: How the filtration of supply air impacts particle levels in 

indoor air?  

On-site measurement campaigns were carried out in occupied dwellings between 2016 and 2019. Three houses 

and one flat located in the city and in the countryside were instrumented during three weeks. Two of the 

dwellings were equipped with balanced mechanical ventilation systems, one with mechanical exhaust air system 

and the last one with mechanical supply air system. Optical particle counters, measuring in number particle 

concentrations between 0.3 and 3 µm, were used to monitor particle levels of outdoor air, supply air and extract 

air, every 30 seconds. Supply air filtration was changed every week in order to follow the impact of the level of 

filtration on indoor air particle concentrations: fine filter, coarse filter or no filter on supply air. To be able to 

understand fluctuations over time, occupants were asked to fulfil questionnaires informing about activities 

(cooking, cleaning, airing, etc.) and room occupancies.  

The first finding is that on-site measurement in occupied dwellings can imply strong variations on external 

parameters, but also on occupant-related sources. It makes it difficult the comparison between measurement 

periods. Therefore, both time curves and statistical indicators, based on box plot or weekly curves between 

indoor and outdoor concentrations for each size of particles, have been used to analyze the results. Moreover 

measurements during occupancy and during night time have been analyzed separately.  

Regarding the filter efficiency, on-site measurements of filter penetration index (ratio between supply air and 

outdoor air concentrations) are consistent with efficiencies measured in the laboratory, for each particle size 

category. In particular, medium filters have a low impact on particles smaller than 1 µm.  

The main conclusion of this study is that indoor air quality does not only depend on the quality of the air 

entering the dwelling. The behaviors of the occupants, the opening of doors and windows, the cooking activities 

with, for example, the use of recirculating kitchen hoods are important elements. However, the contribution of 

the supply air filtration on indoor air particles concentrations is real and positive, linked with the efficiency for 

each size of particles. We haven’t seen much impact, using medium filters, while the impact was positive with 

fine filters. To keep this impact positive, attention should be drawn to the need for good maintenance of these 

filters to avoid a decrease in airflow due to clogging, and to air renewal. 

 

KEYWORDS 

IAQ, Filtration, On-site measurement, Occupants behavior, Particles  
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1 INTRODUCTION 

Indoor air is a complex mixture of hundreds of species, varying over time and space. Many 

measurement campaigns show that indoor pollution comes from the occupants (humidity, 

carbon dioxide, bioeffluents) and theirs activities but also from the building itself 

(construction materials, decoration), furniture, maintenance activities (cleaning) and from 

outdoor pollution.  

While the survey of atmospheric pollution has long been the subject of particular attention, 

Indoor Air Quality (IAQ) has long been wrongly considered as a marginal component of 

environmental and health issues. The definition of good indoor air quality (IAQ) is still under 

discussion. For ASHRAE 62.1, acceptable IAQ is air in which there are no known 

contaminants at harmful concentrations as determined by cognizant authorities and with 

which a substantial majority (80% or more) of the people exposed do not express 

dissatisfaction. This definition assumes a good knowledge of indoor air pollutants, their 

sources and their spreads. 

Among the pollutants of interest, WHO (2021) and Kotzias D. et al. (INDEX project, 2005) 

agree on particulate matters (PM) which have harmful effects on health (asthma, breathing 

difficulties). These particles may include, for example, dust, smoke or liquid drops. 

Particulate matters in indoor air can come from several sources. They can be emitted directly 

from a source (e.g. fireplace, construction material) or result from complex chemical 

reactions. Kalaiarasan, G. (2017) showed that particulate matters can also come from outside 

(industries or automotive) and penetrate inside (infiltration, air renewal).  

The link between outdoor and indoor particles is complex and still misunderstood. Massey et 

al. (2009) studied this relationship between indoor and outdoor in 14 naturally ventilated 

houses. They showed that the fine particulate concentration’s levels rises due to indoor 

activities.  They showed also positive correlation with outdoor concentrations. Wang et al. 

(2016) studied indoor and outdoor air PM2.5 concentrations in four residential dwellings 

characterized with different building envelope air tightness levels and HVAC-filter 

configurations but no occupants activities (windows closed, no cooking or smoking). 

Although they highlighted relation between indoor and outdoor PM2.5, the absence of indoor 

activities does not fully reflect the actual conditions of housing occupancy. 

The purpose of this study was to assess the impact of supply air filtration on the level of fine 

particles in the indoor air of occupied dwellings. For this purpose, CETIAT performed on-site 

measurement campaigns in 4 occupied dwellings between 2016 and 2019 in order to monitor 

the levels of indoor and outdoor particles for different type of filtration on supply air.  

First, measurement campaign is presented, with details of accommodation, experimental setup 

and procedure. Then, an analysis of the results is provided. This analysis concerns the 

measurement observations but also the relevance of the analysis tools and the limits of on-site 

measurements. Finally, recommendations are also proposed to improve IAQ.   

2 MEASUREMENT CAMPAIGN 

2.1 Accommodations 

The study was carried out in three houses and one flat located in countryside or urban area, all 

in Lyon area. All dwellings were inhabited. Table 1 resumes main housing characteristics.  
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Table 1 – Main housing characteristics 

Dwelling Type Location Elevation 
Construction 

date 
Renovation Area 

Number of 

floors 

1 House Countryside 293 m 2016 No 160 m² Single floor 

2 House Countryside 279 m 2010 No 123 m² 2 floors 

3 House Countryside 381 m 1981 
Windows 

Attic insulation 
90 m² Single floor 

4 Apartment Urban area 190 m 1960 
Windows 

N&S facades insulation 
100 m² Top floor 

 

Dwelling 
No. main 

rooms 

No. utility 

rooms 
Occupants Ventilation system 

Kitchen 

hood 
Chimney 

Measurement 

dates 

1 5 6 
2 adults 

1 children 

1 dog 

Mechanical extract 

and supply 

MHRV* 

Recycling 

hood 
No 

July - August 

2017 

2 5 6 
2 adults 

2 children 

1 cat 

Mechanical extract 

DCV humidity 

control 

Exhaust 

hood 

Closed 

fireplace 
March 2018 

3 4 3 

2 adults 

1 children 

(Wednesday) 

1 dog 

Mechanical supply No 
Open 

fireplace 
October 2018 

4 4 4 2 adults 

1 children 

Mechanical extract 

and supply 

MHRV* 

Recycling 

hood 
No September 2019 

* Mechanical Heat Recovery Ventilation 

Most of the occupants were carrying out a professional or educational activity and their 

presence at home was therefore intermittent during the daily hours, except occupants of the 

dwelling 3 who were retired. Thus, in order to understand fluctuations of particles level over 

the time, occupants were asked to fulfil questionnaires informing about their presence and 

activities (cooking, cleaning, windows opening, etc.). 

For every accommodation, indoor and outdoor particles numbers were continuously 

monitored during three weeks in a row. Each week, filtration level on supply air was changed: 

one week without filter, one week with coarse filter (G4 according to EN 779:2012) and one 

week with fine filter (F7 according to EN 779:2012). 

2.2 Assessment of dwellings and ventilation systems 

All accommodations were equipped with a mechanical ventilation system. Measurements of 

ventilation flow rates, ductworks leakage class according to EN 12237:2003 and building air 

leakage rate at 4 Pa Q4Pa-Surf according to EN ISO 9972:2015 and its application guide 

FD P50-784:2016 were carried out during an initial visit of the dwellings. Results of these 

measurements are presented in Table 2.   
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Table 2 - Details of ventilation system and building permeability 

Dwelling Q4Pa-Surf Ventilation airflow ACH 
Ductworks leakage 

class according 

1 0.44 m³/h/m² 
Supply: 143 m3/h 

Extract: 152 m3/h 
0.4 

Supply: A 

Extract: A 

2 0.79 m³/h/m² 
Extract: 124 m3/h 

(DCV) 
0.4 – 0.5 Extract: A 

3 Unknown Supply: 110 m3/h 0.5 Unknown 

4 1.28 m³/h/m² 
Supply: 133 m3/h 

Extract: 140 m3/h 
0.56 

Supply: A 

Extract: A 

The filters used in every ventilation system were those specified by the manufacturer. Initial 

efficiency according to ISO 16890:2016 of every filter has been measured in CETIAT 

laboratory before their installation on site. Figure 1 resumes the results of initial particulate 

matter efficiency ePM of the filters used. 

 

Figure 1 - Initial particulate matter efficiency ePM of the filters according to ISO 16890:2016 

2.3 Measurements of particles 

Measurements of particle levels have been done with Optical Particle Sizer TSI 3330 

(dwellings 1, 2 and 3) and AeroTrak Handheld Particle Counter (dwelling 4). Those devices 

were able to count dynamically particles from size 0.3 to 10 or 25 µm in six channels of 

simultaneous data. For this study, only three channels from sizes 0.3 to 3 µm (0.3-0.5, 0.7-1.0 

and 2.0-3.0 µm for finer analysis) were considered for analysis. For larger sizes, the number 

of particles counted was two small to be exploited. 

In order to carry out measurements in different locations of the dwelling, an automatic 

sequencing system made up of solenoid valves and Teflon pipes was used. Samplings were 

taken at ventilation ductwork connection points or directly into the dwelling. Table 3 indicates 

the locations of the sampling points in each dwelling. 
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Table 3 – Locations of the sampling points 

Dwelling Ventilation system 
Outdoor air sampling 

point 

Supply air sampling 

point 

Indoor air sampling 

point 

1 MHRV 
Outdoor air spigot of 

the ventilation unit 

Supply air spigot of the 

ventilation unit 

Extract air spigot of the 

ventilation unit 

2 
Extract mechanical 

ventilation 
Air inlet upstream Air inlet downstream Living room 

3 
Supply mechanical 

ventilation 

Outdoor air spigot of 

the ventilation unit 

Supply air spigot of the 

ventilation unit 
Corridor 

4 MHRV 
Outdoor air spigot of 

the ventilation unit 

Supply air spigot of the 

ventilation unit 

Extract air spigot of the 

ventilation unit 

This instrumentation was easy to install and space saving, therefore well suited for inhabited 

sites where the devices should not disturb the occupants. Moreover, all the samples had the 

same measurement uncertainty, which simplifies the analysis of the data.  

However, there are some disadvantages. The number of sampling points was limited by their 

distance from the optical particle counter. In addition, samplings on ventilation ductwork did 

not allow discerning space-time phenomena like resuspension of particles or formation of 

aerosols. Finally, the results were in number of particles by size and not in global mass 

concentration, which made difficult the comparison with the threshold values of the 

guidelines and regulations. 

In addition to the samples, atmospheric PM2.5 levels were collected using open access data 

from ATMO stations, in order to compare with the evolution of outdoor air particles counts.  

3 RESULTS AND ANALYSIS 

3.1 On-site measurements in real conditions  

A first observation was that the presence of the occupants strongly modifies the measurement 

conditions. Although instructions were given, they were not followed all the time. For 

example, some occupants have changed the ventilation rate of their installation during the 

measuring period, despite the instructions. In addition, the window openings differed a lot 

from one dwelling to the other. Figure 2 presents number of window openings per dwelling. 

 

Figure 2 - Window openings per dwelling 

281 | P a g e



This difference was mainly due to the test season. For dwellings 1 and 4, the measurements 

were carried out during the summer period, where sunny weather was conductive to windows 

opening, while for dwellings 2 and 3, the measurements were performed during spring or 

autumn, where the cold and rainy weather did not encourage windows opening. 

Consequently, window openings, as well as the airtightness of the building or the variable 

airflow control of the ventilation system (DCV in dwelling 2), make impossible to achieve 

and maintain fixed global air renewal in real conditions. 

A second observation was that the disparity of the weather (rain, wind), as well as the outdoor 

concentrations of PM2.5 made measurement conditions between dwellings unrepeatable. 

Figure 3 presents PM2.5 outdoor concentration in the environment of the accommodations.  

 

Figure 3 - PM2.5 outdoor concentration (ATMO open access data) 

The variations in concentration were significant from one site to another. For example, on the 

site of accommodation 3, there was a peak of 60 μg/m3 during the first week, while for 

dwelling 1 and 4, the concentrations were always below 20 μg/m3 over three weeks. 

Moreover, the variations in concentration over the 3 weeks on a same site can be significant. 

For example, on the site of accommodation 2, there were strong variations on first two weeks 

but the concentrations were more stable during third week, except a peak in the second part of 

the week. Extending the measurement duration is not enough to overcome the influence of 

this parameter. External phenomena and their impacts need to be better understood. 

3.2 Filter penetration 

To evaluate the on-site filters efficiency, the filter penetration, equal to the ratio between 

supply air and outdoor air particles, was used. The instantaneous value was calculated 

continuously. The results are represented with box plot statistics tool, which allows 

visualizing the median value but also summarizes the distribution of values. 

Figure 4, Figure 5 and Figure 6 present the filter penetration per week of all four dwellings.  
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Figure 4 - Filter penetration measured on sites – Particles 0.3-0.5 µm 

 

Figure 5 - Filter penetration measured on sites – Particles 0.7-1 µm 

 

Figure 6 - Filter penetration measured on sites – Particles 2-3 µm 

It was observed that the number of particles in the supply air was lower than the number of 

particles in the outdoor air in the presence of a filter. This reduction was greater with fine 

filter than with coarse filter. The efficiency of the coarse filters was mainly visible on 

particles bigger than 1 μm. These on-site measurements were therefore consistent with filter 

efficiencies measured in laboratory. This highlights that filtration has a real impact on the 

level of particles entering the accommodation. Particle reductions are obviously linked to 

filter e-PM efficiencies. 

3.3 Time curves analysis 

Among the analysis tools, the time curve plot was the most evident. It allowed viewing the 

evolution of the particles number as function of time. The presence of the occupants and their 
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activities (cooking, cleaning) were also plotted. Logarithmic scale was used for a better 

visualization of the peaks without flattening the other variations. 

Time curves of the indoor air particles and occupant activities for all four dwellings are 

presented on Figure 7, Figure 8, Figure 9 and Figure 10.  

 

Figure 7 - Time curves of the indoor air particles and activities - Dwelling 1 

 

Figure 8 - Time curves of the indoor air particles and activities - Dwelling 2 
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Figure 9 - Time curves of the indoor air particles and activities - Dwelling 3 

 

Figure 10 - Time curves of the indoor air particles and activities – Dwelling 4 

 A first observation was that a particle peak always occurred after an activity. These peaks 

were generated directly by the activity, especially cooking, or indirectly by resuspension of 

particles, like vacuuming or dusting. A correlation between the activities of the occupants and 

the level of particles inside the dwelling can therefore clearly be established.  

In addition, in dwelling 1, low cost PM sensors were placed in rooms. They showed high 

increase of particles concentration in the living room during cooking activities despite the use 

of the kitchen hood. It questioned a potential air recirculation inside the dwelling due to 

recycling hood. 

It was noted also that particles levels decreased slowly after a peak generated by an activity. If 

some assumptions such as insufficient air renewal or slow sedimentation rate could be made, 

none of them fully explains this finding. 

3.4 Statistical analysis 

In order to assess the impact of filtration on the level of particles in indoor air, one analysis 

tool was the I/O ratio, equal to the ratio between indoor and outdoor air particles and 

commonly used to describe the indoor and outdoor air pollutants relationship. This ratio was 
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computed in different ways: a first method was to calculate I/O ratio of instantaneous indoor 

and outdoor PM values. A second method was to average daily values of indoor and outdoor 

PM and calculate I/O ratio of those average values. In order to evaluate impact of the 

occupant activities, daytime and nighttime I/O ratios were computed separately.  

Box plots of I/O ratio calculated in these different ways are presented on Figure 11, Figure 12 

and Figure 13.   

 

Figure 11 – Statistical data of I/O ratio - Particles 0.3-0.5 µm 
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Figure 12 - Statistical data of I/O ratio - Particles 0.7-1 µm 
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Figure 13 - I/O ratio - Particles 2-3 µm 

A first observation concerning the calculation methods was that the I/O ratios of daytime and 

nighttime particulates averages were lower than the instantaneous I/O ratios. Indeed, the 

instantaneous I/O ratio was sensitive to the peaks of indoor particles. It could vary by a factor 

of 1 to 100 over 24 hours. One advantage of the I/O ratio of the daily diurnal and nocturnal 

particulate averages is to avoid impact of peaks and offset. 

Moreover, it was noted that the instantaneous I/O ratio was often greater than 1, whatever the 

level of filtration. Thus, if the filtration of supply air reduces the level of particles in supply 

air of the dwelling, it is not sufficient by itself to predict and reduce entirely the level of 

indoors particles.  

Finally, it was noted I/O ratios higher during the day than during the night. This confirms a 

strong impact of occupant activities on indoor levels of particles. 
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It can be concluded that the I/O ratio is therefore not sufficient to clear up the penetration of 

outdoor particles into indoor air. 

3.5 Linear–regression curves between indoor and outdoor 

The last analysis tool used for this study was the linear–regression curves between indoor and 

outdoor. Indoor particles were plotted as function of outdoor particles. Linear regression 

curves were calculated to identify the relationship between indoor and outdoor particles. 

Coefficients of determination R² were also computed to evaluate the degree to which level of 

fine particles measured indoors could be attributed to infiltration of outdoors particles. In 

order to evaluate the impact of the occupant activities, daytime and nighttime were 

distinguished.  

 

Figure 14 - Linear–regression curves between indoor and outdoor in dwelling 1 
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Figure 15 - Linear–regression curves between indoor and outdoor in dwelling 2 
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Figure 16 - Linear–regression curves between indoor and outdoor in dwelling 3 
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Figure 17 - Linear–regression curves between indoor and outdoor in dwelling 4 

A first observation was that coefficients of determination R² were higher during the night than 

during the day. The link between indoor and outdoor particles is thus lower during the day. It 

confirms that occupant activities have a strong impact on indoor particle levels. 

Moreover, coefficient of determination decreased with level of filtration. The higher the level 

of filtration is, the more the link between indoor and outdoor particles decreases. It suggests 

that the filtration of the supply air decorrelates the link between outdoor and indoor particles 

but does not on its own reduce the level of particles in the indoor air.  

However, coefficients of determination were too low to be significant, and therefore those 

interpretations should be taken as suggestive rather than definitive. 

4 CONCLUSIONS AND DISCUSSIONS 

The assessment of the impact of supply air filtration on the level of fine particles in the indoor 

air of 4 occupied dwellings was investigated. The number of particles was monitored using 

Optical Particle Sizer or AeroTrak Handheld Particle Counter. Indoor and outdoor particles 

levels were monitored continuously during three weeks in a row. Every week, filtration level 
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on supply air was changed: one week with no filter, one week with coarse filter (G4 according 

to EN 779:2012) and one week with fine filter (F7 according to EN 779:2012).  

It emerges from this study that the presence of occupant is essential for assessment of 

residential IAQ. Consequently, the results of on-site measurements are specific to each 

dwelling, not repeatable and unfortunately cannot be generalized to all dwellings or all 

ventilation systems. Location, weather or behavior of the occupants have an impact on the 

results. Anyway, we can conclude on general trends.   

Air supply filtration has a real impact on the levels of particles entering the dwelling, 

especially if this dwelling is exposed to targeted outdoor pollution such as car pollution for 

example. Its impact depends on its filtration efficiency according to particle size. A particular 

attention should be paid to the clogging of the filter so that it does not reduce the ventilation 

rate and the air renewal in the dwelling. The ventilation system must provide enough pressure 

to balance filter clogging and associated pressure drop. In addition, a regular filter change 

must be carried out.  

However, filtering supply air is not sufficient by itself to predict and reduce entirely the level 

of indoors particles. Indeed, IAQ is also function of multiple indoor sources such as cleaning 

or cooking activities or behavior of the occupants as well. 

In order to improve the IAQ, efficient ventilation is necessary. It is also recommended to 

reduce the sources of pollution and extract them as close as possible with an extraction 

kitchen hood for example. 
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ABSTRACT 
 

The placement of mobile air cleaners (MACs) in classrooms was widely discussed between parents, teachers, and 

authorities in Germany during the peak of Corona infections in 2020 and 2021. Measurements of mobile air cleaner 

efficiencies in larger laboratory rooms indicated that there are substantial efficiency differences between test re-

sults in a real room compared to results measured in a standardized 28m³ well-mixed clean test room according to 

a standard. The test method described here overcomes the multiple problems and uncertainties of aerosol particle 

decay tests. However, this method can only be applied to mobile air cleaners having a particle filter and an active 

carbon filter.  

Sars-CoV-2 viruses are always attached to aerosol particles. 99% of exhaled aerosol particles are smaller than 2 

microns and therefore completely airborne. This is the reason why a tracer gas can be used to mimic the flow 

pattern of aerosol particles where potential viruses could be attached to. Tracer gases in general are not affected 

by particle filters, they go just through. While aerosol particles accumulate in the HEPA filter of the MAC Per-

fluorocarbon tracer (PFT) are at the same time adsorbed by a downstream or upstream active carbon filter. The 

proportionality between particles removed by the particle filter and PFT removed by the active carbon filter is used 

to study the aerosol particle removal efficiency and spreading in a classroom. The Perfluorocarbon tracer PMCH 

was used to measure the effective clean air delivery rate in the occupied zone of a classroom. Constant injection 

of diluted PDCB was used to mimic the spreading of aerosol particles by an infected pupil sitting at a desk. 

The paper describes an efficiency test for mobile air cleaners in an occupied classroom with 22 pupils and a teacher 

present. Tracer gas sampling was done by the pupils themselves at every desk in the breathing zone, at the inlet of 

each air cleaner and at the outlet of each air cleaner using 60cc syringes. The syringes were later analysed by an 

Autotrac 101 tracer gas monitor, a gas chromatograph with electron capture detector. With this strategy a complete 

picture of aerosol resp. tracer gas migration and decay could be established.  

SF6 as a third tracer gas was used to account and correct for removal of particles by infiltration. Local PMCH 

decay data provided local removal efficiencies at all desk locations. By evaluating PDCB migration data, local 

exposure values could be calculated for every desk and pupil in the classroom.  

By comparing the PMCH concentrations in the occupied zone with the PMCH inlet concentration of the mobile 

air cleaners it was possible to quantify short circuiting around the MACs, i.e., the flow of cleaned air at the MAC 

outlet which circulates directly to the MAC inlet without affecting the occupied zone. 
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1 INTRODUCTION 

 

Roughly 90% of German schools are naturally ventilated. A discussion about the need of me-

chanical ventilation systems in schools started again with Corona infections when classes and 

complete schools were closed for weeks. The German Environmental Agency UBA recom-

mended plug ventilation every 20 minutes for a duration 3-5 minutes and in rooms where plug 

ventilation is not effective enough mobile air cleaners (MACs) were proposed to support nat-

ural ventilation means. 
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Due to pressure from parents and teachers many school authorities were forced to order 

MACs and the question arose what kind of specification is needed and how effective should 

MACs are. Measurements indicated that the Clean Air Delivery Rate, which should be speci-

fied by the manufacturer based on a proven standard, is not reached in real classrooms. 

 

For clarification: The Clean Air Delivery Rate, CADR, is the airflow through a MAC which 

is completely cleaned from particulate matter (dust, cigarette smoke, and pollen). A common 

test standard is ASTM/ANSI AC-0001, revised in 2020. Inefficiencies in the particle filter per-

formance or leakage around the filter frame leads to a CADR which is lower than the physical 

airflow throw the MAC. The CADR is measured in a 28m³ test chamber where complete mix-

ing is maintained throughout the test. A standardized amount of a particle species is released 

using an aerosol generator and mixed with the test chamber air. In a first step the natural de-

cay rate is monitored without the MAC in operation. Then a second identical test is performed 

with the MAC in operation. Using these results, the CADR is defined as the difference be-

tween both decay rates multiplied by the test chamber volume. The CADR characterizes the 

cleaning capacity of a device, it does not characterize its performance in a real room. 

 

Tests with MACs in real rooms indicate up to 25% lower particle removal performance as ex-

pected from the specified CADR, Kähler et all, 2020. One reason is short circuiting of already 

cleaned air from the MAC outlet directly to the inlet without flushing or mixing with the room 

air. The higher the flowrate the higher is the risk of short circuiting. Other reasons for poor 

performance are placement of MAC behind furniture or in locations which encumber good 

ventilation of the occupied zone. 

 

An average German classroom has 200m³ volume and 3m ceiling height. The average occupa-

tion is 25 pupils. They create buoyancy flows which are fed from the floor area and move up-

wards in the order of 2.000m³/h (approx. 80m³/(h person)). Looking at flow rates for MACs in 

classrooms recommendations range between 4 and 6 air changes per hour. For the average 

German classroom of 200m³ this is 800m³/h to 1200m³/h. The fan(s) of one or several MACs 

support also mixing of the room air. Regarding particles however, an operating MAC consti-

tutes a sharp particle concentration gradient at its location, high concentration at the inlet and 

almost no particle concentration at the outlet. Therefore, regarding particles, a classroom devi-

ates from a well-mixed zone.  

 

Sars-Cov-2-viruses are bound to aerosol particulates. Exhaled aerosols of >5µm show at nor-

mal room air velocities a trend to sediment to the ground, stay there and get inactive after a 

certain time. However, Hartmann et all, 2020 had shown that over 99% of aerosols people ex-

hale are attached to particulates smaller than 5µm. These small particles are completely air-

borne. Their flow pattern is identical to the flow pattern of the room air. This behaviour 

makes it possible to simulate the spreading of virus-laden aerosols using tracer gases. 

 

Aerosol tracing and removal measurements in real rooms using aerosol generators and parti-

cle counters inhibit many uncertainties which are difficult to quantify: 

 

• in real rooms and especially in classrooms there is dust deposited on surfaces. Forced 

airflows of MACs disperse the dust into the air 

• The movement of persons in the room generates additional particles 

• The opening of a window or door can reduce or increase the particle concentration in 

the room of concern depending on the particle concentration of the outside air or of 

adjacent rooms  
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• The particle counter is not able to differentiate between generated aerosol particles to 

mimic viruses and particles, set free from the movement of people or infiltrating from 

outside 

• The number of particle counters for a test is usually limited to 1-3 units. Therefore, it 

is difficult to monitor at multiple locations at the same time to obtain a complete pic-

ture of the situation. 

 

The proper selection of tracer gases and analyses techniques help to avoid many of these 

problems. A favorable way is the use of a gas chromatograph with electron capture detector 

(GC-ECD) with the following advantages: 

• it detects concentrations from the ppb down to the low ppt range. Therefore, very 

small amounts of a tracer (some cc) are required and can be released via 60cc plastic 

syringes for decay tests or 1 litre lecture bottles for constant injection tests. 

• For analysis just 10cc are needed which enables again the use of 60cc syringes for 

sampling. One can take samples at many locations at the same time, while the analysis 

is done later in the lab. One does not even need an analyser on site for a test. 

• Due to the low room concentrations the tracer gases are allowed in occupied rooms ac-

cording to VDI 4300-7. 

 

2 TEST OBJECT 

The UniqAir PRO MAC is shown in Figure 1. The inlet consists of 4 slits at the top, the clean 

air outlet is to all 4 sides close to the bottom. The air is sucked through a G4 pocket filter to 

eliminate larger particles before they can enter a cylindrical H13 particle filter. A 12mm thick 

layer of active carbon on the inner side of the cylindrical cartridge eliminates air impurities 

like volatile organic compounds (VOC) and nitrous oxids (NOx). An axial fan is located be-

neath the filter unit. A turning knob can be used to adjust the fan speed from zero to 330m³/h. 

 

     

Figure 1  Foto of mobile air cleaner UniqAir PRO (left); G4 pre-filter and view on cylindrical H13 filter flange 

(middle); cylindrical H13 filter with inner layer of active carbon (right) 

 

SF6 Tracer Gase to account for infiltration 

Sulphur hexafluoride, SF6, is an artificial gas and an almost perfect tracer. The molecule is 

very stable. Adsorption to walls or even active carbon filters is not measurable. For this test 

SF6 was selected to measure the infiltration rate during the time of test, because infiltration 

can also transfer particles which should not be attributed to the performance of the MACs. 
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Perfluorocarbon tracer gases to monitor virus-laden particles 

Perfluorocarbon tracers (PFT) have a cyclic molecule structure with a chemical formula of 

CxFy of carbon and fluorine atoms. They are artificial gases with almost no background. Elec-

tron Capture gas chromatography makes it possible to analyse PFT and SF6 down to the low 

ppt-range. PFT show a good adsorption behaviour on active carbon. This is the reason why 

they are heavily used in military applications to measure the tightness of NBC filters1 in shel-

ters and vehicles. 

To measure tracer gas rather than aerosol particle concentrations one makes use of the anal-

ogy that PFT are adsorbed in the active carbon filter in the same way as particles are trapped 

in the particle filter of the UniqAir PRO. To validate the adsorption behaviour prior to this 

test one UniqAir PRO device was exposed to different PFT at varying flow rates. The inlet 

and outlet PFT concentrations were monitored, and the removal efficiencies determined. 

 

The two selected PFT were PDCB (C6F12 - Perfluorodimethylcyclobutane) and PMCH (C7F14 

- Perfluoromethylcyclohexane). For the flow rates applied in the classroom test the PFT filter 

efficiency for PDCB was >99% and for PMCH >98%. 

 

3 SCOPE OF TEST 

The Finnish MAC manufacturer UniqAir with a subsidiary in Germany asked for a test to 

qualify the performance of UniqAir mobile Air Cleaner PRO in a real classroom under full 

occupancy. The test should answer the following questions: 

1. Is the CADR in the classroom reduced due to short circuiting? 

2. How effective is the particle reduction in the occupied zone? 

3. How are viruses of an infectious pupil distributed and reduced by the MAC? 

 

4 TEST DESIGN  

A classroom on the 2nd floor of the Zeppelin School in Speyer, Germany was selected for the 

test. A football team with boys of ages between 14 – 15 was hired. Test day was July 29, 

2021, a sunny and windy day with 25°C. To fulfil the test scope the following test steps are 

planned: 

 

1. To measure the infiltration rate during the test period, a tracer decay test with SF6 is 

foreseen. SF6 will be injected, distributed, and mixed before test start using a battery-

powered leaf blower which is known from gardening.  

2. To measure the effectiveness of the MACs, i. e. the removal of particles on the HEPA 

filter simulated by the adsorption of PFT on the active carbon a PFT decay test is 

planned. PMCH is injected, distributed, and mixed before test start. The PMCH will 

be removed by the active carbon in the same way as particles would be removed by 

the HEPA filter. Measured local PMCH decay rates multiplied by the classroom vol-

ume will lead to the Effective Clean Air Delivery Rate at every desk location in the 

room. 

3. To simulate the dispersal of virus-laden particles in the room a constant flow of di-

luted PDCB is emitted at a selected location in the room with the start of test. PDCB 

mimics the particle emission of an infectious person in the classroom. From the meas-

ured local concentrations of PDCB the exposition to infectious particles can be calcu-

lated. 

4. SF6 and PMCH injection and mixing is done without the boy team in the classroom. 

After complete mixing is achieved the boy team is asked to enter the classroom and to 

take their seats. 

 
1 NBC filter – nuclear, biological and chemical filters made of special active carbon material 
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5. Sampling commences for about 38 minutes.  

6. Then the room air is mixed again by a leaf blower. 

7. Test end is after 41 minutes 

 

5 TEST PREPARATION 

5.1 Determination of MAC flow rates 

The Zeppelin High School in Speyer is under a preservation order. Due to the age of the 

building the ceiling heights are 3,50m which results in a room volume of 235m³ whereas aver-

age modern classrooms in Germany have ceiling heights of 3m and room volumes of approx. 

200m³. 

A German expert team (VDI, 2021) recommended that a MAC should be as efficient as a 

well-designed mechanical ventilation system which is capable to maintain good indoor air 

quality. This requirement is fulfilled if 35m³/h per person of fresh air is supplied to a room. 

 

Applying this methodology to the average classroom with 25 pupils it will result in a CO2 

concentration increase of 660ppm. A MAC with a CADR of 875m³/h (25x35m³/h) will reduce 

particles in this classroom to 10% of its initial concentration within 31 minutes. The flow rate 

corresponds to an air exchange rate of 4,4h-1, which shall be reached at every location in the 

occupied zone. 

 

For the Zeppelin classroom with an average occupancy of 22 pupils and one teacher the 

CADR of the MACs corresponds to 805m³/h, a particle concentration reduction to 10% 

within 40 minutes and an air exchange rate of 3,4h-1. 

 

5.2 Classroom preparation 

To reach the required 805m³/h it is decided to place 3 MAC units in the classroom with a 

speed of 270m³/h each. The locations of the 3 units are chosen by the schoolmaster under as-

pects of suitability (e. g. no obstacle for moving kids) and feasibility (e. g. location of plug 

sockets, cable routing) during normal school hours, see Figure 2. 

Figure 2  Schematic of classroom with mobile air cleaner positions and desks 
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5.3 Tracer gas test preparation 

SF6 

One 60cc syringe is filled with 20% diluted SF6 to measure the infiltration rate throughout the 

test interval.  

 

PMCH 

A 100µl glass syringe is filled with 80µl of liquid PMCH. To avoid that PMCH is evaporated 

into the classroom before test start the syringe was filled outside of the school building.  

 

PDCB 

A one litre lecture bottle (14bar) with 0,2188% PDCB in N2 is prepared. A mass flow control-

ler set the injection flow to 50ml/min. At this low PDCB concentration the injected gas has 

the same density as the room air and will not be affected by gravity. To mimic the real breath 

flow the end of a 1/8” tubing is taped to the chin of the person such that the injection gas is 

taken away with the breath of that person, see Figure 3. 

 

 
 

Figure 3  person who mimics the infectious pupil with the 1/8” PDCB injection tube end in front of the mouth; 

on the desk the injection device with lecture bottle and mass flow controller 

 

5.4 Preparation of occupants 

The boy team was instructed about the test procedure and handling of syringes. To cover the 

entire occupied zone of the classroom every boy was asked to take air samples in syringes at 

his desk. 10 syringes were placed on every desk and labelled with desk ID and numbers from 

1 to 10. The boys are instructed to start sampling on command. Due to the turbulences of air 

in a room it is decided to take 2-minute average concentrations rather than to fill the syringes 

rapidly. The following 2 minutes are used to prepare for the next sample. In total ten 2-minute 

average samples are taken at every desk with pauses of 2 minutes in between. Correct sam-

pling is exercised with the boys prior to test start. Joking of boys and incorrect sampling was 

also observed and corrected, However, it can’t be assured that every sample was taken cor-

rectly. 

 

PDCB tube

end

Injection device
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5.5 Preparation of additional sample locations 

Further sample locations are installed at the inlet and outlet of each MAC. It is important to 

monitor PFT breakthroughs of the active carbon layer and to monitor short circuiting around 

the MAC. A 2m long 1/8” tube is positioned at the MAC in- and outlet and routed to a close-

by sitting person. A 5cm long ¼” tube is connected at the end which perfectly fits to the Luer 

top of the sample syringe. Before taking a new sample, the tube is flushed. The sample fre-

quency at the MACs is identical to the sampling at the desks. 

 

6 TEST 

6.1 Tracer gas injection 

With no boys present in the room, room door and windows closed, the syringe with 20% SF6 

was injected while walking through the room. Parallel the micro syringe with liquid PMCH 

was emptied on a steel lid. During a walk through the classroom the few droplets evaporated 

quite fast. Then the room air was mixed for 15 minutes using the leaf blower.  

 

To validate complete mixing of tracer with the room air five sample points, depicted in Figure 

2 and marked with M and the height at the sampling location had been defined. Immediately 

after the samples are drawn the boys are asked to enter the classroom and to take a seat. This 

process lasts about 3 minutes.  

 

6.2 Test start 

Then the test is started, t = 0! All 3 MACs are turned on, no additional mixing in place. The 

injection of PDCB at the mimic person is started and sampling commences as described. Fig-

ure 4 shows a view into the classroom. One of the two boys to the front left is taking a local 

air sample while his neighbour takes samples from the MAC in the front via two sample 

tubes. 

 

Figure 4  Sampling at all desks and all 3 MAC in- and outlets during the test 

MAC #1

MAC #2
MAC #3 Infection
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After test end the air MACs are shut off and the room air is again mixed with the leaf blower 

and another 5 samples are taken. This last sample is important to calculate the total amount of 

tracer gas in the room at the end of test to crosscheck the tracer gas balance between room and 

adsorbed mass in the MACs. 

 

7 TEST RESULTS 

7.1 Tracer gas SF6 

SF6 is the tracer gas which is not affected by the operation of the MACs. It is used to measure 

the infiltration rate which also contributes to the dilution of particles resp. tracer gases. To 

calculate the effectiveness of the MACs in chapter 7.2 the infiltration rate needs to be sub-

tracted. 

The validation of complete mixing at the locations M1 to M5 in the room shows a mean con-

centration of 37,6ppb with a standard deviation of ±0,3ppb indicating that the tracer gas is 

perfectly mixed. Because it is difficult to keep 14–15-year-old boys calm it was decided to do 

the mixing without the pupils and to ask them in after mixing is achieved. It took 3 minutes to 

get the pupils in with the classroom door open. This resulted in a local displacement of the 

start concentrations at every desk due to cross ventilation, as depicted in Figure 5.  

 

The local air change rates are almost equal and amount to 0,17h-1 with a standard deviation of 

0,03h-1. The infiltration flow is 40m³/h. In view of the large flow rates of 810m³/h induced by 

the MACs the correction due to infiltration is in the order of 5%. 

 

 

Figure 5  SF6 decay test to measure the infiltration into the classroom 

 

7.2 Tracer gas PMCH 

Prior to the test in the Zeppelin School the adsorptivity of one UniqAir PRO device was tested 

for different Perfluorocarbon tracer gases and SF6 at various fan speeds. PMCH showed at a 
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flow rate of 270m³/h a filter efficiency of approx. 98-99%, PDCB >99% and for SF6 it was 

zero.  

 

For PMCH the initial mixing is good as expected, showing a mean concentration at M1 to M5 

of 42,01ppb with a standard deviation of 0,71ppb (1,7%).  

 

The local PMCH decay concentrations at all 12 desks (solid lines) as well as the inlet concen-

tration at all 3 MACs (dashed lines) are shown in Figure 6. The local displacement of the first 

concentration reading at t=5min as described before for SF6 can be observed here again. The 

mean of all desk PMCH decay rates are 2,91h-1 with a standard deviation of 0,16h-1 (5%). The 

PMCH decay rate includes the operation of the 3 MACs and the effect of infiltration. To de-

termine the effectiveness of just the 3 MACs the infiltration is subtracted. Therefore, the 

cleaning rate due to the sole operation of the MACs is 2,74h-1 corresponding to an Effective 

CADR in the classroom of 644m³/h instead of the envisaged 810m³/h. 

 

 

Figure 6  PMCH decay curves at desks T1-T12 and MACs (dashed) 

 

As the MAC outlet concentrations have been monitored too, it is possible to check the filter 

performance. The filter efficiencies for PMCH are not close to 99% as expected from the pre-

tests, for MAC-#1 it is just 80,4%, for MAC #2 80,8% and for MAC-#3 only 52,1%.  

 

After test end and analyses of all sample syringes it is assumed that the flanges of the cylin-

drical filters may have not been tight and allowed a bypass flow which enters the classroom 

unfiltered. This assumption is substantiated by a separate test with one MAC a week later. 

The filter manufacturer adopted an improved design to eliminate future leakage problems. It 

is also noticed that the scale to set the fan’s speed is not linear and that the real flow at the set-

point was 252m³/h instead of 270m³/h. This means that the measured Effective CADR of 

644m³/h needs to be compared to 756m³/h (3x252m³/h), i. e. a performance loss of 15% due 

to leakage. 
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Due to the lower pressure drop across the filter the airflow increased to an unknown value.  

 

A main reason for this test however was to measure if there are inefficiencies in form of short 

circuiting around the MAC. If the MAC inlet concentrations are lower than the concentrations 

in the occupied zone this is the indicator of short circuiting. Figure 7 shows that the mean 

concentrations of all desks (occupied zone) at a certain time are almost identical with the 

mean concentrations of the 3 MACs. From this result it can be concluded that the use of 3 

small instead of one big Air Cleaner and the schoolmaster’s placement of the MACs leads to a 

good purification of the occupied zone without any circuiting.  

 

 

Figure 7  mean PMCH concentrations from all 12 desks versus mean inlet concentrations from 3 MACs 

 

7.3 Tracer gas PDCB 

The filter efficiencies for PDCB in this test are slightly higher with 82,7% in MAC-#1, 81,5% 

in MAC#2 and 60,3% in MAC-#3 compared to PMCH. The mean PDCB filter efficiency is 

74,8%. 

 

Due to constant injection of PDCB an increase in PDCB concentration is expected at all loca-

tions in the classroom. Measurement data shows Figure 8. The upper dashed line in black 

shows the theoretical concentration increase for an airtight classroom with complete mixing 

without a MAC operating. The dashed pink line below indicates the effect of additional infil-

tration. The fat dashed line in red shows the theoretical PDCB increase with infiltration and 

all 3 MACs operating with 252m³/h and 100% filter efficiency. The fat dashed green line 

shows the measured PDCB mean concentration from all desks. 

All solid lines depict local PDCB increases at the desks of the pupils. After the test end the 

room air is again mixed using the leaf blower. This time the pupils stayed in the room, but it 

can be seen from the last concentration reading at 41 minutes that 5 minutes of active mixing 

is not enough to achieve a well-mixed zone. 
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Fluctuations in the local PDCB concentrations are observed which are due to air turbulence, 

occupancy, and MAC-fan effects. 

 

If one calculates the theoretical PDCB increase at 252m³/h (fat dashed red line in Figure 8) 

not with 100% but with the measured mean filter efficiency of 74,8% the red dashed line 

shifts exactly to the green dashed line, which indicates consistency of the test results. It also 

leads to the conclusion that a UniqAir PRO without flange leakage will most likely achieve an 

Effectiveness in the occupied zone of 100% with no short circuiting. 

 

From the data in Figure 8 it is possible to calculate the exposure at every desk. The exposure 

is the product of time and concentration a person is exposed to a contaminant. It is the area 

under the concentration curve for a certain location. Figure 9 depicts the exposition deviations 

from the mean exposure for all desks in the occupied zone. Due to the single MAC in the 

front of the classroom (right side) pupils have a higher exposure at tables T2, T1, T12, and T4 

of up to 32% the maximum compared to the desks in the other parts of the classroom. 

 

 

Figure 8  Increase of PDCB concentrations at desks 
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Figure 9  Relative exposition distribution for an emission source located at T2 

 

8 CONCLUSIONS 

The paper describes a test setup to measure the effectiveness of air cleaners in a real and occu-

pied classroom. To get around the multiple uncertainties using aerosol generators with particle 

counters to measure the distribution and removal of particles in a real room, a tracer gas test 

with SF6 and two perfluorocarbon tracers (PFT), here PDCB and PMCH, was introduced. The 

analyses of tracer gas concentrations with gas chromatograph with Electron Capture Detector 

makes it possible 

• to inject tracer gases via simple 60cc syringes and/or small lecture bottles 

• to sample at many locations at the same time 

• to realize average sampling over a certain time interval 

• to spend a minimum of effort for test set up with later syringe analyses in the lab. 

 

As the test subject is the mobile air cleaner UniqAir PRO with a HEPA particle filter and an 

active carbon filter, use is made from the analogy, that particles are removed in the same way 

by the particle filter as PFT are removed by the layer of active carbon. By injecting PFT instead 

of aerosol particles it is possible to exclude uncertainties which are inherent to aerosol tests. 

Main uncertainties arise from the fact that particle counters can’t differentiate between gener-
ated aerosol particles and particles already present in the room or generated by people activities 

and particle entry or exit via natural ventilation. 

 

The decay of PMCH in the room is caused by adsorption in the 3 MACs and by infiltration. To 

determine the net removal rate due to the operation of the 3 MACs, the infiltration rate during 

the test was determined by a SF6 decay test and subtracted from the PMCH decay rate. The 

chosen tracer gas technique made it possible to accurately quantify the performance of MAC 

in a real room in presence of natural ventilation.  

 

Concentration measurements at the MAC inlet and outlet opening uncovers leakage around the 

filter flange which reduces the particle resp. PFT removal performance by 15%. 
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In case such a test is done with aerosol injection and particle counters it is essential to monitor 

not only the room but also the inlet and outlet concentrations to identify malfunctions like that. 

So many particle counters are usually not available in practice for one test. 

 

The risk of short circuiting around a MAC gets bigger with increasing flow rate. Therefore, 

UniqAir favours to place more MACs with lower airflows in a room. Short circuiting is quan-

tified by comparing the mean PMCH concentration in the occupied zone (all desks) with the 

inlet concentrations of the 3 MACs, which turns out to be completely identical throughout the 

test. This leads to the conclusion that despite the placement of the MACs in the 3 corners of the 

room the airflows flushed the occupied zone well and no short circuiting took place. The Ef-

fective Clean Air Delivery Rate in the classroom is the same as the CADR of the 3 MACs, 

although decreased by the filter leakage. 

 

The risk of a SARS-CoV-2 virus infection depends on the number of infectious persons in the 

room, their location, their virus load, the airflow pattern, the time of contact, the vulnerability 

of the contact persons, and many other factors. In a real situation much of this information is 

not known. The local release of the PDCB tracer gas mimics the spread of viruses of one infec-

tious person at a certain location. Sampling at every desk makes it possible to measure the 

individual exposure of every person in the classroom. Persons close to the location of release 

have exposures of +32% above average the maximum while others are smaller down to -28%.  

 

This test substantiates the difference between a decay test with complete mixing at start and a 

constant injection test at a certain location. Both tests serve a different purpose. The draw con-

clusions from the results of one test to the other is not possible. 

 

A consistency check with PDCB applying the measured filter efficiency due to leakage indi-

cates that an improved MAC design without flange leakage will be to 100% effective in the 

classroom, although this could not yet be validated by tests. 
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ABSTRACT 
 

Control of HVAC systems may reduce congestion of the electricity grid on district level by shifting energy demand 

of buildings and increase the self-consumption of local photovoltaic energy. To achieve an optimal control of 

ventilation, occupant behaviour should be taken into account. To describe occupant behaviour, usually black box 

models are used and typically need large amounts of high quality training data. Alternatively, use of physical 

relations allows for a good predictive power requiring less training data. TNO has developed a novel hybrid 

modelling approach: SirinE, combining data driven occupancy models with physics models including HVAC 

component models, a ventilation model and a heat transfer model. The SirinE model is calibrated with standardized 

monitor data. The SirinE simulation  is  an integrated modelling environment, enabling calibration of the 

parameters of both the ventilation and the heat transfer model to a  real building. This paper focusses on the 

AirMaps ventilation model, and the results are compared with monitoring data of a field test of a dwelling. 

 

KEYWORDS 
 

Model predictive control, air handling unit, hybrid building models, energy performance of building, Ventilation 

  

1 INTRODUCTION 

 

A major challenge in the energy transition of the built environment towards energy neutral is 

how to integrate energy-producing neighbourhoods into an existing energy infrastructure. The 

exponential increase of the number of heat pumps and electric vehicles on the district level 

leads to higher peaks in electricity demands. Increasing intermittent availability of different 

renewable energy sources with associated trade platforms [1] will require energy systems to 

switch between energy sources seamlessly and at short notice. To ensure stability and security 

of supply, the energy network will need to incorporate a mix of different commodities 

(electricity, heat and possibly hydrogen networks) [2] and be capable of smart balancing energy 

supply and demand on a district level to avoid network congestions. Building level energy 

management of ventilation, heating and cooling (in houses, offices, hotels, etc.) can play an 

important role in the reduction of peak demands by distributing energy demand over time and 

over the different commodities.  

 

The challenge is to develop a building control strategy that reduces the capacity of the 

required grid connection of a building and increase the local use of local solar energy 

production. This  will also reduce the peak load of exported local renewable energy by 

consuming it at district level as much as possible.   
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To be able to balance the energy production within the capacity constraints of the local energy 

grid a reliable prediction or forecast of both decentralized renewable energy production and 

energy use of a building is needed, which is able to make short-term (e.g. 1 day ahead) 

predictions based on different control strategies.  

 

Occupant behaviour shows to be a major factor in the energy demand of a building and therefore 

it is essential that the consequences of behaviour on the energy use is predicted by the model. 

As a consequence the prediction model must adapt itself continuously to reflect these changes. 

This means the occupant models must be trained on data from the buildings. 

 

The current state of the art in research for the control follows two directions. The first one 

focuses on smart district level control using Artificial Neural Networks and agent based models 

or Model Predictive Control [3, 4, 5]. Representation of individual building level energy 

requirements and performance in these models is simplistic and static, using simple fixed 

demand/supply curves. The second research direction focuses on single building scheduling 

and control studies using physical models simulated in specific tools, e.g. TRNSYS or Energy-

Plus [6, 7] or RC networks [8]. Over the past few years, the academic focus in this research for 

building control has shifted from black box models to hybrid models because the latter give 

better predictions and achieve higher robustness of the prediction especially under changing 

circumstances [2].  

 

Current physical building energy models like TRNFLOW consist of two separate programs for 

heat transfer and ventilation: TRNSYS and COMIS. If we want a reliable prediction of the 

energy use of the building these models should be calibrated to adapt to changes in behaviour 

of the occupants, for example due to events like COVID-19 and to change of  tenants. The 

current state of the art clearly shows the need for uniform scalable and more realistic building 

models which can tackle multiple functions and model interactions with the grid [9]. The 

objective of the SirinE model is to develop a  building energy models that have: 

• Occupant models that are calibrated with building data. Data driven occupant 

models can be used by both the heat transfer models and the ventilation models. 

• A combined integrated software environment to calibrate the parameters of both the 

ventilation and the heat transfer model.  

• Building Information Models serving as a standardized  format for input. 

 

2 HYBRID BUILDING MODEL SIRINE 

 

SirinE is an energy simulation model of a building which is able to give predictions of energy 

demand and production of buildings under dynamically changing conditions. It is an 

environment  which consists of a physical building model which solves the ventilation and heat 

flow balance equations, and a data-driven occupant model which models the interaction of the 

occupants with building components (e.g. thermostats, windows, electric appliances, etc.) 

(figure 1). The interaction of the monitored building data and simulation model prediction is 

used to create a predictive twin. SirinE makes use of standardised data input for both the 

building and installation information and the monitoring data. Therefore it is easy scalable to 

different sizes, functions and combinations of building blocks.  

 

The building model of SirinE consists of a heat balance network and a ventilation network that 

is automatically derived from the Building Information Model (BIM) that describes the 

geometric configuration and construction properties of the building (consisting of all spaces, 

walls, windows, doors, roofs, etc.). In SirinE we selected gbXML, , which is an open schema 

to facilitate the transfer of building data stored in BIM files (gbXML.org). A separate 
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standardized input of SirinE is a description of the building heating, cooling and ventilation 

equipment and its controllers. We selected IDF, the input file format of the energy simulation 

software Energy+ as a standard for describing the information of equipment components and 

configuration. With the automatic generation of the heat network and the ventilation network 

based on these input files, the simulation model can be easily adapted to different building 

types, such as apartment buildings, row houses and office buildings. Furthermore the data used 

to calibrate the model makes use of the standardized ontology of Project Haystack. The 

simulation model is therefore easily applicable to different building typologies and building 

functions and  calibration time is limited. 

 

A generic occupant class has been created within SirinE to simulate the interaction of the 

occupants with the building. The occupant class contains distinct subclasses, each associated 

with a certain occupant behaviour such as the presence of persons in rooms, interaction with 

windows or interaction with a thermostat setpoint. The implementation is flexible, in the sense 

that each of the subclasses may incorporate various sets of predictive models, ranging from 

simplistic approaches (e.g. fixed hourly profiles) to complex data driven models. Receiving the 

state of the building at each timestep from the building simulator, along with weather 

information (figure 1), the occupant class instances (agents) predict the behaviour of all 

occupants in the building for the next time step and transfer the interaction to the heat and 

ventilation network simulator.   

Because the occupant behaviour is itself influenced by the building state, e.g. room temperature, 

the building heat balance network and ventilation network and occupant agents interact 

bidirectionally. The occupant models that have been implemented (simple hourly schedules, 

simple data driven models for thermostat and appliances, Markov chain models for window 

opening behaviour) highlight the hybrid nature of SirinE.  
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Figure 1: Figure caption 

 

3 VENTILATION MODEL OF SIRINE: AIRMAPS  

 

To calculate the losses due to ventilation and infiltration TNO has developed a multizone 

airflow model, AirMAPs [10]. Similar to COMIS [11] it is based on a network model. Each 

zone in the building is considered homogeneous for temperature and is represented by a node. 

The nodes are connected in a network to model the airflows. The connections between the 

different zones and between the zones with outside can simply be openings, grilles, windows 

or cracks or ventilation components such as fans, ducts and the like (see figure 2).  
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Figure 2: Example of an AirMAPs ventilation network, Z are the zones, C are the connections and Cp are the 

outside nodes represented by a pressure due to wind. 

When solving this network of connections, the pressures in the zones are determined at which 

the incoming and outgoing mass flows per zone are in balance. This fixes the air volume flows 

through the connections. In combination with the air temperatures in the zones and outside, the 

energy loss through ventilation can then be calculated. In combination with a pollution source, 

both the concentration per zone and the spread of pollution between zones can be calculated. 

 

SirinE simulates the occupant behavior, equipment controllers, equipment dynamics and the 

effect on the combined heat network and the AirMAPs ventilation network in a combined 

simulation environment. After the start of a timestep the heat network calculates the energy 

loses making use of the ventilation flow calculated by AirMAPs and the zone temperatures. 

Based on this calculation of the heat network, the new zone temperatures are calculated, which 

are again used inAirMAPs during the following timestep. A typical timestep is in between 5 

and 15 minutes. 

 

The ventilation model AirMAPs calculates the air mass flow over a connection (and converts 

this to an air volume flow) based on the pressure difference across the connection. Factors to 

be considered include, the flow exponent and the net opening of the connection and the specific 

gravity of the air. 

 

In the ventilation model AirMAPs the following driving forces are consider: 

• wind attack 

• thermal stack 

• fans 

The wind pressure distribution over a building envelope is simulated using wind pressure 

coefficients (Cp values). The wind pressure coefficient multiplied by the dynamic pressure of 

the wind speed gives the local under or overpressure as a result of wind attack. The thermal 

stack concern the driving forces due to temperature differences and differences in height of 

openings between inside and outside or between zones. These pressure differences arise as a 

result of differences in the density of air. The fan is described by a so-called test data component 

Cp1 Z1 Z2

Z3

Cp3

Cp2
C1 C2

C3

C5

C4
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(TD), for this purpose for different pressures across the component the air volume flow which 

is maintained by the component is specified. The air volume flow is interpolated linearly 

between the specified pressure differences. So it is actually a component where the user can 

specify what the component air volume flow will deliver depending on the pressure difference 

across the component. This method can also be used for self-adjusting grills. 

 

In the ventilation model AirMAPs, 3 types of connections can be modelled: 

• an opening (marked CR) 

• a test data component (denoted by TD) 

• an open window or door (marked OW) 

An opening CR can be used for a non-self-regulating grille, a gap or air leak, a window or a 

duct. Parameters of importance are the net area of the opening, which takes into account the 

flow resistance or constriction and the flow exponent. A test data component (TD) is described 

above for the fan and can be used also for self-regulated grills. For an open window or open 

door, a distinction is made between: 

• an airflow in one direction (rectified airflow) 

• an air flow in both directions (the so-called turbulent exchange). 

 

The pressure difference that occurs across an open window (OW) due to the differences in the 

air pressures to the left and right of the opening (rectified pressure difference in one direction) 

is used to determine the airflow in one direction (rectified airflow). At this point, an open 

window (OW) works exactly the same as an opening (CR), as indicated above. In addition, with 

an open window, an air flow in one and the other direction can also occur simultaneously due 

to temperature differences between inside and outside, which lead to pressure differences over 

the height of the window, and turbulence in the wind attack. In the case of an open window, the 

following must also be specified for this: 

• the height of the open window (m). 

• the number of sides of the open window where constriction of the air can take place.  

 

If a window is located in the middle of a facade, constriction can take place all around and the 

number of sides is 4. A door, on the other hand, is adjacent to the floor on 1 side, where no 

constriction occurs. The number of sides is then 3. If the door further adjoins an inner wall on 

1 side (before and after the door), then the number of sides is 2. The calculation of the airflow 

in 2 directions, the so-called turbulent exchange, is taken from the Visual Basic program 

LargeOpeningNL. This program is based on empirical formulas derived from measurements 

performed in the TNO laboratory in the 1980s for openings with external and internal gaps 

between spaces [12][13]. A fluctuating pressure difference across the open window is 

calculated based on the wind attack, the turbulence in the wind attack and the temperature 

difference between one side of the open window and the other. Then the maximum pressure 

difference is calculated due to thermals and wind attack including gusts. If the rectified pressure 

difference is zero, the turbulent exchange is maximum. If the rectified pressure difference is 

greater than or equal to the aforementioned maximum calculated pressure difference, the 

turbulent exchange becomes zero. Between them, the turbulent exchange decreases linearly. In 

this way a good description of the air exchange over large openings is possible, taking into 

account that the rectified pressure difference will counteract the turbulent exchange. 

 

To solve the AirMAPs ventilation network, the zone pressures must be calculated in such a way 

that the incoming and outgoing mass flows in each zone are in balance. To make this possible, 

a system of linearized equations is set up in the solve routine that describes the current balance 

for each zone. Solving this system of equations then gives the pressures in the zones. This 

process has to be repeated a number of times (iteratively) because the ventilation flows do not 
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change linearly with the pressures. The process continues until the current error (mass balance 

error) per zone is less than the specified permissible deviation. 

 

The AirMAPs ventilation model is used in the SirinE simulation environment but is also 

combined with a RC heatnetwork in the ungoing HORIZON2020 Sphere project to calculate 

and commission the performance of NZEB dwelling. 

 

4 COMPARISON OF THE RESULTS  OFAIRMAPS G WITH FIELD DATA. 

 

In a single-family home in Delft (Netherlands), CO2 and temperature measurements were 

carried out in the living room, the three bedrooms and the attic in the period from 19 August 

to 27 September 2020. A floor plan of the house is shown in figure 3. The house is a terraced 

house, with the landing in open (stairs) connection with the attic. The attic is one room. The 

house is equipped with a balanced ventilation system. The environment consists of 

houses/residential buildings with varying heights up to a maximum of 4 floors. 

 

 

Figure 3: Floor plan of the terraced house of the field test 

 

Various scenarios have been considered in the home with regard to the presence of people 

(i.e. CO2 production), window positions, positions of interior doors and position of the 

ventilation system. Subsequently, these scenarios were simulated with AirMAPs and 

compared with the measurements. 

A ventilation model of the house has been made for this purpose in AirMAPs. The air 

permeability of the house is estimated to be 40 dm3/s at 10 Pa. This is a fair value for this 

house given the year of construction. Furthermore, the supply and extract air volume flows of 

the balanced ventilation system were measured in the home and modeled in AirMAPs. The 

overflow gap under the inner doors has been measured and measures 1.5cm by 90cm and is 

modeled in AirMAPs. The weather data, such as wind speed, wind direction and outside 

temperature, were used from the nearby Voorschoten weather station. The wind pressure 

coefficients were determined with the Cp generator of TNO, whereby obstruction/shelter by 
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the immediately adjacent houses was considered. The wind pressure coefficient multiplied by 

the dynamic pressure of the meteorological wind speed gives the under- or overpressure on 

the facade or roof of the building.  

In figure 4 the measured and simulated CO2-concentrations in the livingroom, bedroom1, 

bedroom2 and the attic are given for a specific scenario. In this scenario the revolving 

window in bedroom1 is opened (2 cm open, Anetto=175 cm2, height 130 cm) and the door of 

bedroom1 is opened (4 cm open, Anetto=650 cm2, height 200 cm)). Two persons are present 

in bedroom1. The balanced ventilation system is switched to the low position. The windspeed 

is 3 m/s and roughly perpendicular to the front facade (facade at which bedroom1 is located). 

The outside temperature is 14˚C,while the temperature in the dwelling is roughly 21 to 22˚C  

Figure 4 shows that the CO2-concentrations calculated with AirMAPs resemble quite well 

with the measured concentrations. The CO2-concentration in bedroom1 is, as might be 

expected, a first order response on the CO2-production in this bedroom, while the attic clearly 

shows a second order response. In the attic the measured CO2-concentration as well as the 

calculated concentration with AirMAPs in the beginning increases and at the end decreases 

(showing to some extend an S-curve). 

 

 

 

 

 

 

 

 

 

 

314 | P a g e



 

 

 
 

Figure 4: Comparing simulation results AirMAPs with measurements 

 

 

5 HEATNETWORK SIRINE  

 

To calculate the heat losses a heat network is constructed, where each room is considered a 

thermal zone. Each zone �� is represented by a temperature node ��� in the heat network. Each 

physical layer of boundary surfaces (i.e. walls, floor, ceiling and roofs) constitutes a 

temperature node in the heat network. For �th layer of the �th boundary surface ��,
 (� = 1 
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corresponds to the innermost layer, � =  to the outermost one), a temperature node ���,
 is 

added to the heat network. In addition all boundaries (outdoor environment, ground etc.) are 

represented by a single external temperature node [14].  

 

6 IMPLEMENTATION OF SIRINE FOR A MODEL PREDICTIVE CONTROLLER 

IN AN ENERGY POSITIVE DISTRICT  

 

In the Horizon 2020 project Syn.ikia, we are deploying the predictive twin SirinE in a model 

predictive controller (MPC) to use a temporary excess capacity of on-site solar energy as 

efficiently as possible. This MPC is applied in a demo Sustainable Positive Energy 

Neighbourhood (SPEN) in Uden. This neighbourhood consists of an apartment building with 

39 apartments, each having its own PV panels and ground source heat pump for domestic hot 

water and space heating, and common neighbourhood PV and Electrical Vehicle charging 

stations.  

To shift the energy load of the apartments to better utilize the energy generated by the 

photovoltaic panels, we calculate the optimal time to start heating the buffer vessel for domestic 

hot water and the time to start the space heating. We can shift the start time of space heating 

quite easily because the dwelling is both well insulated and has a large building mass in the 

floors and walls. Therefore the building will react quite slow to cooling down and heating up 

the rooms. The implementation of the model predictive controller is foreseen in the last quarter 

of 2022. 

 

 

7 CONCLUSIONS 

 

The paper provides an overview of a novel hybrid modelling approach for buildings. The 

comparison of the field measurements and the AirMAPs ventilation model looks quite 

promising.   A unique quality is that the building model uses a standardized data format for both 

the BIM (gbXML), the equipment configuration (IDF) and the building data (Haystack), 

Therefore the model is scalable, automatically generates a network and uses matrix solvers to 

efficiently simulate the network. Next step is to implement and test the model predictive 

controller in the Sustainable Positive Energy Neighbourhood (SPEN) in Uden. 
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ABSTRACT 
 

In a context of energy savings, new buildings are becoming more and more airtight. The good indoor air quality 
(IAQ) relies therefore more and more on mechanical ventilation systems with specific air flowrates to be met. 
However, in practice, ventilation ductworks are not always very airtight. The numerous issues induced by leaky 
ductwork have been well outlined in the literature and summed up in (Leprince et al., 2020). Yet the awareness is 
not forthcoming, and on-site workers do not always realize the consequences of ductwork leakages. 

In particular, the electrical overconsumption induced to compensate for ductwork leakage is usually not really 
taken into account. This paper provides a practical methodology to estimate from simple on-site measurements the 
impact of ductwork leakage on: 

- the fan electrical overconsumption to compensate for leakage 

- the thermal losses due to pre-conditioned air leakage in non-conditioned spaces 

- the IAQ quantified by the predicted percentage of dissatisfied. 
These calculations can help to raise awareness on the duct leakage issue, to perform cost-benefit analyses, and 
encourage for example ductwork sealing interventions on existing leaky ductworks. 

Practical application of this methodology is presented in another paper together with the impact of other non-

conformities of ventilation systems (Hurel and Leprince, 2022). 

KEYWORDS 
 
ductwork leakage, IAQ, overconsumption, practical estimations  

  
1 INTRODUCTION 

 
In a context of energy savings, new buildings are becoming more and more airtight. The good 
indoor air quality (IAQ) relies therefore more and more on mechanical ventilation systems with 
hygienic air flowrates to be met. However, in practice, ventilation ductworks are not always 
very airtight. The numerous issues induced by leaky ductwork have been well outlined in the 
literature and summed up in (Leprince et al., 2020). Yet the awareness is a long time in coming, 
and on-site workers do not always realize the consequences of ductwork leakages. 
In particular, the electrical overconsumption induced to compensate for ductwork leakage is 
usually not really considered. The goal of this paper is to provide a practical methodology to 
estimate, from simple on-site measurements, the impact of leaky ductworks on the energy 
overconsumption and/or on the IAQ and to raise awareness on this issue. These calculations 
can also allow cost-benefit analyses, and encourage for example a ductwork sealing through 
aerosols as detailed in (Hurel et al., 2022) 
This paper is part of the on-going French research project PROMEVENT Tertiaire which aims 
at improving the reliability of inspection of ventilation systems protocols in non-residential 
buildings, and which includes the inspection of three buildings. This data was used for practical 
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application of this methodology and is presented in another paper together with the impact of 
other non-conformities of ventilation systems (Hurel and Leprince, 2022). 
 
2 ELECTRICAL OVERCONSUMPTION FOR VENTILATION 

 
This chapter gives the methodology outlines, further calculation details and explanations are 
given in the PROMEVENT project report (Hurel and Leprince, 2021). The main calculation 
steps are illustrated in section 2.6. Please refer to this section and to the annex for the 
nomenclature. 
 
2.1 Leakage caracterization: leakage coefficient Kl,real and flowrate Ql,real 

Method 1: ductwork permeability test 

This method should be chosen first when a ductwork airtightness test is possible. It consists in 
pressurizing the whole ductwork (Δptest) and measuring the required flowrate to compensate 
leakage (Ql,test) . For a better accuracy, the test should ideally be performed on the entire 
ductwork (Atest=At). However, for very leaky or very large ductwork, air leakage flow rates 
may be too high to maintain a given pressurization/depressurization in the whole ductwork. It 
is then necessary to isolate and test only a ductwork section (of area Atest) which should be 
consistent with the sampling rules detailed in standard EN 12599. The total leakage rate is given 
by: 

��,����,� = ��,	�
	 × Δ�,�����.�� × �	Δ	�
	�.�� × A���� = ��,�é��,� × Δ�,�����.�� × �	 (1) 

The average ductwork pressure in real operating conditions (Δpa,real) can be estimated averaging 
the maximal pressure (pAHU at the fan outlet) and the minimum pressure (pATD,far measured at 
the furthest air terminal device (ATD) from the air handling unit (AHU)). If the ductwork 
airtightness cannot be measured by a pressurization test, as an alternative it is possible to 
estimate the global (method 2a) or local (method 2b) leakage flowrate when the AHU is 
running.  

Method 2a: global leakage flowrate estimation 

The global ductwork leakage flowrate in the real AHU running conditions is given by the 
flowrate difference between the flowrate at the AHU outlet (QAHU,real) and the sum of flowrates 
at all the ATDs (QATD,t,real). One should note that the ATD flowrate measurement has a 
significant uncertainty, so for buildings with a large number of ATDs the total error related to 
this estimation is higher than with method 1. 

Method 2B: Local leakage flowrate estimation 

If both the airtightness test and the flowrate measurements at every ATD are not possible, the 
last option is to estimate the leakage rate locally, on a given duct supplying one or several 
ATD(s). The leakage coefficient Kl of this method 2b is then calculated locally and allows to 
estimate the total leakage rate in the whole ductwork for real AHU running conditions. This 
method has the highest risk of error. 
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2.2 Calculation method to estimate the electrical overconsumption 

Fan leakage compensation rate 

Fan consumption: 
The electrical AHU fan power (PAHU) depends on its flowrate (QAHU) and pressure (ΔpAHU): 

���� = Δ��� ∗ ����� ∗ 3600  (2) 

The higher the pressure losses in the ductwork, the more the fan needs to produce flowrate and 
pressure to compensate this resistance and meet the hygienic flowrates to ensure a good IAQ. 
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)  

- 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 (see Figure 
2). 

Yet, the fan efficiency (η) varies with its flowrate. According to the support Excel sheet of 
standard EN 16798-5-1, one can use the following approximation (with the subscript 0 standing 
for the no leakage case):  

����� ≈ #Q���,��������,� �� (3) 

Electrical overconsumption calculation in real compensation conditions 

Equations (2) and (3) allow to calculate the electrical overconsumption (ΔPAHU,real) in real 
compensation conditions:  

Δ����,���� ≈ ����,���� %1 − ( ����,�����,����)
*.�+ 

 

(4) 

Electrical overconsumption calculation in full compensation conditions 

If in real conditions the fan does not fully compensate ductwork leakage, it is interesting to 
calculate the maximal overconsumption that can me induced by this level of air permeability. 
This maximal overconsumption corresponds to a full leakage compensation case. The ductwork 
pressure is then higher, and the leakage flowrate increases therefore also. 

The average ductwork pressure for full compensation conditions is approximated as follows1: 

Δ�,,�- ≈ (����,� + ��,��������,� )* × /�,���� (5) 

 
1 Note: This allows a first correction of the ductwork pressure to estimate the leakage flowrate, but this pressure 
depends itself on the leakage flowrate. An iterative resolution would be required for an exact calculation, but for 
this study, this approximation is considered sufficient. 
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With Ql,real the total ductwork leakage flowrate in real running conditions calculated with 
method 1, 2a or 2b. 

The overconsumption (ΔPAHU,max) in full compensation conditions is estimated as follow: 

Δ����,,�- ≈ ����,���� %(1 + ��,���� × �	 × /�,,�-�.��
����,���� )*.� − ( ����,�����,����)

*.�+ 

 

(6) 

2.3 Related extra costs calculation 

The extra costs related to a real of full fan compensation of ductwork leakage are calculated 
with the fan overconsumption, the yearly operating time (tAHU,y) and the electricity price 
(priceelec):  

01234_6782� = Δ����1000 × 2���,9 × 3:60���; 
 

(7) 

2.4 Compensation rate 

The fan leakage compensation rate is given by (0: no compensation; 1: full compensation): 

3;<,= = (����,���� − ����,�)��,����  
 

(8) 

2.5 Case of reduced flowrates in inoccupation   

Buildings usually have AHU operation periods, for example running from 8am to 8pm and 
completely off at night.  
One should note that some buildings have two distinct AHU operation modes: a maximum 
flowrate for occupied building spaces, and a minimum flowrate for vacant building spaces. It 
is then necessary to do these calculations for both modes and then weight the results according 
to their occurrence rates (average flowrates can be evaluated with the systems’ technical 
approval documents).
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2.6 Electrical overconsumption related to ventilation – calculation summary 
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3 ELECTRICAL OVERCONSUMPTION FOR AIR CONDITIONNING 

 
3.1 Impact of leakage on heating and cooling demands  

 
For supply ductworks, leakage in non-heated/cooled spaces of the conditioned air induce a 
thermal loss increasing the building’s heating/cooling demand. Srinavasan estimated that in 
average these losses are of 10 to 30% in the USA (Srinivasan, 2005), and Dyer that they 
represent 1 Million $ over the lifetime of a large pharmaceutical plant (Dyer, 2011). 
 
3.2 Heat/cold recovery rate 

 
Thermal losses related to air conditioning occur when conditioned air leaks from a ventilation 
duct to a non-conditioned space.   
The task 1 report of the PROMEVENT project (Leprince et al., 2019) showed that the most 
common supply temperatures for non-residential buildings are approximately:  

- 19°C in winter: leakage flowrate vainly preheated for lower outside temperatures 

- 25°C in summer: leakage flowrate vainly precooled for higher outside temperatures  

Modera (Modera, 2005) has however estimated that in certain cases, part of the heat/cold 
dissipated with ductwork leakage is recovered. 4 duct location configurations lead to different 
recovery rates as illustrated in Figure 1. In case the duct location and/or insulation type changes 
along the ductwork route in the non-conditioned space, the areas of the various sections should 
be identified and a mean recovery rate calculated. 

 

Figure 1 – Recovery rates and thermal losses due to leakage in non-conditioned spaces for the 4 configurations 

3.3 Degree days 

 
The heating/cooling degree days (HDD/CDD) allow to quantify the difference between the 
external median temperature on a given day and the internal setpoint temperature. They are 
used to estimate respectively the heating and cooling demand on a specific location and are 
defined as follows (COSTIC calculation method (Observatoire économique de l’achat public, 
2007)):  

@AA = B C41 %0; (EF − GH) × I0.08 + 0.42 × EF − GHG- − GHM+
N�9
 <P F��	QHR =��Q<S

 (9) 

TAA = B C41 %0; (G- − E;) × I0.08 + 0.42 × G- − E;G- − GHM+
N�9
 <P ;<<�QHR =��Q<S

 (10) 
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3.4 Thermal losses due to air conditioning  

Heat losses in heating period  

The heat losses related the ventilation ductwork leakage in non-conditioned spaces (Eh) can be 
calculated over a year as follows:  UF = ��,H; × (1 − 3��;<V) × W�Q� × T=,�Q� × @AA × 2���,S × 3F  (11) 

Cold losses in cooling period  

Cold losses (Ec) can be calculated similarly to heat losses, using CDD over the year, and 
taking into account the cold production system’s COP:  

U; = ��,H; × (1 − 3��;<V) × W�Q� × T=,�Q� × TAA × 2���,S × 3;TX�;  (12) 

Annual thermal losses in real compensation conditions  

So, over a year the thermal losses can be estimated as follows in real AHU running 
conditions: U	F,���� = ��,H;,���� × (1

− 3��;<V) × W�Q� × T=,�Q� × I@AA × 3F + TAA × 3;TX�; M × 2���,S (13) 

With the leakage flowrate in non-conditioned spaces in real AHU running conditions defined 
as: 

��,H;,���� = ��,���� × �H;�	  (14) 

Annual thermal losses in full compensation conditions 

Similarly, annual thermal losses can be calculated in case of a full leakage compensation by the 
fan, which corresponds to the maximal losses for this ductwork airtightness level:  U	F,,�- = ��,H;,,�- × (1

− 3��;<V) × W�Q� × T=,�Q� × I@AA × 3F + TAA × 3;TX�; M × 2���,S (15) 

With the leakage flowrate in non-conditioned spaces in full compensation conditions defined 
as: 

��,H;,,�- = ��,,�- × �H;�	  (16) 

3.5 Related extra costs calculation 

 
The extra costs related to the conditioned air leakage in non-conditioned spaces is given in real 
or maximal compensation conditions by: 

7Y03_6782�Z = E�\3600 × 3:60���;  
 

(17) 

3.6 Case of reduced flowrates in inoccupation   

 
As explained in section 2.5, some buildings have two AHU modes allowing a maximal flowrate 
for occupied spaces and a minimal one for vacant spaces. As for the overconsumption 
calculation related to ventilation, thermal losses calculation should be performed for both 
modes and the results should be weighted according to the occurrence rates.  
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3.7 Thermal losses related to air conditionning – calculation summary 
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4  INDOOR AIR QUALITY DETERIORATION  

 
4.1 Estimation of the IAQ deterioration through the dissatisfied percentage  

 
One of the main consequences of ventilation ductwork leakage is the deterioration of the IAQ. 
If the fan does not fully compensate the ductwork leakage with increased pressure and 
flowrates, some ATDs will not deliver the required hygienic flowrate.  
In a given building, the room for which the IAQ deterioration issue is the most critical is the 
furthest one from the AHU, that is to say the one supplied by the longest ventilation ductwork 
length. Indeed, the further the air goes in the duct, the more the leakages induce pressure losses 
and reduced flowrates. As a result, this study on IAQ deterioration focuses on the furthest room, 
but other building parts can also be impacted.  
There are various indicators to characterize IAQ, as pollutant concentrations (CO2, humidity, 
etc.). The consequence of a poor IAQ is generally a discomfort felt more or less strongly by 
occupants, so standard EN 16798-1 associates ventilation flowrates in a room to a category 
defined by a predicted percentage of dissatisfied (see table in section Error! Reference source 

not found.). Two flowrates are given: per person (Qpers) and per surface (Qsurf) (considering a 
low polluting building). They must be used to calculate the limit values of each category (i): 

�,QH,Q = �=��
,Q × ]<;;,P�� + �
^�P,Q × �P��   (18) 

Dissatisfied percentage in full fan compensation conditions  

In case the fan fully compensates the ventilation ductwork leakage, on electrical 
overconsumption is induced as detailed in sections 2.2 and 3.4 but no IAQ deterioration. 
However, it does not mean that the dissatisfied percentage is the minimum according to EN 
16798-1 (15%), it can be calculated using the table in section Error! Reference source not 

found..  

Dissatisfied percentage in real fan compensation conditions  

The impact of ductwork leakage on the IAQ for the real fan compensation in the furthest room 
can be evaluated as well as the potential increase of the dissatisfied percentage compared to a 
full compensation (again with the table in section Error! Reference source not found.). 

Dissatisfied percentage without fan compensation  

In the IAQ point of view, the most critical case is when the fan is not compensating at all for 
ductwork leakage. This maximal IAQ deterioration, expected in the furthest room, can also be 
quantified with a predicted percentage of dissatisfied. For this, the flowrate in the furthest room 
with no fan compensation (Qr,far,min) is estimated with the theoretical and real flowrates as well 
as the fan compensation rate (equation (8)): 

��,P��,,QH = ��,P��,��P − (��,P��,��P − ��,P��,����) × (1 − 3;<,=)  (19) 
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4.2 Summary of the IAQ deterioration estimation 
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5 GRAPHICAL SUMMARY OF THE LEAKY DUCTWORK IMPACTS 

To conclude, the main impacts of leaky ductwork can be graphically summarized as in Figure 
2. One can note, that when ductwork leakage occure, there are always consequences, either on 
the electricity bill or on the IAQ. 

 

Figure 2 - Graphical summary of leaky ductwork impacts 
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9 ANNEX 1: PARAMETERS TO MEASURE ON-SITE OR TO RESEARCH  

 For the electrical overconsumption calculation related to ventilation: 

Symbol  Description (unit) Comments Methods 

1 2a 2b 

On-site measurements 

At Total ventilation ductwork 
area (m²) 

From on-site measurement or technical 
documents (or default values such as the one 
provided in the RT 2012 in France) 

X  

ΔpATD,far Pressure at the furthest ATD 
from the AHU (Pa) 

To evaluate the average ductwork pressure : 
measurement of the maximal (AHU) and 
minimal (furthest ATD) pressures  ΔpAHU Pressure at the AHU outlet 

(Pa) 

QAHU,real Volumic air flowrate at the 
AHU outlet (m3/h) 

Characterization of the real AHU running 
conditions  

PAHU,real AHU power for real running 
conditions (W) 

Ql,test Leakage flowrate measured 
by airtightness test (m3/h) 

Results of an airtightness test 
(pressurization/depressurization) on the whole 
ventilation ductwork, or if not possible, part of 
it  

X    
Δptest Average ductwork pressure 

during the test (Pa) 

Atest Tested ductwork section area 
(m²) 

QATD,t,real Total flowrate at the ATDs 
supplied by the AHU (m3/h) 

To evaluate the ductwork airtightness by 
comparing the flowrate at the AHU outlet and 
the total ATDs flowrates 

 X  

Qd Flowrate in the duct supplying 
the studied ATD(s) (m3/h) 

To evaluation the ductwork airtightness by 
studying the air supply in a particular room: 
measure of the flowrate in the duct and at the 
connected ATD(s)  

  X 

QATD Flowrate (or sum of flowrates) 
at the studied ATD(s) (m3/h) 

Δpd Pressure in the duct supplying 
the studied ATD(s) (Pa) 

Am Duct area between the duct 
(Qd) and ATD (QATD) 
measurement points (m²) 

Technical doc. 

QAHU,0 Theoretical total flowrate at 
ATDs (m3/h) 

Sum of the foreseen flowrates at the ATDs, 
also corresponding to the flowrate at the AHU 
unit in case of a zero-leakage ductwork.  

X 
priceelec Electricity price (€/kWh) Allows to convert the additional required 

power to extra running costs  tAHU,y Yearly AHU operating time 
(h) 
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 For the electrical overconsumption calculation related to air conditioning (for supply 

ductworks only): 

Symbol  Description (unit) Comments 

-  

Location of ventilation ductwork in non-
conditioned spaces (outside/ceiling)  

Of the duct location and/or the insulation type 
changes along the duct section located in non-
conditioned spaces, it is required to evaluate the 
areas of these sections which will weight the 
recovery rates  

-  
Insulation type (roof and/or ceiling) 

Anc Ductwork area in non-conditioned (non-
heated / non-cooled) spaces (m²) 

At Total ventilation ductwork area (m²)  

HDD Annual heating degree day (base 19°C)  Can be obtained in France thanks to the online 
tool: https://cegibat.grdf.fr/simulateur/calcul-dju CDD Annual cooling degree day (base 25°C)  

tAHU,d Average number of daily hours of 
running AHU for an AHU running day 
(h) 

 

priceelec Electricity price (€/Wh) 

 For the IAQ deterioration estimation: 

Symbol  Description (unit) Comments 

Qr,far,ref 
Theoretical total flowrate of ATDs in the 
furthest room from the AHU (m3/h) 

The study focuses on the furthest room from the 
AHU (longest ventilation ductwork) since it is the 
one with the highest pressure losses due to 
ductwork leakage, so the one with the highest 
risks of poor IAQ  

Qr,far,réel 
Real total flowrate of ATDs in the 
furthest room from the AHU (m3/h) 

nocc,far 
Occupant number in the furthest room 
from the AHU (-) 

Afar 
Area of the furthest room from the AHU 
(m²) 

 Additional symbols used in this paper without description: 

Symbol  Description (unit) 

W�Q�  Air density at 20°C (≈ duct temperature) (1.204 kg/m3) T=,�Q�  Air heat capacity (1.004 kJ/K/kg) 

rc ratio of the number of days for which the building is heated in the heating period (-) 

rh ratio of the number of days for which the building is cooled in the cooling period (-) 

Sc Internal temperature setpoint in cooling period (25°C for this study) 

Sh Internal temperature setpoint in heating period (19°C for this study) 

Tn Minimum external temperature of the day (°C) 

Tx Maximum external temperature of the day (°C) 
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ABSTRACT 
 

Calcium Silicate fire protection boards can be used to construct fireproof ductwork for smoke extraction and/or 

HVAC services. In this paper, the airtightness of the duct system is evaluated. 

Air leakage tests are performed on smaller duct samples as well as a larger duct network. Using identical smaller 

duct samples, the repeatability of the building methodology is evaluated. Multiple samples with varying parameters 

are built, allowing us to evaluate the impact of ductwork size, board thickness and building methodology. The 

main leakage points are identified and related to the building methodology. Measurements on the larger duct 

network result in a reliable air leakage value for in-situ built ductworks. On average, an ATC leakage class 4 is 

obtained, which is in line with recent literature values for classical metallic ductwork. 

 

KEYWORDS 
 

Ventilation, Ductwork, Airtightness, Fireproof, Smoke extraction 

  

1 INTRODUCTION 

 

Ghent University and N.V. Promat Research and Technology Centre are collaborating on the 

research project SEDS (Smoke Extraction Duct Systems). The airtightness of the ducts is 

evaluated to gain insight in the performance of the duct system. The ducts are constructed from 

Promat boards. 

 

Air leakage tests are performed on smaller duct samples as well as a larger duct network. 

Achieving a good airtightness is an important factor to minimize fan energy use and reduce fan 

noise. As less ventilation air is lost during distribution, a smaller sized ventilator can be 

installed. When ventilation air is used for heating or cooling, avoiding air leakages in ventilation 

ductwork is important to minimize heating or cooling energy losses. 

 

2 AIR LEAKAGE TESTS 

 

2.1 Measurement procedure 

 

Air leakage tests are performed according to EN 1507:2006. For positive pressure, the air 

leakage at a pressure differences of 400 – 800 – 1200 – 1600 – 2000 Pa was tested. For negative 

pressure, pressure differences of 150 – 300 – 450 – 600 – 750 Pa were used. 
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In EN 1507:2006, four airtightness classes are defined. The normative document EN 16798-

3:2017 introduced a new classification system in which additional airtightness classes are 

defined and new class names are adopted. Both classification systems are listed in Table 1. 

Table 1: Airtightness classes according to EN 1507:2006 and EN 16798-3:2017 

Airtightness class Air leakage limit (fmax) 

(m³.s-1.m-2) old new 

 ATC 7 not classified 

 ATC 6 0.06750 · p0.65 ·10-3 

A ATC 5 0.02700 · p0.65 ·10-3 

B ATC 4 0.00900 · p0.65 ·10-3 

C ATC 3 0.00300 · p0.65 ·10-3 

D ATC 2 0.00100 · p0.65 ·10-3 

 ATC 1 0.00033 · p0.65 ·10-3 

 

Air leakage measurements are performed using a Lindab LT600 / Wöhler DP700, which is 

specifically designed to measure the air leakage of ventilation ductwork. According to the 

technical data of the device, the pressure is measured with an accuracy of 0.5 Pa or 2.5% of the 

measurement. The air flow is measured with an accuracy of 0.0009 l/s or 5.0% of the 

measurement. 

The measurement device is set to the desired pressure difference step. Measurements are 

conducted for 2 minutes, and an average value is calculated to achieve reliable measurements. 

 

 

 

Figure 1: Measurement setup 

Table 2: Test matrix 

sample dimension sample variation contractor construction  board type 

1 60x60x480 sample 1 contractor 1 Method A L500 (50 mm) 

2 60x60x480 sample 2 contractor 1 Method A L500 (50 mm) 

3 60x60x480 sample 3 contractor 1 Method A L500 (50 mm) 

4 60x60x480 sample 1 contractor 2 Method A L500 (50 mm) 

5 60x60x480 sample 1 contractor 3 Method A L500 (50 mm) 

6 100x125x360 sample 1 contractor 1 Method A L500 (50 mm) 

7 60x60x480 sample 1 contractor 1 Method B L500 (50 mm) 

8 60x60x480 sample 1 contractor 1 Method A LS (35 mm) 

9 2x Y-split sample 1 contractor 1 
Method A, 

22.5° 
L500 (50 mm) 
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2.2 Test specimen 

Samples 

Multiple small samples were built to check the influence of different properties of the ductwork. 

Table 2 shows the test matrix with the different characteristics of the samples. 

Sample 1, 2 and 3 are identical samples to check the influence of workmanship reproducibility. 

All samples are built by the same contractor at the same time. The samples have internal 

dimensions of 60 x 60 cm, and consist of four segments of each 120 cm length. All samples, 

except sample 7, are built using ‘Method A’, where every duct segment is prepared individually, 

and connected to each other using Promatect H cover plates. The samples are built using the 

Promatect L500 board, with a thickness of 50 mm. 

Sample 4 and 5 were intended to be built by different contractors to check the impact of 

workmanship repeatability. As the air leakage results of the sample 1, 2 and 3 showed a 

significant variation, it was concluded that the building of additional samples by a different 

contractor would not lead to valuable results, so this part of the research was not executed. 

Sample 6 was built with dimensions of 100 x 125 x 360 and consists of three segments of 120 

cm length. As we assume most air leakages are located at the joints, and not through the boards 

itself, we expect a higher air leakage for ducts with a larger joint to area ratio. As sample 6 has 

a lower joint to area ratio compared to sample 1, we expect a lower air leakage per area. 

Sample 7 has the same dimensions as sample 1, but is built using ‘Method B’. In this 

methodology, the duct is constructed in place, by alternately mounting top, side and bottom 

panels to each other in staggered positions. As such, the duct is not constructed with different 

duct segments and no cover plates are used. 

Sample 8 is built using Promatect LS boards with a board thickness of 35 mm. 

Sample 9 consists of two Y-split ducts which are connected. Different parts of the boards are 

cut to an 22.5° angle and glued together. 

All samples are shown in Figure 2. 

 

 

 

Figure 2: Samples in the lab 
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Network 

A larger network is designed to measure the airtightness of a more realistic ventilation duct, as 

it could be installed in a building. The network consists of one main branch and six side 

branches. The main branch starts with interior dimensions of 50 x 100 cm, but the dimensions 

are gradually reduced to 30 x 60 cm. Side branch dimensions vary from 35 x 70 cm to 30 x 50 

cm. Different components and connections are integrated such as horizontal reductions, vertical 

reductions, corners, segmented corners and level changes. 

 

  

Figure 3: Duct network 

2.3 Construction methodology 

Method A 

The following steps are performed to build a straight duct: 

1. Boards are cut to the right dimensions using a circular saw with a conductor. 

2. The longitudinal joints of the boards are wetted with water and glue (Promat Promacol K84) is 

applied and spread out with a brush. 

3. The boards of the first compartment are glued together and stapled for additional strength.  

4. Glue is applied at the end of the first compartment. 

5. Promatect H cover strips are glued and stapled to the end of the first compartment 

6. The first compartment is installed in place, glue is applied at the board edges 

7. Glue is applied to the interior side of the Promatect H cover plates and spread out using a 

brush. 

8. A second compartment is inserted in the cover plates of the first compartment. 

9. Staples in the cover plates assure the connection between the compartments. 

10. Interior joints are smoothed to remove excess glue. 

  

  

Figure 4: Method A 
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Method B 

In the second methodology ducts are built in place. The top and bottom boards are staggered 

600 mm compared to the side boards, as illustrated in the following pictures. No Promatect H 

cover plates are used. 

 
 

Figure 5: Method B 

2.4 Measurement results 

The measurement results for both positive and negative pressure are presented in Tables 3-4. 

Table 3: Results positive pressure 

sample 400 Pa 800 Pa 1200 Pa 1600 Pa 2000 Pa ATC old class 

 [m³/s/m²] [m³/s/m²] [m³/s/m²] [m³/s/m²] [m³/s/m²]   

1 0.00024 0.00039 0.00050 0.00058 0.00067 4 B 

2 0.00017 0.00027 0.00036 0.00043 0.00050 4 B 

3 0.00008 0.00013 0.00018 0.00022 0.00026 3 C 

6 0.00103 0.00153 0.00193 0.00229 0.00261 5 A 

7 0.00004 0.00007 0.00009 0.00012 0.00014 2 D 

8 0.00007 0.00011 0.00015 0.00019 0.00022 3 C 

9 0.00128 0.00187 0.00235 0.00274 0.00309 5 A 

network 0.00027 0.00042 0.00055 0.00066 - 4 B 

Table 4: Results negative pressure 

sample 150 Pa 300 Pa 450 Pa 600 Pa 750 Pa ATC old class 

 [m³/s/m²] [m³/s/m²] [m³/s/m²] [m³/s/m²] [m³/s/m²]   

1 0.00012 0.00020 0.00027 0.00033 0.00038 4 B 

2 0.00008 0.00014 0.00018 0.00023 0.00027 4 B 

3 0.00004 0.00006 0.00008 0.00010 0.00013 3 C 

6 0.00063 0.00095 0.00120 0.00142 0.00162 5 A 

7 0.00002 0.00004 0.00005 0.00006 0.00007 2 D 

8 0.00003 0.00005 0.00007 0.00009 0.00011 3 C 

9 0.00070 0.00106 0.00134 0.00157 0.00179 5 A 

network 0.00013 0.00022 0.00029 0.00035 0.00041 4 B 
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2.5 Typical leakage paths 

During the air leakage tests, the ducts were checked to locate leakages. A few leakage paths 

were encountered resulting from small imperfections of cutting the boards and assembling 

them. The impact may be variable as shown by the performance measured in identical samples 

1-3 to check the influence of workmanship reproducibility by the same installer. Imperfections 

might be avoided by more systematically using machine cutting tools. 

Some attention points are noted at the cover plate connections and end plates, see Figure 6, 

where small leaks can be found. Imperfections of cutting can lead to joints that are filled with 

excessive glue, or in some cases the glue is forgotten, see Figure 7.  

In sample 6 and 9 local problems were detected as a result of difficulties to reach some joints 

by installers, leading to a lower than expected airtightness class. Given the small scale of the 

samples such local defects have a relatively large influence. 

 

  

Figure 6: Leakage around cover plates and end plates 

  

Figure 7: Leakage at board connections due to cutting imperfections 

2.6 Additional tests 

Sealing of end plates 

Some leakages were observed at the joints and corners of end plates. As the samples consist of 

two end plates for a relatively short duct, the effect of these leakages might be relatively large 

compared to an average duct as it would be applied in a building. 
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To exclude the effect of leakages around the end plates, four samples were sealed airtight at the 

end plates. A paste was applied with a brush, which forms an airtight membrane when dry.  

Ten weeks after the initial tests, new air leakage tests were performed. Surprisingly, most 

samples showed a higher air leakage with the sealed end plates. However, this did not result in 

a change in leakage class. 

The leakage at the end plates cannot be quantified, but based on the airflow detected at the 

leakages under large positive pressure, this was relatively small compared to leakages around 

the cover plates. 

 

Aeroseal 

To reduce the air leakage in the large duct network, an aerosol-based sealing technique called 

Aeroseal (Mez 2018) was executed by the Belgian company Stokjes nv. This technique consists 

of sealing the ductwork by blowing in a polyvinyl acetate using a fan and a spray nozzle. During 

sealing a 400 Pa positive pressure was applied. 

The sealing was executed after the execution of pressure loss testing, for which the results are 

not reported in this paper. As a result of the test procedure, the duct network was opened and 

resealed multiple times, and holes were drilled in the network to install pressure taps. As a 

result, the initial air leakage at the start of the test differs from the original air leakage as reported 

above (ATC 4). 

At the applied pressure difference of 400 Pa, the initial leakage was 0.00032 m³/s/m³ which 

dropped to 0.00003 m³/s/m³ when the sealing procedure was stopped after 45 minutes. The 

ATC leakage class decreased from class 4 to class 2. According to the old classification system, 

class D is achieved starting from class B. 

After the sealing procedure is stopped, the Aeroseal nozzle needs to be flushed by spraying pure 

water. Doing so, the fan keeps blowing air, containing the sprayed polyvinyl acetate in the 

ventilation duct. This way, the air leakage is further reduced, even though these results are not 

incorporated in the reported air leakages.  

 

3 DISCUSSION 

 

On average, ATC leakage class 4 is obtained for the construction method A (class B according 

to old classification). This is the case for the large duct network which is representative for a 

duct network built in a building. Most lab samples achieved class 4 as well, although two 

samples achieved class 3 and one sample achieved class 5. These results are in line with the 

measured performance of typical metal plate ductwork in recent French non-residential 

buildings, where the leakage class is found to be mostly class B or better (Leprince, 2020).  

Sample 7, built according to construction method B, showed a significant lower air leakage and 

achieved leakage class 2. Although the result for method B only applies to a single sample, it 

suggests that it may be easier to achieve good workmanship quality using method B.  

Sample 8, built with Promatect LS (35 mm) achieved leakage class 3, which is better than the 

average sample built with Promatect L500 (50 mm). This result also applies to a single sample 

only, but it suggests that boards with a lower thickness do not necessarily lead to lower 

airtightness performance. 

Sample 1, 2 and 3, which have identical characteristics and were built at the same time by the 

same contractor, showed relatively large variations in air leakage. Sample 2 showed double the 

air leakage of sample 3, while sample 1 showed three times the air leakage of sample 3. Sample 

1 and 2 achieved leakage class 4, while sample 3 has leakage class 3. It can be concluded that 

local leakages have a very high impact on the overall leakage of ductwork, and this is even 

more pronounced in tests on small samples. This however stresses the importance of 

workmanship quality. 
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Sample 6 showed a very large local imperfection causing a high leakage. As the boards are 

airtight, all leakage is expected to occur at the joints. As sample 6 had a lower joint to surface 

area, a lower leakage was expected, as this is expressed per unit of area. This assumption could 

not be demonstrated due to the local imperfection, but the analysis of leakage paths confirms 

that all leakages occur at the joints. As a result, ducts with larger dimensions and lower joint to 

surface ratios will have a relatively lower air leakage. 

Sample 9 was built to check the air leakage around mitred joints, with the boards cut to an 22.5° 

angle. Some leakage was detected in wider joints which were filled, causing small cracks as a 

result of shrinking of the drying glue. This phenomenon was also observed in regular joints, 

where irregularities of the board dimensions resulted in wider joints which were filled with 

glue.  

The initial air leakage tests were performed one week after construction. Air leakage tests 

performed 10 weeks later, showed a small increase in air leakage, even though the end plates 

were sealed to exclude leakages.  

The large ductwork was further sealed using an aerosol-based sealing technique. As a result the 

leakage class improved from class 4 to class 2, showing that Promat ducts can be sealed to high 

performance airtightness classes, if necessary in combination with aerosol sealing.  
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ABSTRACT 
 

For years, ventilation and air-conditioning systems have played an increasingly important role in ensuring 

sufficient air exchange in buildings. With time buildings are becoming more and more airtight to avoid energy 

losses through uncontrolled air leakage and mechanical ventilation systems are installed to ensure a good indoor 

air quality. What is a good approach in theory can fail in practice due to leaky ductwork. Various studies have 

shown a low awareness on this issue in most European countries [1], with leaky ductworks impacting the energy 

use, the indoor air quality or generating noise [2].  

One solution applicable both to new ductwork systems not meeting the expected air tightness class and existing 

leaky ductwork, is a sealing through aerosols injection. This technique explained in [3] and patented as the 

Aeroseal process, allows to seal air duct systems from the inside within a short time and without having to search 

for leaks beforehand. Leakages with gaps of up to 15 mm are permanently eliminated by using a sealant that is 

certified according to VDI 6022. In Europe almost 700 sealing projects have been carried out using this method 

since 2015. 

This paper presents the results of 7 ductwork sealing projects performed during the year 2021 on existing (mostly 

non-residential) buildings located in 7 different European countries: Germany, France, Ireland, Czech Republic, 

the Netherlands, Poland and Switzerland. The ductwork leakages were reduced from 87% up to 98% with an 

average of 93%. The impact on the energy consumption is quantified for these 7 buildings. The highest savings 

are for the approximately 30 000 m² building in Ireland, reaching 36k€ per year for about 2/3 of the ductwork 

sealed.  

Each sealing project being performed by a different service company, feedback from 6 operators were collected 

giving information on: 

- Possible ductwork airtightness issues encountered on-site in the various European countries: poor 

workmanship; failed manual sealing; lack of air duct clamps; holes made by air tightness testing devices 

and flexible connections that opened up. 

- Possible technical sealing issues such as leakage flowrate measurement problems below 1L/s 

- Feedback from costumers: decreased energy consumption; improved IAQ; less leakage of toxic gasses 

and odor disappearance 

- Some trends regarding the market of ductwork sealing in their country, for example in Ireland more 

stringent criteria for pressure testing of systems result in more duct tightening work. 

KEYWORDS 
 

Ductwork leakage, sealing, aerosol, field experience 

  

1 INTRODUCTION 

 

For years, ventilation and air-conditioning systems have played an increasingly important role 

in ensuring sufficient air exchange in buildings. With time buildings are becoming more and 
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more airtight to avoid energy losses through uncontrolled air leakage and mechanical 

ventilation systems are installed to ensure a good indoor air quality. What is a good approach 

in theory can fail in practice due to leaky ductwork. Various studies have shown a low 

awareness on this issue in most European countries [1], with leaky ductworks impacting the 

energy use, the indoor air quality or generating noise [2].  

One solution applicable both to new ductwork systems not meeting the expected air tightness 

class and existing leaky ductwork, is a sealing through aerosols injection. This technique 

explained in [3] and patented as the Aeroseal process, allows to seal air duct systems from the 

inside within a short time and without having to search for leaks beforehand. Leakages with 

gaps of up to 15 mm are permanently eliminated by using a sealant that is certified according 

to VDI 6022. According to European resellers, more than 650 sealing projects have been carried 

out using this method since 2015 in Europe. 

This paper presents the results of 7 ductwork sealing projects performed during the year 2021 

on existing (mostly non-residential) buildings located in 7 different European countries: 

Germany, France, Ireland, Czech Republic, the Netherlands, Poland and Switzerland. 

A survey was sent to the sealing operators to collect both: 

- Technical data on the building, ventilation system and ductwork sealing used in particular for the 

calculation of the leakage reduction and the fan energy use savings; 

- Experience from on-site sealing: airtightness problems and sealing difficulties encountered and 

feedback from customer. 

2 METHODOLOGY 

 

2.1 Aeroseal air duct sealing technique 

 

The aerosol-based sealing process was developed in the 1990s at the University of Berkeley, 

USA [4], [5], and was patented as the Aeroseal process (see Figure 1). The innovation consists 

in sealing ductwork from the inside, within a short time and without having to search for leaks 

beforehand. Chemically speaking, this technique is based on an emulsion of water and vinyl 

acetate polymer, a stable, non-toxic and non-flammable mixture, that is aerosolized into 4-10 

micron-sized particles [6]. 

 

Figure 1 - Aeroseal sealant technology (Image courtesy of Aeroseal LLC) 
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The resulting aerosol is distributed under pressure inside the ventilation ductwork system. As 

explained by Modera [3]: “By temporarily blocking the diffusers, the sealant-laden air is forced 

to the leaks. Maintaining mild turbulence keeps the sealant particles suspended until they reach 

the leaks. The pressure maintained within the duct system causes the air to accelerate as it exits 

through the leaks, causing the particles to be flung against the walls of the leaks when they 

cannot turn as sharply as the accelerating air.” As a result, the particles seal little by little leaks 

with gaps of up to 15 mm forming a robust air sealing that will last for years while staying 

pliable and flexible and remains effective over a wide range of operating pressures, 

temperatures and humidity levels found in residential, commercial and industrial air duct 

systems [6]. Contrary to a coating process, the particles deposit only at the leaks and not 

elsewhere in the ductwork. 

Until today the Aeroseal process has been applied in more than 125 000 ductwork systems of 

both residential and non-residential buildings, mostly in the USA. In Europe the product was 

introduced in the market in 2015 by Mez-Technik located in Germany and since then there have 

been almost 700 sealing projects in over 20 countries thanks to Aeroseal partners companies 

from 18 countries. 

 

2.2 Case study: selected 7 buildings across Europe  

 

In order to evaluate the performance of this aerosol-based sealing technique, a survey was sent 

to 7 Aeroseal partners across Europe to collect detailed data on ductwork sealing projects 

performed in 2021. 

Table 1 presents the buildings’ characteristics of the selected sealing projects and the reasons 

why a sealing was requested. The building selection was made in order to cover a wide range 

of parameters with various locations (7 countries); building types (residential, educational, 

commercial, industrial); years of construction (from 1980 to new); surfaces (up to 42 000 m²). 

The sealing reasons also differ from one building to the other but almost always includes a 

necessity to improve the airtightness class to meet the national regulation or a contractual value.   

Table 1 – Details on the studied buildings and reasons for ductwork sealing  

Ref Location 

(Country) 

Building type Year of 

constr. 

Approx. 

surface (m²) 

Reason(s) for ductwork sealing 

CH Zurich 

(Switzerland) 

Office building New 29 045 - Airtightness class not reached 

- Odor nuisance 

- Performance optimization 

CZ Praha (Czech 

Republic) 

Multifamily 

housing 

2016 12 714 - Odor nuisance 

DE Leinfelden-

Echterdingen 

(Germany) 

Office Building New 42 000 - Airtightness class not reached 

- Problems with air distribution 

- Concrete shafts not built properly 

FR Saint Denis 

(France) 

High school 2017 15 500 - Airtightness class not reached 

 

IE Tipperary 

(Ireland) 

Medical Device 

Manufacturer – 

Cleanroom 

1980 30 000 - Fulfill airtight ductwork 

- Hygienic problems in 

cleanrooms? 

NL (The 

Netherlands) 

Factory (truck 

manufacturer) 

2006 30 000 - Airtightness class not reached 

- Hygienic problems 

- Odor nuisance 

PL Krakow 

(Poland) 

Office building 2008 5 000 - Airtightness class not reached 

- Hygienic problems 

- Noise problems 

- Odor nuisance 

Details provided by the survey respondents on the ventilation systems are given in Table 2. 

Once again, the project selection allows to cover a wide range of parameters:  
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 There is a factor of 50 between the lowest flowrate capacity (6000 m3/h for the CZ project) and the 

highest (301407 m3/h for the IE project) 

 Most ventilation systems have 2 to 5 air handling units (AHU), but there are 52 for the FR project 

 Exhaust, supply and double (with heat recovery) ventilation systems are all represented 

 All ductworks are rigid, mostly rectangular but some include circular sections, about half are double-

walled, and various dimensions are encountered up to about 1 m high. 

Table 2 - Ventilation systems details of the studied buildings 

Project reference CH CZ DE FR IE NL PL 

Flowrate capacity 

Total capacity (m3/h) 127000 6000 12370 23251 301407 270000 66750 

Number of air handling 

units impacted by sealing 
5 4 8 52 5 2 2 

Percentage of sealed 

ductwork (approx.) 
N/A N/A N/A 30% 66% N/A N/A 

Type of ventilation system 

Supply/exhaust/double 
Double/ 

Exh. 
Exh. Double Double Supply Supply Double 

Heat recovery? Yes No Yes Yes No No Yes 

Type of ductwork 

Circular/rectangular/both Rect. Rect. Rect. Both Both Rect. Both 

Flexible/semi/rigid Rigid Rigid Rigid Rigid Rigid Rigid Rigid 

Double-walled, e.g. 

insulation? 
Yes Yes Yes No No No Yes 

Average diameter/height  

(min – max) (mm) 

600 - 

1100 
500*250 800 125 - 500 315 1000  

 

Table 3 gives the ductwork sealing details, including the airtightness classes before the sealing, 

targeted, and after the sealing. As they are calculated from the ductwork area, the percentage of 

flowrate compared to the flowrate capacity is also indicated. One can note that some sealings 

were performed on very leaky ductworks (worse than 2.5 class A and up to 36% of the total 

flowrate capacity), others on already rather tight ductworks (especially for the NL project, 

initially class B).  

Table 3 - Ductwork sealing details of the studied buildings 

Project reference CH CZ DE FR IE NL PL 

Airtightness test before the sealing 

Airtightness class (on av.) A 
> 2.5 

class A 

2.5 class 

A 

> 2.5 

class A 

2.5 class 

A 
B 

2.5 class 

A 

Test pressure (Pa) 400 300 375 250 500 500 500 

Total leakage rate (l/s) 493 421 1814 2547 7743 326 4550 

% leakage / capacity 1,4% 21,4% 36,1% 30,4% 9,2% 0,4% 20,7% 

Target 

Targeted class after sealing - A C-D C 
- 90% of 
leakage 

As tight as 
poss. 

B 

Airtightness test after the sealing 

Airtightness class (on av.) C B C C B < class D B 

Test pressure (Pa) 400 200 375  250 500 500 500 

Total leakage rate (l/s) 28,0 14,7 127  56,8 992 13,8 485  

% leakage / AHU flowrate 0,08% 0,88% 3,69%  1,04% 1,18% 0,02% 2,61%  
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The survey also includes questions on feedback from the operators about the sealing projects 

studied in this paper and more generally about their on-site experience with this sealing process 

(see paragraph 3.3). 

 

2.3 Data Analysis: energy savings calculation 

 

The energy savings on the fan power are estimated in this study considering that fans fully 

compensate for ductwork leakage. When the fan cannot, or only partially, compensate for 

leakage, it is the environmental air quality that is impacted [7]. 

Ductwork sealing can also induce significant heating/cooling savings [8] [2], when conditioned 

air leaks in a non-conditioned area. They were not calculated in this study as it would require 

detailed data that were not available (ductwork area located in non-conditioned spaces; duct 

location compared to the insulation layer; etc.) [7]. 

 

Fan power calculation 

Apart from the IE project, the fan powers before/after sealing were not known by the survey 

respondents, and were therefore calculated as follows: 

����,� = �	���,� × ����,�����,� × 3600  (1) 

With : 

 i= bef/aft: ductwork state: before / after the sealing 

 PAHU: the power of the air handling unit (AHU) (W) 

 ΔpAHU: the pressure difference at the AHU (Pa) 

 QAHU: the air flowrate at the AHU (m3/h) 

 ηAHU: the AHU efficiency (-) 

Air flowrates calculation 

The AHU flowrate after the sealing was considered to be the flowrate capacity provided:  ����,��� = ����,��� (2) 

For the FR project, the capacity was not known for all AHU and was roughly estimated where 

necessary from the ductwork area (Aduct) with a formula from the FD of RT 2012: 

����,��� (��/�) ≈  �� !�(�")180 (�"/�. ��)   (3) 

The flowrate before the sealing is deduced from the value after and from the leakage flowrates 

(Qleak) measured before and after the sealing:  ����,&'� = ����,��� + �)'�*,&'� − �)'�*,��� (4) 

 

Fan efficiency 

The fan efficiency varies with its flowrate. After sealing it was calculated with formula (1) 

when the flowrate and pressure where known. Otherwise, a default value of 0.4 was taken. 

The fan efficiency before the sealing was estimated using a formula from the support Excel 

sheet of standard EN 16798-5-1: 

����,&'� ≈ ,����,&'�����,��� × ����,��� (5) 
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3 RESULTS 

 

3.1 Leakage reduction 

 

All sealing projects allowed significant leakage reductions in percentages, as illustrated in 

Figure 2. On average the leakage flowrates were indeed reduced by 93.4%, with a minimum of 

87.2% for the IE project and a maximum of 97.6% for the FR project. This is done in a rather 

short time with cumulated aerosol injection times for the whole projects ranging from about 1 

and a half hour (for the CZ project with the smallest ductwork area) to 62 hours (for the FR 

project with a very high number of different AHU units). 

 

 

Figure 2 – Ductwork leakage rate decreases with the Aeroseal sealing process 

3.2 Impact of ductwork leakage on energy savings 

 

The fan power savings by ductwork sealing with the Aeroseal process are calculated for all 

projects according to the methodology described in paragraph 2.3 and presented in Table 4. A 

color code allows to distinguish the input data given directly by the survey respondents (in 

green), calculated (in orange), and corresponding to default values (in red). 

The absolute fan power savings vary a lot depending on the sealing project (between 0.6 and 

38 kW) due to the wide range of fan powers and initial leakage rates. In percentage of the initial 

total fan power, the savings represent from 1% (for NL project with the tightest initial ductwork) 

to 65% (for the FR project with the worst initial airtightness class). 

The energy and cost savings are also calculated with the annual operating times and national 

electricity prices. As the annual operating time was not known by most respondents, and to ease 

sealing impact comparison between projects, these savings are also given assuming a fan 

operating full time. It was anyway the case for the IE project which has the highest savings 

(about 331 000 kWh/year corresponding to about 36 000 €/year) since it is the project with the 

largest ductwork, one of the highest initial fan power and leakage rates. On the other hand, the 

CZ project has the lowest savings as (about 5 000 kWh/year corresponding to about 900€/year) 

despite having the highest initial leakage coefficient, as it is the project with the smallest 

ductwork area and initially lower fan power.  

 

Table 4 – Calculation of fan power, energy and cost savings by ductwork sealing (green: values given; orange: 

values calculated; red: default values; black: results (calculated values for all sealing projects)) 

Project reference CH CZ DE1 FR IE NL PL 
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Total ductwork area (m²) 440 131 1202 844,24 2750 800 2210 

Aerosol injection time (h) 36,1 1,4 21,1 61,5 49,6 2,1 35,9 

Annual operating time of the 

fan (h/yr) 

2190-

8760 
8760 2940 2405 8760 4800 2940 

Electricity price (€/kWh) 0,204 0,180 0,228 0,110 0,110 0,178 0,150 

Fan parameters before sealing 

Average AHU pressure 

before sealing (Pa) 
444 310 846 1156   1008 592 

Total AHU flowrate before 

sealing (103 m3/h) 
128,7 7,1 10,9 28,0 299,9 271,8 79,0 

Average fan efficiency before 

sealing (-) 
0,231 0,43 0,475 0,499   0,544 0,435 

Total required fan electrical 

power BEFORE sealing 

(kW) 

149,1 1,405 5,089 15,72 139,3 140,0 29,99 

Fan parameters after sealing 

Average AHU pressure after 

sealing (Pa) 
432 200 375 400 246 1000 400 

Total AHU flowrate after 

sealing (103 m3/h) 
127,0 6,0 7,7 19,7 266,0 270,0 66,8 

Average fan efficiency after 

sealing (-) 
0,108 0,400 0,400 0,400  0.179 0,542 0,400 

Total required fan electrical 

power AFTER sealing (kW) 
145,2 0,8 2,0 5,4 101,5 138,4 18,5 

Fan power savings 

Total saved fan power (kW) 3,9 0,57 3,08 10,3 37,8 1,6 11,5 

Percentage of initial total fan 

power saved (-) 
2,6% 41% 60% 65% 27% 1,1% 38% 

Energy and cost savings 

Results for real / estimated operating time of the fan 

Total saved energy  

(103 kWh/yr) 
25,4 5,0 9,0 24,7 331,0 7,7 33,7 

Total cost savings (€/yr) 5 176 902 2 062 2 718 36 414 1 365 5 051 

Results for fan operating full time (8760 h/year) 

Total saved energy  

(103 kWh/yr) 
34,1 5,0 26,9 90,0 331,0 14,0 100,3 

Total cost savings (€/yr) 6 956 902 6 144 9 901 36 414 2 490 15 049 

 

As illustrated by Figure 3 and Figure 4, the percentage of initial fan power saved by ductwork 

sealing is not directly proportional to the initial leakage rate coefficient but rather on the initial 

percentage of leakage compared to the flowrate capacity. The linear regression shows indeed a 

good correlation between these two parameters, with a coefficient of determination R² of 0.987. 

As a result, it seems that for a given ductwork, the percentage of initial fan power that can be 

saved by an Aeroseal sealing process is about twice the percentage of leakage compared to the 

flowrate capacity: (����,&'� − ����,���)����,&'� ≈ 2 × �)'�*,&'�����,&'� (6) 

The annual cost savings can therefore be roughly estimated as follows:  

�./012�(€) ≈ 2 × ����,&'�(45) × �)'�*,&'�����,&'� × 6���,��� �)(ℎ) × 	809:')'!(€/45ℎ) (7) 
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Figure 3 – Percentage of initial fan power saved by sealing the ductwork according to the leakage rate coefficient 

before the sealing (the points’ color corresponds to the airtightness class after sealing) 

 

 

Figure 4 - Percentage of initial fan power saved by sealing the ductwork according to the initial percentage of 

leakage compared to the AHU flowrate (airtightness classes before and after the sealing given into the brackets) 

 

3.3 On-site experience from the sealing operators 

 

In complement to the technical details, feedback from the sealing operators (of 7 different 

companies and European countries) was also collected with the survey. They shared on-site 

experience regarding specific points, both for the selected projects and more generally for all 

ductwork sealings they performed. 

The operators have observed on-site the following reasons behind poor ductwork airtightness: 

- workmanship issues: poor workmanship; failed manual sealing; lack of air duct clamps; bad duct frame 

connection on ceiling for insulated ductworks; holes made by air tightness testing devices; flexible 

connections that opened up 

- product issues:  poor products quality; damaged components; 

They reported the following feedback from customers after the ductwork sealings: 
- decreased energy consumption;  
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- improved IAQ, in particular less leakage of toxic gasses 

- odor disappearance 

- reduced fan rotational speed 

When questioned about the technical difficulties encountered during the Aeroseal sealing 

process, some operators mentioned issues: 

- with the installed ductwork: installing sheet steel blocks to build up injection sections; 

- with the equipment: leakage flowrate measurement problems below 1L/s; difficulties to carry the sealing 

machine (including compressor) to the upper floors; overheating of the sealing machine. 

Despite obvious benefits of good ductwork airtightness, there is a low awareness on this topic 

in Europe. Aeroseal operators foresee the following trends regarding ductwork sealing in their 

country: 

- in Ireland: more stringent criteria for pressure testing of systems results in more duct tightening work; 

- in the Netherlands: extended life of ducting systems: no disassembly, but refurbishment; 

- in Poland: phenomenon observed: testing only the main channels in selected sections, e.g. 30% of the 

system. 

 

4 CONCLUSIONS 

 

The Aeroseal process, already widely used worldwide, allows to seal ductworks from the inside 

after their installation. Technical details from 7 sealing projects performed in 2021 across 

Europe, on a large variety of buildings and ventilation systems, were collected through a survey 

and analyzed in this paper. It allows to conclude that the Aeroseal ductwork sealing process:  

- is efficient: ductwork leakages reduced on average by 93% (from 87% up to 98%); 

- is rather fast: the cumulated injection time for the whole project varies from about 1 to 60 hours 

depending on the ventilation system’s size and complexity (usually less than 1h per injection point); 

- saves fan energy use and money: from 5 000 to 331 000 kWh per year leading respectively to about 900 

€ and 36 000€ of savings each year, depending on the initial fan consumption and airtightness level. 

Moreover, it is observed with a linear correlation that the percentage of initial fan power that 

can be saved by an Aeroseal sealing process is about twice the percentage of leakage compared 

to the flowrate capacity. This allows to roughly estimate of the savings before sealing the 

ductwork with formula (7): 

�./012�(€) ≈ 2 × ����,&'�(45) × �)'�*,&'�����,&'� × 6���,��� �)(ℎ) × 	809:')'!(€/45ℎ)  

 

These findings rely on only 7 sealing projects but a future study on a large number of projects 

is expected as more technical details will now be systematically filled in by the operators for 

each sealed ductwork. 

 

On-site experience from the sealing operators were also collected giving information on: 

- Possible ductwork airtightness issues encountered on-site in the various European countries: poor 

workmanship; failed manual sealing; lack of air duct clamps; holes made by air tightness testing devices 

and flexible connections that opened up. 

- Possible technical sealing issues such as leakage flowrate measurement problems below 1L/s 

- Feedback from costumers: decreased energy consumption; improved IAQ; less leakage of toxic gasses 

and odor disappearance 

- Some trends regarding the market of ductwork sealing in their country, for example in Ireland more 

stringent criteria for pressure testing of systems result in more duct tightening work. 
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1 ABSTRACT 

 

Single-family and low-rise multifamily homes in the United States have become tighter to 

save energy and enhance comfort. To ensure acceptable indoor air quality (IAQ), mechanical 

ventilation is also required. As these systems become commonplace in the U.S., various 

improvements and updates have been made to codes, standards, and voluntary programs such 

as ASHRAE Standard 62.2, International Mechanical Code, International Residential Code, 

USEPA Energy Star Home and Indoor Air Plus, and USDOE Zero Energy Ready Homes. 

 

This paper will summarize historical and current issues and challenges to improvement related 

to design, commissioning, operation, and maintenance of whole-house ventilation systems in 

new single-family, low-rise multifamily, and factory built dwellings. It presents findings from 

field research over the past 30 years on occupied dwellings. A discussion of improvements 

that were made, are underway, and may be coming in the future is provided. Incorporating 

ventilation into codes and standards is a critical path, as are the broader implementation 

challenges in the “real world” over the dwelling’s useful life cycle. This paper will help to 

identify what progress has been and needs to be made. 

 

In the U.S., the most popular ventilation system is an exhaust fan capable of continuous 

operation. These are often quiet, energy efficient, dual-duty fans that are also used for local 

exhaust in bathrooms, laundry rooms, or kitchens. Many homes use their central forced air 

heating and cooling systems to distribute, filter, and temper outdoor air that is ducted directly 

to the return side of the forced air system, either passively or sometimes with a dedicated 

outdoor air fan to ensure the correct air flow. These supply ventilation systems are generally 

harder to commission because air intakes are often not easily accessible and testing is more 

prone to issues of repeatability.  

 

The introduction of variable speed blowers may increase commissioning challenges 

associated with flow rate measurement. Zonal ductless heat pumps may require exhaust fans 

or balanced dedicated outside air systems, operating in unison while maintaining interior 

pressure balance, typically using energy recovery ventilators or heat recovery ventilators, with 

pressure taps and fan calibrations and electronically commutated motors (ECMs). Systems 

with real time digital flow indicators will assist designers, builders, code officials, and HVAC 

contractors. Smarter ventilation controls may help to provide improved commissioning, 

operation, and maintenance, and help stakeholders from design to long-term replacement. 

 

The paper will highlight opportunities for improvements in control labelling; optimizing 

designs for different climates; training of HVAC technicians and all critical stakeholders; 

ventilation controls; and lower-cost, reliable air quality sensors. These improvements must 

focus on every link in the chain to improve on “build tight, ventilate right.” 

Peer Reviewed Paper
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3 INTRODUCTION 

 

The concept of “build tight, ventilate right” was first introduced in voluntary energy programs 

in the Pacific Northwest, in 1983 and later 1986  in energy codes and standards, by the 

Canadian R2000 program and the Northeast Power Plan Model Conservation Standards. 

(Hales et al., 2014) The Bonneville Power Administration (BPA) funded research 

demonstration programs working with the state energy offices of Washington, Oregon, Idaho, 

and Montana. (Lubliner et al., 1986) (Lubliner et al., 2002) These programs worked with the 

residential construction industry to build homes and monitor energy use and indoor air quality 

(IAQ). Theses RD&D programs also collected builder construction costs and occupant 

feedback related to the building and HVAC system installed.  

 

The first of these RD&D market transformation efforts (1984) was called the Residential 

Standards Demonstration Program (RSDP), which focused on single-family, site-built 

dwellings. Later in the 1980s, the Residential Construction Demonstration Program (RCDP) 

began to focus on specific technologies to build single-family homes and low-rise (three 

stories or less) multi-family “garden style” units. The Model Conservation Standards (MCS) 

and early building science efforts (1983) targeted performance envelope tightness of roughly 

2.0 air changes per hour and employed air-to-air heat exchangers. Later, non-heat recovery 

and less tight building envelopes were introduced as more cost-effective ventilation options. 

Utility programs provided financial incentives to encourage builders to build these homes. 

(Lubliner et al., 1988) (Lubliner et al., 1990) (Palmiter et al., 1992) (Palmiter et al., 1996) 

(Washington State Energy Office, 1991) (Vine et al., 1986)  

 

In 1986, Washington state introduced many of these energy-saving technologies and building 

systems into the Washington State Energy Code (WSEC). These included requirements for 

heat and non-heat recovery whole-house ventilation systems and tighter building enclosures, 

with field performance testing of envelope leakage and ventilation system flow rates at 

completion of construction.  

 

A variety of envelope air sealing measures were employed such as the use of 6 mil 

polyethylene vapor retarder with acoustic sealants which was a common practice in the early 

Canadian R2000 program.  Dr. Joe Lstiburek’s “airtight drywall approach” (ADA), was later 

employed, and found to be a more acceptable solution, for many energy efficient builders in 

Washington State. The ADA uses the continuous drywall and includes gaskets &/or caulk, to 

control air leakage, bulk moisture transport and moisture diffusion from the inside the home 

into exterior wall assemblies. The ADA uses continuous ceiling drywall over interior partition 

walls to limit air leakage  limit bulk and diffusion moisture transport, between the attic and 

partition wall.    

 

Balanced heat or energy recovery ventilation were more typically installed in tighter envelope 

homes (<2 ACH50PA).  For other envelope tightness levels (>2-5 ACH50PA), quiet whole 

house exhaust fans where employed with occupant-controlled unfiltered air inlet vents in 

windows or filtered inlet vents in exterior walls.  Often the whole house exhaust fan served 

“double duty” and was located in a bathroom to also provide intermittent ventilation to control 

moisture and odours.   Furnace supply systems to a return HVAC duct was another as later 
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found more challenging option in terms of design, commissioning and occupant maintenance 

and operation.  

  

In the late 1980s, BPA expanded these RD&D efforts to include federally regulated Housing 

and Urban Development (HUD)-code manufactured housing, Super Good Cents, and 

Manufactured Housing Acquisition Program (MAP). In 1994, HUD-manufactured homes 

introduced whole-house ventilation system requirements as increased thermal efficiency 

standards were improved as part of HUDs Manufactured Housing Construction and Safety 

Standards (MHCSS). (Lubliner et al., 2005) (Lubliner et al., 2003) (Palmiter et al., 1992) 

(Stevens et al., 1996) (Zieman et al., 2003)  

 

The site-built efforts were based in part on ASHRAE Standard 62.2, which was evolving with 

requirements for whole-house mechanical ventilation; better performing, quieter, and lower 

fan energy exhaust and balanced ventilation system; and improved occupant system control 

requirement and labelling. Since then, the WSEC and other energy codes such as the 

IECC/IRC/IMC and ASHRAE 62.2, are constantly being improved and refined per the build 

tight, ventilate right concept.  

 

Research conducted in the past decade by the Northwest Energy Efficiency Alliance, 

Washington State University, DOE national labs, Building America, and others have 

continued to study and document these challenges and look for solutions that improve on 

design, installation, commissioning, occupant/building owner education, and operation and 

maintenance (O&M) as critical requirements to strengthen the weak link in the chain.  

 

Much of this research is focused on site-built, single-family homes; however, there is a critical 

need to look at apartment units and factory-built homes as well because they may have higher 

occupancy levels per unit volume. In multifamily, there is also a need to address 

compartmentalization between units. As government and utility efficiency programs, 

ASHRAE standards, and building codes seek tighter envelope requirements, improved duct 

air sealing, moving leaky HVAC forced air centrally ducted systems into the conditioned 

space, or shifting to typical ductless from typical U.S. centrally ducted HVAC systems, less 

duct leakage-induced infiltration may increase challenges and opportunities, and make it even 

more critical to ventilate right..  

 

4 RECENT RESEARCH BY DWELLING SECTOR  

 

4.1 Site Built Single Family  

 

Northwest Energy Efficiency Alliance (NEEA)/Washington State University Energy 

Program (WSU): This report presents the findings and conclusions of the Pacific Northwest 

Residential Ventilation Effectiveness Study in houses with low air leakage. NEEA 

commissioned WSU to conduct the study, which included a total of 29 single-family 

dwellings in Washington state. (Eklund et al., 2015) (HM Government, 2011)  

 

Carbon dioxide (CO2), relative humidity, and temperature were monitored in multiple rooms 

during the heating and shoulder seasons. Residents performed week-long experiments with 

bedroom doors open or closed and ventilation systems on or off. Residents were asked to keep 

journals of these actions and use of auxiliary fans. The paper also reports the results of one-

day tracer gas decay tests done on 26 of these homes.  
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The measured effectiveness of the five types of ventilation systems are compared in terms of 

removing site-generated CO2 and tracer gas. The paper also assesses the impact of house 

tightness on ventilation performance and the fan electricity invested in providing ventilation. 

Resident knowledge of their ventilation systems, maintenance of systems, and as-found 

control setting impact on ventilation effectiveness are also reported.  

 

All ventilation system flow rates were measured during initial field visits, occupants surveyed 

reported run-time systems and ventilation and O&M, IAQ perspectives were identified in 

these homes. Field technicians attempted to adjust run time and flow rates to bring the homes 

into compliance with ASHRAE 62.2, and identify root causes of non-compliance issues when 

possible.  

 

Some dwelling used centrally ducted HVAC (typically condensing gas furnaces or air source 

heat pumps). Other dwellings used non-ducted zonal heating. Dwellings were selected to 

represent five ventilation system types typical in the PNW new construction energy efficiency 

program, where targeted envelope leakage was 2 to 5 air changes per hour at 50 PA. System 

types included heat and non-heat recovery systems. Heat recovery ventilation (HRV) systems 

were either Dedicated Outside Air Systems (DOA)or connected to the central HVAC. 

Exhaust-only whole-house fans were typically located in bathrooms. Some had occupant-

operated unfiltered window inlets to provide outside air; others had larger openings through 

the wall for filtered inlets that are more typically used in Europe.  

 

The analysis provides an initial response to the research questions by summarizing the results 

of the short-term analysis, considering the energy use of the ventilation systems, conducting 

an analysis of the long-term data for the primary bedroom for six night hours (midnight to 6 

a.m.), and summarizing the field work to ascertain occupants’ knowledge of their ventilation 

systems. The initial findings related to O&M and commissioning include: 
 

 Measurements show the natural ventilation is inadequate when the ventilation systems 

are off and that the ventilation systems provide a clear benefit when they are turned on.  

 The field work provides evidence that lack of occupant knowledge about the proper 

operation and maintenance of the ventilation systems can negatively influence 

ventilation system effectiveness. Over time, this could result in significant deterioration 

in system performance. 

 There is a fairly wide variation of ventilation fan electricity use both within and across 

ventilation system types. The exhaust systems have the lowest direct energy use 

followed by the energy recovery ventilator (ERV) or HRV systems. The ventilation 

systems integrated with central forced air systems have the highest use though there is 

wide variation.  

 The fact that over 90% of the occupants were satisfied with their system performance 

and IAQ even though over half of them did not have enough knowledge to operate or 

maintain the system is troubling, especially where the lack of knowledge correlates 

with unresolved O&M issues found. It means that occupant satisfaction is not a good 

indicator of ventilation system performance. Further, if something was seriously wrong 

with the system, the home occupant would probably not be able to recognize it or take 

appropriate action. (Figure 1) provides some indication of the O&M issues related to 

the occupants’ understanding of the system in their dwellings. 

 Problems found on initial audit include controls not set to deliver sufficient ventilation 

to meet standards, inaccessible controls, filters and fan housings jammed with dust and 
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lint, disconnected ducts, HRV operation wired backwards, and ductwork never 

completed. Complexity of controls was also often problematic. 

 The use of air inlet vents provides greater spatial (space distribution) and temporal 

(time distribution) ventilation effectiveness benefits only if they are left opened by 

occupants (most were found closed). Air inlet vents were not required in ASHRAE 

Standard 62.2; however, they had been required prior to 2012 in the WA state energy 

and IAQ codes for homes without central HVAC systems.  

 
Figure 1: Occupant Ventilation Knowledge Groups (Eklund et al., 2015)  

 

U.S. DOE Building America and California Energy: Similar results were found in two 

other field studies conducted to gather information regarding measured IAQ in occupied, new 

U.S. homes built after 2013. The ongoing Building America New Home IAQ study is 

collecting data from 20 to 30 homes in each major climate zone in the U.S. California’s 

Healthy Efficient New Gas Homes (HENGH) project analysed 70 homes in California. 

Ventilation system data from both studies are presented here to provide insight into residential 

mechanical ventilation system operation and maintenance, and associated pollutant 

concentrations associated with envelope, duct tightness, HVAC operation, and occupant 

activities associated with the generation of IAQ pollutants.  

 

In these studies, the most popular approach to providing whole-house ventilation is to use an 

exhaust fan capable of continuous operation. These are often dual-duty fans that are also used 

to provide local exhaust in bathrooms, laundry rooms, or kitchens. New, quieter, (low sone) 

and better-performing exhaust fans employing ECM blowers are generally more energy 

efficient than traditional exhaust fans.   They are often as the easiest way to add ventilation to 

a home whether for new construction or in retrofit situations. They are also easier to 

commission with readily available, inexpensive measurement equipment because the air 

intake is readily accessible in most applications.  

 

Some homes use their central forced air heating and cooling systems to distribute, filter, and 

temper outdoor air that is ducted directly to the return side of the forced air system. This is 

done passively or sometimes with a dedicated outdoor air fan to ensure the correct air flow. 

These supply ventilation systems are generally harder to commission than exhaust ventilation 
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systems because air inlets and associated ducting are usually not easily accessible.  An 

advantage of these systems is that there deliver relatively high air flow rates to all typically 

occupied rooms that may include HVAC system filtration.  If the HVAC system is properly 

balanced this can result in greater spatial ventilation effectiveness “distribution” of outdoor air 

to all occupiable zones. When the HVAC system thermostat is not calling for heating a 

reduction in temporal ventilation “run-time” effectiveness can result. When registers deliver 

too cold supply air, it may can cause greater thermal discomfort to occupants from cold drafts, 

who may then curtail the use of the ventilation system during colder weather.  

There is some regional variability in the use of exhaust and supply systems, with supply 

systems being more common in southern/humid climates. The introduction of variable speed 

blowers may increase commissioning challenges associated with flow rate measurement and 

may require additional HVAC manufacturer guidance.  

 

Balanced ventilation systems combine supply and exhaust fans that are set to operate in 

simultaneously,  maintaining interior pressure balance. Many combinations of exhaust and 

supply fans can be commissioned to be balanced, along with fully integrated systems such as 

HRVs or ERVs. Balanced ventilation, including HRVs and ERVs, are installed less frequently 

than exhaust or supply systems, mostly due to added cost and complexity. Balanced 

ventilation systems are more common in colder climates where there are more energy-related 

advantages to using heat recovery. There is a further divide about when to specify HRVs for 

sensible energy savings and ERVs that also exchange moisture between incoming and 

exhausting airstreams. 

 

For the HENGH study, all but two of the 55 exhaust systems (96%) were in compliance when 

operating. The other 15 systems in the study were either supply ventilation systems that could 

not be measured or were intermittently used exhaust systems whose operating times were not 

known. In these California homes, only a quarter of the systems were operating as intended 

when technicians first arrived at the homes; most were turned off, primarily due to poor 

labelling. When operating, the systems moved 50% more air than the minimum requirements, 

and IAQ was acceptable in these homes. In addition, homes with mechanical ventilation 

systems operating have higher IAQ satisfaction.  

 

In the Building America study, the preliminary total compliance rate for all homes was only 

48%, but significant differences existed among regions. Compliance rates were 64% in 

Colorado, 57% in Oregon, and only 15% in the southern states. Noncompliance was primarily 

due to installation or operation errors, especially for ventilation systems connected to central 

HVAC ductwork. Balanced supply intake systems with exhaust non-heat recovery ventilation 

typically met ASHRAE Standard 62.2 compliance because of exhaust fan operation and 

adequate run time. Similar to the California HENGH study, in the southern states most 

systems were not operating upon arrival to the homes for the inspection visit. The exceptions 

were ERVs, which were always operating. There were some installation and maintenance 

issues, but the ERVs were on. Exhaust fans were always found off, with no switch labelling. 

The few ventilating dehumidifiers encountered were also switched off. Central fan integrated 

systems (CFIS) with fan controllers tended to not function due to component failure, while 

CFIS systems without controllers typically did function. These baseline research projects 

currently underway identify challenges and opportunities with regard to residential 

mechanical ventilation systems in the U.S. (Lubliner et al., 2020) (Sonne et al., 2015)  
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4.2 Low-Rise, Site-Built Multifamily  

 

Recent communication with a large public housing authority (PHA) located in Washington 

state responsible for the HVAC commissioning, maintenance, and operation of thousands of 

low-income dwelling units provides useful real-world insights related to whole-house 

mechanical ventilation systems. Due to COVID-19, the PHA was unable to conduct their 

normal annual operational inspection and fan housing cleaning and filter servicing for almost 

three years. These systems are single zone ERVs or whole-house/bathroom exhaust 

ventilation systems, designed to operate continuously to ASHRAE Standard 62.2. The 

operational controls are located within the fan housing, requiring the removal of a grill to shut 

them off. The occupants are instructed to “let it run” as part of move-in orientation and after 

servicing visits, as required. Recent visits to 450 to 500 of the 1,500 low-rise, multi-family, 

and town home dwelling units identified the following:  
 

 Roughly 5-10% of the systems encountered were off or inoperable. This is a positive 

outcome when compared to occupant-controlled systems, and suggests opportunities 

for improvement within the low-rise, multifamily public sector, and wherever there are 

regular maintenance and occupant outreach programs.  

 Resource conservation specialists sometimes receive complaints regarding poor 

outdoor air introduced, especially in areas with localized sources of outdoor pollutants.  

 Areas with larger sources of pollutants tend to have higher filter and core cleaning 

maintenance needs for ERVs. No ERV cores were found to be significantly plugged. 

 Both insert screens and foam, sponge-type filters tend to load up larger air and duct 

particles, and are designed to protect the equipment, not filter fine particles. 

 Higher filtration systems require additional servicing costs and frequencies.  

 Servicing visits do not include measurement of air flow to verify correct operation,  

 ERV systems were shut off more often by occupants due to cold air blowing out of the 

outside preheated air supply grill located in the ceiling of the main living area.  

 Both systems were shut off due to noise or occupant concern about wasting energy 

from the system operation (typically by seniors). 

 Many occupants do not look at any of the educational information provided related to 

the reasons for O&M. 

 Less than 5% actively clean their systems or replace filters on their own.  

 A variety of non-English-speaking occupants encounter more operational and 

educational challenges.  

 O&M issues are greater with the ERVs compared to exhaust fans, due to more complex 

operation and filter/core servicing requirements.  

 Replacement parts when needed continue to be hard to procure. Replacement parts and 

new units are rarely, but sometimes, required when occupants interact with the 

equipment and damage the inexpensive plastic components. Although this repair 

situation is not very typical (estimated less than 2%), it is challenging and expensive in 

terms of materials and labor, typically requiring a re-visit to repair. Better quality 

system components help reduce costly repairs and servicing delays.  

 

4.3 Manufactured HUD-Code: (USDOE EIS) 

 

Manufactured HUD-code homes are regulated at the federal level by HUD’s Manufactured 

Home Construction and Safety Standards (MHCSS). The MHSCC pre-empts local 
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governments and states from changing these requirements. The energy standards have not 

been revised since 1994, and ventilation requirements remain largely unchanged in code and 

practice. Recently, Manufactured Housing Construction Safety Standards (MHCSS) allowed 

ASHRAE Standard 62.2 to be used for compliance but this an option and not typically 

selected by manufactures desiring to minimize the selling price of their homes to retailers. In 

the past few years, over 100,000 HUD-code homes have been produced by roughly 120 

factories. Three major corporations own the majority the factories. Many research projects 

recommend improvements to help built tight, ventilate right. In the previous presidential 

administration, DOE rulemaking (Anast et al., 2022) was stalled by controversy associated 

with build-tight requirements because of issues with the minimum HUD MHCSS 

requirements to ventilate right, as noted in the following references. (Lubliner et al., 2000) 

(Lubliner et al., 2005) (Lubliner et al., 2003) (Palmiter et al., 1992) (Persily et al., 2003) 

(Stevens et al., 1996) (Zieman et al., 2003)  

 

5 DIRECTIONS TOWARD IMPROVEMENT  

 

5.1 ASHRAE and the Home Ventilation Institute 

 

ASHRAE Standard 62.2 is improving O&M and installation best practices. The standard 

already includes an equivalent ventilation compliance approach that allows for the broader use 

of smarter ventilation controls. These controls may take into account dynamic interaction of 

stack effect and occupancy levels. The newly formed 62.2 best practice working group is 

looking to improve installation as well as O&M labelling and education.  

 

Two recent proposals from Dr. Max Sherman are currently under discussion. These efforts 

will look at more specific O&M requirements and variation of outside air minimum flow rates 

based on source control with respect to pollutants of most concern.  

 

There is a history of controversy within ASHRAE Standard 62.2 about the goal to just provide 

equipment performance capability to meet the intent of the standard vs. helping to ensure it is 

operated and maintained by the dwelling occupant and/or building owner with performance 

commissioning and greater O&M requirements.  

https://www.ashrae.org/technical-resources/bookstore/standards-62-1-62-2 

 

Members of the Home Ventilation Institute (HVI) continue to improve industry installation 

practices with improved installation manuals and occupant operation guidance. Labelling 

education efforts are also underway to meet installation and O&M challenges. These efforts 

specify that residential ventilation systems are provided with an on-off switch accessible to 

occupants, yet in both the Building America and HENGH studies, field technicians found that 

these switches are often unlabelled or poorly labelled, and that occupants did not know what 

the function of the switch was. Many systems were turned off, and in one case the field team 

could not find a switch although an exhaust fan was installed. These operation and labelling 

deficiencies lead to most systems being inoperative. This is another area that urgently needs 

improvement, either by changing access to switches or much better labelling requirements. 

https://www.hvi.org/newsroom/press-releases/home-ventilating-institute-launches-new-label/ 

 

5.2 Washington State Energy Code  

 

The Compliance Certificate for the 2018 Washington State Energy Code ̶ Residential (WSEC-

R) or something similar is required to be completed and signed off before issuing a certificate 

of occupancy at the final inspection. A correctly completed Compliance Certificate is 
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designed to be permanently affixed in the home, typically near or on the load canter box. A 

correctly completed certificate provides significant assurances by documenting how to 

ventilate right when the occupant moves into the dwelling.  Included in that certificate is 

commissioning documentation of the whole-house ventilation system. This includes the 

installer and builder document and sign off on measured flow rates and control strategies, and 

verification that the O&M instructions have been provided to the building occupant. It is not 

known to what extent builders, HVAC subcontractors, and others responsible for the 

installation and/or testing are correctly completing this certificate. It is also not known the 

extent to which the Authority Having Jurisdiction is requiring its completion and reviewing 

the results at the final inspection. A copy of the WSEC-R Compliance Certificate and 

instructions for completing the certificate are available at:   
 

 https://www.energy.wsu.edu/Documents/Certificate%202018%20WSEC_rev%207-21-

21.pdf 

 

 https://www.energy.wsu.edu/Documents/Compliance%20Certificate%20Instructions%

202018%20WSEC_rev%2007-21-21.pdf  

 

The new proposed WSEC-R to become effective in 2023, seeks to:  

 

1) not specifically require the currently employed compliance certificate shown in Figure 2. 

   

2) Require tighter envelopes moving the minimum leakage rates from 5 Air changes per hour 

at 50 pascals (ACH@50PA) to 3 ACH 50PA).   

 

3) Explicitly allow for the use ASHRAE standard 62.2 2019 as an alternate compliance 

approach to WA state modification based on I-codes.  

 

The current WA minimum ventilation rates are based on the IRC and can be typically lower 

than ASHRAE 62.2-2019 because they a whole house minimum flow rate I-codes sizing 

criterion of 1% or the floor area instead of 3% as required in 62.2-2019.  Unlike ASHRAE-

62.2, the current minimum ventilation rates also do not explicitly allow for equivalent 

ventilation strategies, such as smart ventilation control that seek equivalent ventilation by 

adjusting the flow rates based on occupancy or natural stack leakage.  This proposal to 

explicitly allow for the use of 62.2-2019 as an option was also accepted for the 2023 WSEC-

R.  The author believes that the Compliance Certificate and allowing the 62.2-2019 option 

will help improve IAQ and support the “build tight and ventilate right” philosophy in homes 

built under the WSEC-R 
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Figure 2: 2018 WSEC-R Compliance Certificate, “Build Tight, Ventilate Right” Section 

 

5.3 Smart Ventilation Control (SVC) Systems and IAQ Monitors 

 

SVC research continues to provide opportunities to save energy, improve the indoor 

environment, and build tight and ventilate right. (Less et al., 2016) (Less et al., 2014) 

(Lubliner, 2013) (Lubliner et al., 2016) (Martin et al., 2018) (Sherman et al., 2011) (Turner et 

al., 2012) (Walker et al., 2014)    

Some concepts are being developed using the Internet of Things (IoT) and less sophisticated 

non-IoT controls. 

 

Listed here are some of the concepts that may improve the value proposition for SVC: 

 Furnace run time (considers parasitic fan energy, central filtration, supply ventilation) 

 Indoor/outdoor temperature (stack and potential site-modified wind impacts) 

 Occupancy density levels (typical normal and special occupant events) 

 IAQ sensors (based on IAQ pollutants of concern: PM2.5, formaldehyde, acrolien etc.) 

 Commissioning, O&M (flow rates, flow balance, parasitic fans)  

 IAQ sensor integration, (happy vs. Mr. Yuk icon for simple occupant education)  

 Outdoor operation curtailment (wildfires, pollen, ozone, toxic plumes, etc.) 

 Operation for medical needs (asthma, chronic obstructive pulmonary disease, COVID, etc.)  

 Moisture and relative humidity (optimizes diurnal and/or seasonal operation in 

different climates.  

 Demand control (managing utility time-of-day rates and electric grid loads) 

 Energy saving (parasitic fan energy optimized and other strategies reduce energy use)  
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 Window state monitoring (advises when to open for IAQ, humidity, and diurnal 

cooling) 

 Algorithms that integrate some of these ideas into simple home automation platforms 

or a series of interactive control learning algorithms  

 

6 CONCLUSIONS 

 

Ventilating right will continue to be challenging; however, codes, standards, and energy 

efficiency program opportunities will continue to improve commissioning 

protocol/documentation, equipment labelling, occupant/builder owner education, smarter 

ventilation controls, and IAQ sensors. 

 

One hypothesis that has developed over the past 30 years was shared with this author by 

friends and pioneers in residential ventilation research: As homes get tighter (<2.0 ACH 50), 

occupants will begin to see the need to ensure that their ventilation systems are correctly 

installed, commissioned, operated, and maintained. However, the perception of IAQ issues 

and the desire to understand and correct O&M ventilation systems by dwelling occupants is 

even more challenging. Many recognize poor IAQ when they enter a “built tight and 

ventilated wrong” dwelling with pollutants of concern, while occupants are more de-

sensitized and/or do not understand the need to ventilate right.  

 

It took over 60 years of evolving standards, laws, and technologies to get occupants of cars to 

recognise the clear health and safety implications of using seat belts. The health and safety 

implications of the more complex topic of “build tight, ventilate right” will also take time 

before it becomes standard practice in the construction industry. Larry Palmiter, Principal and 

Senior Scientist with Ecotope, once said, “You can do a half-assed job of ventilation if you 

have a half-assed leaky envelope, but that’s not where we need to go if we want to ‘build 

tight, ventilate right.’” Building tight and ventilating right in single-family and low-rise 

multifamily site-built and factory-built dwellings will continue to evolve as equipment, 

design, installation, maintenance, and operation continue evolve to address this need.  

Wisdom is gained from real world experiences, data and good engineering and from making 

real world mistakes and fixing them,  
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ABSTRACT 
 

Energy efficient buildings are getting more and more airtight to avoid thermal losses through uncontrolled air 

leakage and rely more and more on mechanical ventilation to ensure a good indoor air quality. In practice 

ventilation systems are however not always perfectly installed, and several problems are often encountered on-

site. 

In France the new environmental regulation for new buildings RE2020 now includes a mandatory inspection of 

ventilation systems for non-residential buildings.  

This study is part of an on-going French research project PromevenTertiaire aiming at improving the reliability of 

inspection of ventilation systems protocols in non-residential buildings. A survey addressed to various 

professionals of this sector allowed to identify 5 particular non-conformities that are both often encountered in 

existing ventilation systems and which can rather easily be quantified. This paper presents the calculation 

methodology to evaluate the impacts, from simple on-site measurements, of 4 of these non-conformities: filter 

clogging; inadequate fans settings; non-insulated duct sections and inadequate AHU scheduling. Another paper 

specifically details the calculation methodology for leaky ductwork [1]. 

On-site inspections of ventilation systems were performed on three non-residential buildings: two secondary 

schools located in two different French climatic zones and one office building. The data and visual observation 

collected were used to quantify the extra costs related to each of these non-conformities encountered in one of the 

buildings. This allows to give practical examples and orders of magnitude in order to raise awareness on these 

issues and their consequences.   

In particular, it is estimated that an AHU of 13 500 m3/h with a leaky ductwork (2.5 class A) induces yearly thermal 

losses of 815 kWh (122€) and a fan overconsumption of 2281 kWh (342€); that the fan overconsumption due to 

filter clogging is higher from the second year of use than the price of a new filter; and that in an office equipped 

with two 2.5kW AHU a ventilation not switched off at night and not regulated with sensors induces respectively 

a yearly overconsumption of 22100 kWh (3315€) and 8424 kWh (1263€).   

 

KEYWORDS 
 

Inspection of ventilation systems; impact calculation; overconsumption; IAQ; on-site application 

  

1 INTRODUCTION 

 

Energy efficient buildings are getting more and more airtight to avoid thermal losses through 

uncontrolled air leakage and rely more and more on mechanical ventilation to ensure a good 

indoor air quality. In practice ventilation systems are however not always perfectly installed, 

and several problems are often encountered on-site. 

In France the new environmental regulation for new buildings RE2020 now includes a 

mandatory inspection of ventilation systems for non-residential buildings.  

This study is part of an on-going French research project PromevenTertiaire aiming at 

improving the reliability of inspection of ventilation systems protocols in non-residential 

buildings. A survey addressed to various professionals of this sector allowed to identify 5 

particular non-conformities that are both often encountered in existing ventilation systems and 
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which can rather easily be quantified: leaky ventilation ductworks; filter clogging; inadequate 

fans settings; non-insulated duct section; and inadequate air handling unit (AHU) scheduling.  

This paper presents first the calculation methodology to evaluate the impacts, from simple on-

site measurements, of these 5 non-conformities. Data and visual observation from on-site 

inspection of ventilation systems performed on 3 non-residential buildings is then used to 

quantify the extra costs related to each of these non-conformities encountered in one of the 

buildings. This allows to give practical examples and orders of magnitude in order to raise 

awareness on these issues and their consequences. 

 

2 METHODOLOGY TO EVALUATE THE IMPACT OF VENTILATION NON-

CONFORMITIES  

 

This section gives the methodology outlines, further calculation details and explanations are 

given in the PROMEVENT project report (Hurel and Leprince, 2021). Please refer to the 

annex for a detailed summary of the required parameters for the impact calculation (including 

on-site measurements, data from technical documents, etc.) 

 

2.1 Ductwork leakage 

 

Ductwork leakage have two main possible impacts:  

- An increased energy use when the fan compensates the flow and pressure losses 

induced by leakage  

- An indoor air quality (IAQ) deterioration when the fan does not compensate these 

flow and pressure losses: the supply/exhaust air flow rates at the air terminal devices 

(ATDs) cannot be reached. 

The fan often compensates for leakage only partially, inducing both an electrical 

overconsumption and an IAQ deterioration.   

When the air is conditioned by an air handling unit (AHU), leakage from a ventilation duct to 

a non-conditioned space induces thermal losses and therefore also an electrical 

overconsumption for air conditioning. 

Because of these various impacts, and the complexity of their calculation, the methodology is 

fully detailed in a separate dedicated paper (Hurel and Leprince, 2022). 

 

2.2 Filter clogging 

 

Air flowing in ventilation ductwork is loaded with dust 

and other particles which partially accumulate on their 

way, inducing a clogging issue. The clogging speed 

depends mostly on the exterior air pollution level and to 

the ventilation system operating time. All ventilation 

components are subject to this issue, in particular filters. 

Clogging induces: 

- Electrical overconsumption (quantified here for filters) 

- An IAQ deterioration if the fan does not compensate 

- A decreased heat exchanger efficiency if it is clogged 

- Health risks when clogging induces bacterial growth 

(with humidity) 
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The methodology to calculate the impact of filter clogging on the electrical overconsumption 

is presented Figure 1. It includes two methods for the clogging pressure loss estimation: 

- The measurement of the total pressure difference across the clogged filter (preferable 

when possible since it is the most accurate option) 

- An estimation based on two hypotheses: the specified maximal recommended pressure 

difference for the filter is reached after one year of use; and the clogging pressure loss 

increases linearly with time (which underestimates the overconsumption as in reality 

the increase tends to accelerate with time) 

 

Figure 1 - Methodology for the electrical overconsumption calculation due to filter clogging 

 

2.3 Inadequate fans settings 

The AHU energy use is proportional to the pressure and the flow delivered by the fan. The fan 

pressure is usually controlled by a pressure switch and is kept constant. The pressure set point 

is theoretically set by the installer according to the design calculation and to pressure 

measurements performed on-site at the furthest and the closest ATDs from the AHU (in terms 

of ventilation ductwork path). 

If the pressure set point is too low, the furthest ATD will deliver an air flowrate lower than 

intended. On the other hand, if the pressure set point is too high, it can induce high air flowrates 

at the closest ATDs and an electrical overconsumption (which is estimated here). 

The methodology to calculate the impact of inadequate fan setting on the electrical 

overconsumption is presented Figure 2. 
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Figure 2 - Methodology for the electrical overconsumption calculation due to inadequate fan setting 

2.4 Non-insulated duct section 

 

A ventilation duct in which conditioned air is flowing is subject to heat transfer with the 

environment. Proper ducts insulation allows to achieve negligible heat transfer and to maintain 

a temperature almost constant from the AHU to the ATDs.  

On the other hand, a badly or non-insulated duct section outside or in non-conditioned spaces 

induces thermal losses (heat/cool) and therefore extra costs.   

The methodology to calculate the impact of non-insulated duct sections on the thermal losses 

is presented Figure 3. It includes approximations for the internal and external surface resistance 

estimations, which are further detailed in (Hurel and Leprince, 2021). 
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Figure 3 - Methodology for the thermal loss calculation due to non-insulated duct sections 

 

2.5 Inadequate AHU scheduling 

 

For non-residential buildings, 

ventilation systems usually allow 

scheduling, that is to say to specify the 

occupied building periods and to 

switch off ventilation for the rest of 

the time. If the occupied building 

period is shorter than in reality it will 

induce a risk of poor IAQ. More 

frequently, the specified occupied 

building period is rather longer than in 

reality, which induces electrical 

overconsumption. 

Moreover, inside the building 

occupied period, air flowrates related to each building zone can be regulated with sensors (ex: 

CO2 sensors) to reduce the ventilation in unoccupied spaces. A lack of regulation also induces 

an electrical overconsumption. 

The methodology to calculate the impact of inadequate AHU scheduling on the energy losses 

is presented Figure 4. 
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Figure 4 - Methodology for the energy losses calculation due to inadequate AHU scheduling 

 

3  ON-SITE PRACTICAL APPLICATION OF THE METHODOLOGY 

 

As part of the French research project PromevenTertiaire, the ventilation systems of 3 non-

residential buildings have been inspected: 

- One secondary school located in the French climate zone for heating H1 (North/East: 

the coldest), built in 2017 and with a surface of about 10 000 m² (capacity of 700 

students) 

- One secondary school located in the French climate zone for heating H3 (South: the 

warmest), built in 1973 and retrofitted in 2017-2020, with a surface of about 5 000 m² 

(capacity of 500 students) 

- One office building located in the French climate zone for heating H1 (North/East: the 

coldest), built in 2021 and with a surface of about 1400 m². 

In this section, the methodologies given above are used to evaluate the impact of each studied 

non-conformity for a given building, using on-site measured/collected data. The results are 

presented graphically to better visualize the impact regarding: 

- Fan overconsumption (in purple) 

- Thermal losses (in orange) related both to heated (in red) and cooled (in blue) air. 

- IAQ deterioration (in turquoise) 

All costs are estimated giving an electricity price of 0.15 €/kWh which corresponds 

approximately to current prices in France. 
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3.1 Ductwork leakage 

The studied non-conformity is a bad ductwork airtightness (2.5xclass A) in the secondary 

school located in zone H3. The impact is calculated for only one AHU of the school, with the 

following characteristics: 

- a supply flowrate of 13500 m3/h; an exhaust flowrate of 11855 m3/h 

- a total supply and exhaust ductwork area of 596 m² (resp. 317 m² and 279 m²) 

- a generated pressure of 130 Pa 

- running 10 hours a day, 5 days a week and 40 weeks a year, that is to say 2100 hours 

per year 

- The COP of the cooling system is considered to be 2.5. 

The same calculations should be done for each of the 10 AHU and summed up for the global 

impact estimation. 

Method 1 is used to characterize the ductwork airtightness, that is to say an on-site measurement 

through a pressurization test on a duct section of 106 m².  

The total extra costs are induced by this leaky ductwork are: 

- 342€/year for this AHU due to the fan compensating for air leakages 

- 122€/year to compensate for pre-heated/cooled air leakages in non-conditioned spaces. 

The fact that the impact is much more significant for the heating period than for the 

cooling one is mostly due to the rather cold French climate, and also due to a cooling 

system COP of 2.5 considered for the calculations. 

In this case the fan fully compensates for leakage, so there is no IAQ deterioration due to the 

leaky ductwork. However, regulation on minimum air flowrate for school rooms being 

relatively low in France (15 m3/h/student and 25 m3/h/teacher) the percentage of dissatisfied is 

quite high anyway; about 27% in the studied room. 

 

                  

 
3.2 Filter clogging 

The impact of a clogged filter of an AHU in the secondary school in H1 is estimated. The AHU 

has a power of 3.98 kW and a generated pressure of 130 Pa. 
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Method 2 is used since the direct pressure difference measurement was not possible: the 

pressure loss is estimated according to the maximum recommended filter pressure difference, 

that is to say 210 Pa (for an initial pressure difference for a new filter of 92 Pa). 

The extra cost related to the clogged filter for a year i in permanent AHU operating conditions 

is 2661€*(i-1) € compared to a filter replacement at the beginning of this same year. As a result, 

in permanent operating conditions, the extra cost for the filter’s second year of use is 2661€. 

For the third year it is 5322€ compared to a filter replacement this same year, to which the 

2661€ of the previous year can be added. 

One can note that with this calculation method the extra cost is proportional to the square of the 

AHU operating time. As a result, if the AHU is switched off 2/3 of the time, the extra cost is 

divided by 9 (296€ for the 2nd year). It could also be possible to not consider the operating time 

but rather the ration of the effective flowrate to the nominal flowrate. 

A better knowledge on the clogging (and therefore pressure losses) evolution with time would 

improve the accuracy of these estimations. 

 

                           

 
 

3.3 Inadequate fans settings 

This problem of inadequate fans settings has not been observed during the inspection of the 

three buildings. A fictitious case is therefore studied: an overpressure of 10 Pa at the furthest 

ATD compared to the required pressure (60 Pa instead of 50 Pa) in the office building, for an 

optimal fan pressure of 240 Pa, a fan power of 2.5 kW and a yearly operating time of 5760 

hours.   

The resulting extra cost is estimated to be 86.4 €/year for this office building. 
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3.4 Non-insulated duct section 

A non-insulated 56 cm in diameter duct section of 5 m was observed on the roof of the 

secondary school located in the H3 climate zone. This duct section, with an air flowrate of 4500 

m3/h should have been insulated with a 40 mm glass wool (λ=0.04 W/m/K), and the AHU is 

running 10 hours a day, with a COP of the cooling system of 2.5. 

The impact estimated is a total thermal loss of 137 kWh/year resulting in an extra cost of 21 

€/year. 

                   

 
 

3.5 Inadequate AHU scheduling 

The impact is calculated here for the ventilation that is not switched of at night in the office 

building. The ventilation system is made of 2 fans with for each a power of 2.5 kW and an air 

flowrate of 6000 m3/h. It induces a fan electricity overconsumption of 1980€/year, as well as 

an extra cost of 1335€/year for the useless conditioning of this air.  

Moreover, during the building occupation period, the fact that there is no regulation with 

sensors to reduce the ventilation flowrate in unoccupied rooms induces an extra cost of 1263 

€/year. As a result, the total extra cost of the inadequate AHU scheduling in this building is of 

4578€/year. 
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4 CONLUSION 

 

Calculation methodologies were given in this paper to evaluate the impacts, from simple on-

site measurements, of 5 non-conformities.  

On-site inspections of ventilation systems were performed on three non-residential buildings: 

two secondary schools located in two different French climatic zones and one office building. 

The data and visual observation collected were used to quantify the extra costs related to each 

of these non-conformities encountered in one of the buildings. This allows to give practical 

examples and orders of magnitude in order to raise awareness on these issues and their 

consequences: 

 Leaky ventilation ductworks: in a secondary school located in the south of France, an 

AHU of 13 500 m3/h with an airtightness class of 2.5 class A induces yearly thermal 

losses of 815 kWh (122€) and fan overconsumption of 2281 kWh (342€), but no IAQ 

deterioration  

 Filter clogging: In a secondary school located in the east of France, a clogged filter with 

a pressure loss of 92 Pa when new and 210 Pa after a year of use, the fan 

overconsumption the second year if it is not changed is 17741 kWh (2661 €) if the fan 

is running continuously and 1971 kWh (296€) if it is running 1/3 of the time. As a result, 

it is more cost-effective to change the filter every year. 

 Inadequate fans settings: an overpressure of 10 Pa at the furthest ATD compared to 

the required pressure (60 Pa instead of 50 Pa) in the office building, for a fan power of 

2.5 kW induces a yearly fan overconsumption of 576 kWh (86€). 

 Non-insulated duct sections: a 5 m long and 56 cm in diameter non-insulated duct 

section, with a flowrate of 4500 m3/h, leads to yearly thermal losses of 137 kWh (21€) 

 Inadequate AHU scheduling: in an office building equipped with two fans of 2.5 kW 

and 6000 m3/h each, a ventilation not switched off at night induces a fan 

overconsumption of 13200 kWh (1980€) per year, as well as a thermal loss of 8900 

kWh (1335€) per year for the useless conditioning of this air. In addition, the lack of 

flowrate regulation with sensors during the building occupation period leads to a fan 

overconsumption of 8424 kWh (1263€) per year. 
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8 ANNEX 1: PARAMETERS TO MEASURE ON-SITE OR TO RESEARCH  

 For the electrical overconsumption calculation due to filter clogging 

Symbol  Description (unit) Comments Methods 

1 2 

On-site measurements 

PAHU,real AHU power in real running 

conditions (kW) 

 
X 

ΔpAHU Pressure difference generated 

by the running AHU (Pa) 

Measured at time treal but considered as a constant  
X 

Δpfilter,real Real pressure difference 

generated by the filter at the 

measurement time (Pa) 

Pressure difference accross the filter (measured 

on-site or given by the BMS)  X  

To research (technical doc., etc) 

Δpfilter,0 Pressure loss generated by the 

new filter (Pa) 

Given on the technical documentation of the filter 

(initial pressure loss)  
X 

Δpfilter,max Maximum recommended 

pressure loss (Pa) 

Given on the technical documentation of the filter 

(clogged filter pressure loss)  
 X 

treal Time since the last filter 

change (h) 

Corresponds to the filter clogging time (between 

the installation and the measurement time) 
X 

tAHU,y Yearly AHU operating time 

(h) 

Allows to convert the additional required power 

to extra running costs 
X 

priceelec Electricity price (€/kWh) X 

 For the electrical overconsumption calculation due to inadequate fan setting 

Symbol  Description (unit) Comments 

On-site measurements 

Δpfan,real Pression de réglage du ventilateur en 

fonctionnement (Pa) 

Measured on-site or given by the BMS 

ΔpATD,far,real Pressure measured at the most 

disadvantaged ATD (Pa) 

The most disadvantaged ATD is the “furthest” from 

the AHU, that is to say the one that has the highest 

pressure losses along the airpath from the AHU 

Pfan,real Puissance du ventilateur en 

fonctionnement (kW) 

 

To research (technical doc., etc) 

ΔpATD,far,ref Minimal pressure required for the most 

disadvantaged ATD (Pa) 

The most disadvantaged ATD is the “furthest” from 

the AHU, that is to say the one that has the highest 

pressure losses along the airpath from the AHU 

nfan Number of fan(s) (-)  

priceelec Electricity price (€/kWh) Allows to convert the additional required power to 

extra running costs tAHU,y Yearly AHU operating time (h) 

 For the thermal loss calculation due to non-insulated duct sections 

Symbol  Description (unit) Comments 

On-site measurements 
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lduct,n-i Non-insulated duct length located 

outside or in a non-conditioned space 

(m) 

 

To research (technical doc., etc) 

di Internal duct diameter (m) L’épaisseur du conduit est ici négligée, si le conduit 

n’est pas isolé, alors di=de et s’il est isolé, de-di 

correspond à l’épaisseur de l’isolant 
de External duct diameter (m) 

λi Insulation thermal conductivity 

(W/(m.K)) 

 

qair Average air flowrate inside the duct 

(m3/h) 

WHen the ventilation air flowrate is regulated 

according to the occupation (min/max flowrate) 

thanks to sensors, this air flowrate corresponds to the 

average over the AHU running time  

tAHU,d Average number of daily hours of 

running AHU for an AHU running day 

(h) 

 

rh ratio of the number of days for which 

the building is heated in the heating 

period (-) 

 

rc ratio of the number of days for which 

the building is cooled in the cooling 

period (-) 

 

HDD Annual heating degree day (base 19°C)  Can be obtained in France thanks to the online tool: 

https://cegibat.grdf.fr/simulateur/calcul-dju CDD Annual cooling degree day (base 25°C)  

priceelec Electricity price (€/kWh) Allows to convert the energy losses to extra costs 

 For the energy losses calculation due to inadequate AHU scheduling 

Symbol  Description (unit) Comments 

On-site measurements/To research 

- Real occupied and unoccupied building 

periods 

Number of hours per day (counting +1 hour before 

and after the occupied period), number of days per 

week and number of weeks per year  

- AHU scheduling setting Automatic or manual setting, defining hours, days 

and weeks of operating AHU 

qair Average duct air flowrate (m3/h) When ventilation is regulated depending on the 

occupation (min/max flowrates) thanks to sensors, 

this flowrate corresponds to the average on the AHU 

operating time 

ηexch Heat exchanger yield (-)  

HDD Annual heating degree day (base 19°C)  Can be obtained in France thanks to the online tool: 

https://cegibat.grdf.fr/simulateur/calcul-dju CDD Annual cooling degree day (base 25°C)  

Pfan,nom Fans power at nominal flowrate (kW)  

Pfan,unocc Fans power – unoccupied building (kW)  

Crbdnr Flowrate reduction coefficient (-) Given by the systems’ technical approval documents 

nfan Number of fan(s) (-)  

priceelec Electricity price (€/kWh) Allows to convert the energy losses to extra costs 

Previsously calculated data 

Hcond,extra Thermal conductivity – extract ducts 

(W/K) 

Hduct=lduct/Rtot  

Depends on the duct length, its diameter, its 

thickness, and the insulation thermal conductivity Hcond,souf Thermal conductivity – supply ducts 

(W/K) 
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ABSTRACT 
 

In a context of energy use reduction, low energy buildings are becoming more widespread. This kind of 

construction requires a good envelop airtightness to prevent uncontrolled leakages of conditioned air leading to 

energy losses. As a result, more and more ventilation systems are installed to ensure a sufficient air change rate 

for a good indoor air quality. 

However, in practice many issues are found with the installed ventilation systems not providing the expected 

flowrates. More and more countries have a mandatory inspection of ventilation systems, such as Sweden, Ireland 

and Germany, or France (since January 2022). 

This paper aims at comparing the various approaches to help provide guidelines on the inspection of ventilation 

systems. A general summary is first presented based on an EPBD feasibility study detailing 20 protocols from 9 

countries, completed with the new Irish protocol. It presents the types of protocols (mandatory or not) per country; 

the types of buildings controlled (residential only or not); the aspects covered by the inspection; who is allowed to 

perform it and its periodicity. 

Technical details collected through a 21 question survey are then given for 5 protocols implemented in Sweden, 

Belgium, Ireland, France and USA. A wide range of issues are investigated, including the preparation of the 

building before the measurement; the possibility to measure the flowrate inside the ductwork; the way to address 

various practical difficulties for measurements at air terminal devices; requirements on measuring devices, their 

uncertainty and calibration; what is considered as non-conformities and their consequences; etc. 

 

KEYWORDS 
 

Please provide a maximum of five keywords which reflect the content of the paper  

  

1 INTRODUCTION 

 

In a context of energy use reduction, low energy buildings are becoming more widespread. This 

kind of construction require a good envelop airtightness to prevent uncontrolled leakages of 

conditioned air leading to energy losses. As a result, more and more ventilation systems are 

installed to ensure a sufficient air change rate for a good indoor air quality. 

However, in practice many issues are found with the installed ventilation systems not providing 

the expected flowrates. In France a study on 1287 dwellings showed that 68% do not meet the 

regulation (Jobert and Guyot, 2013). More and more countries have a mandatory inspection of 

ventilation systems, such as Sweden, Ireland and Germany, or France (since January 2022). 

This report aims at comparing the various approaches to help provide guidelines on the 

inspection of ventilation systems. It is based on an EPBD feasibility study detailing 20 protocols 

from 9 countries (Durier et al., 2019) with the addition of the new guide to comply with Irish 

regulations and a survey addressed to various countries for technical details. 

We would like to thank the respondents to this survey: Iain Walker (LBNL) in the USA, 

Maarten De Strycker (BCCA) in Belgium, Simon Jones (Aereco Ltd) in Ireland, Olof Nevenius 

(Funktionskontroll-anterna i Sverige) in Sweden and Ariane Lesage (Cerema) in France. 
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2 SUMMARY OF EXISTING PROTOCOLS FOR THE INSPECTION OF 

VENTILATION SYSTEMS 

2.1 Data 

The main reference for this summary of existing protocols for the inspection of ventilation 

systems is the feasibility study conducted for the European Commission to follow the article 

19a of the EPBD Directive 2018/844/EU, and more precisely the report of the Task 1 “Review 

of regulations, guidelines and standards on the inspection of stand-alone ventilation systems.” 

led by INIVE (Durier et al., 2019). This study is gathering and detailing 20 protocols from 9 

countries. 

As an additional reference, the new guide to comply with Irish regulation (Part F) is also 

included (Department of Housing, Planning and Local Government, 2019). 

The detailed list of the 21 protocols for the inspection of ventilation systems from 10 countries 

which are summarized in this section are listed in Annex 1. 

2.2 Types of protocols 

Only six countries have a mandatory protocol (by legislation or regulation): Poland, Belgium 

(in Flanders only), Finland, Ireland, Sweden and Canada. The other 15 protocols are mostly 

non-mandatory guidelines (13) and two standards from France and the USA. 

2.3 Countries 

Some countries have several protocols, with a maximum of 7 in France, as illustrated bellow: 

 

2.4 Type of buildings 

Half of the mandatory protocols (3) and almost half of the non-mandory ones (7) are dedicated 

to residential buildings only, while the other half is for both residential and non-residential 

buildings. There is only one protocol, in the USA, that does not include residential buildings 

and is dedicated to commercial and institutional buildings only. In this country, the other 

protocol applies to apartments only when each of them has its own/independent ventilation 

system. 

The Canadian protocol is aimed for health care buildings only, that is to say hospitals, 

laboratories, psychiatric and mental health service facilities, long-term care homes and 

residences for persons with developmental or physical disabilities.  

In Netherlands, the non-commercial buildings covered by the one protocol are only the 

educational ones. 
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2.5 Inspection 

Who is allowed to perform the inspection?  

Among the mandatory protocols, there is only in Poland that has no specification about who 

can operate the inspection. All other mandatory protocols allow or require (in Ireland and 

Sweden) an independent inspector. In Flanders, the inspection can be performed by all actors 

but independent auditors from a national certification organization control inspectors.  

Non-mandatory protocols are overall more flexible on who is performing the inspection, with 

in particular most of them (11 out of 15) allowing the installer to control. 

 

What types of control are performed? 

All protocols cover the indoor air quality (IAQ) aspect, except one in Finland; less than half of 

them cover the energy performance and/or the acoustic performance, and a quarter only cover 

the thermal comfort aspect.  
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Aspects covered by the inspection 

Most protocols cover a wide range of aspects as illustrated below. For example, all mandatory 

protocols cover the control of cleanliness, general state and good overall operation of the 

ventilation system (VS), and more than half of all protocols cover also the completeness of the 

VS, the adequacy between design and installation and a measurement or assessment of the air 

flow rates.  

 

Periodicity of inspection 

About half of the protocols (mandatory or not) are intended for a single inspection.   

For the other half, concerning mandatory protocols:  

- in Poland it is required to have an inspection at least every 5 years, 

- in the Ontario State since the protocol is for health care facilities a periodicity of 6 months is required, 

- in Sweden it depends on the type of buildings: 

o  every 3 years for day-care centers, schools etc. with all types of ventilation; blocks of flats, 

office buildings etc. with balanced ventilation 

o every 6 years for blocks of flats, office buildings etc. with mechanical exhaust and natural 

ventilation;  

o single inspection for one and two-dwellings houses with mechanical exhaust with exchanger 

ventilation and balanced ventilation. 

In Belgium, for the non-mandatory protocol the guide proposes different inspection frequencies 

from 1 month to 3 year-intervals depending on the type of components: 1 month for filters, 3 

months for the natural openings, air intakes, exhaust devices, 1 year for heat exchangers and 

fans, 3 years for ducts. 
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3 TECHNICAL QUESTIONS - SURVEY 

3.1 Details of the 5 protocols 

A survey of 21 technical questions was sent in the 10 countries were a protocol for the 

inspection of ventilation systems is known to exist. The objective was to get to know better how 

specific technical issues are handled for the inspection of ventilation systems according to the 

various protocols. 

5 answers were collected from 5 countries: Belgium, Ireland and Sweden for their mandatory 

protocols, France for the non-mandatory protocol “Promevent” and USA for the non-mandatory 

protocol for residential buildings. 

 

Note: In the illustrations of this section 3, the flags have black edges for the countries with 

mandatory protocols and white edges for non-mandatory protocols. 

3.2 Flowrate measurement protocol 

Who is in general doing the measurement? 

 
In the summary of the existing protocols section 2, a graph is illustrating who is allowed to 

perform the inspection (paragraph 0) but does not indicate who in practice is usually doing it.  

In Ireland, and Sweden an independent inspector is required. In the USA the protocol is mostly 

used by energy raters, but has been written for use by a wider audience. In Belgium the 

inspection is more often performed by the installer but also an independent inspector (EPB-

reporter) is very common. In France, nobody in particular is appointed to do the measurement, 

it can be the installer, independent inspector, maintenance staff or system designer. However, 

in the context of the Effinergie Label it has to be an accredited independent inspector. 

What are the preparations for the building before the measurements? 

Interior doors: 

 
Ventilation openings: 

 
Concerning the preparation of the building before the measurements, the respondent from 

Sweden did not specify about the opening of interior doors and sealing of ventilation openings 

in his answer. For the other protocols, the interior doors must be closed for all but the US one 

and all trickle-vents must stay open (in France they cannot be closable). 

Other specifications are required depending on the protocols: 

- USA:  

o Supply registers and return grilles: left as is 
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o Balancing dampers: left as is 

o Zone dampers: left as is, or kept open if interconnected with a Forced-Air System 

o Vented combustion appliances: switched off or in “pilot only” mode 

o Fan of forced-Air System: if part of the ventilation system, switched on in “Fan” mode and 

checked; otherwise switched off 

o Ventilation system (local/central): switched on 

o Other Fans: switched off 

- Belgium:  

o All systems interacting with outdoor air: switched off  

o Clean building (especially dust free) 

o All components in the system set to nominal flow 

o Clean and new filters 

o DCV: switched off (sensors overruled to nominal position of the flow) 

o Building should be in such conditions that measurement can be done with pre- and postheating 

switched off 

- Sweden: Building activities are ended 

- France:  

o Make the functional checks of the system prior to measurements (kind of ATD, fan switched on, 

etc…)  

o The settings at ventilation unit and at the ATDs must be saved and unchanged during the 

measurements  

Are there requirements on the opening of windows and outer doors during flowrate 

measurements? 

 
In Ireland, France and Belgium, the windows must be closed during the flowrate measurements. 

In Sweden the windows must be closed during all measurements but open when they measure 

the forced higher airflow for hoods over hotplates in the kitchen and exhaust air vents in 

bathrooms with bathtubs or showers without windows to open during shower periods. 

In the USA, specific flowrate measurements can be carried out with interior doors or windows 

opened in order to identify potential problems on internally mounted air transfer devices, and 

to check the balancing. 

Is there a minimum duration for the flowrate measurement or a constraint on the stability 

of the flow? 

 
In the USA the constraint is 10 second averaging. With however the exception of bag filling 

with a duration determined by the flow and bag size (3 measurements are required that are 

within 20% of each other). 

In France the flowrate measurement must last at least 10 seconds. 

In Belgium the minimum duration of the total measurement of the building is 20 minutes but 

there is no constraint on an individual ATD. 

Is the flowrate measurement inside the ductwork an option? 

 
The flowrate measurement inside the ductwork is an option for all protocols but the Irish one. 

In the USA, there are limitations on distances to upstream and downstream fittings as specified 

by the instrument manufacturer. 
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In Belgium specific conditions for the ductwork measurement should be respected: e.g. 

minimum straight length of the duct before and after. In practice it is only performed if 

measurement of ATD is not possible. 

In Sweden, according to the regulations, flows must be measured in all branches of the systems. 

Is the actual power consumption of the fan measured? And how? 

 
The actual power consumption of the fan is not measured for all protocols but the Belgium one.  

For this country, it is measured in at least 2/3 of the measurements. There are legal requirements 

on the measurement device (precision and calibration). It is mostly done with a quite simple 

plug and socket device. 

In Sweden only rated currents are noted, the controller is not trained to measure electricity. 

Is the Demand Control Ventilation (DCV) system evaluated? And how?  

 
The DCV system is evaluated for all protocols but the American one. 

In Belgium there exists checklists for "certified" systems. Checklist include check of brand and 

model of DCV-system, correct position, connection and type of sensors, correct position of 

ATD. Certified systems have passed a laboratory check on the functioning. 

In Ireland they are evaluated shortly through agreement certificate; in Sweden based on the set 

criteria and in France by checking if the different levels are well-functioning and by measuring 

airflows at min and max when it is possible. 

Is the acoustic performance of the system evaluated? 

 
The acoustic performance of the system is evaluated only with the Swedish protocol, by 

measurement when during the inspection it is suspected that the regulatory requirements are 

exceeded. 

In the USA acoustic performance is covered by ASHRAE 62.2 and uses laboratory tests, not 

field tests. 

In Belgium, acoustic evaluation is not mandatory. Evaluation method exists, based on 

measurement or calculation. 

In France acoustic defaults should be underlined in the report, but the acoustic performance is 

not evaluated. 

3.3 Measurement at ATD (air terminal devices) 

What is done when the ATD is installed in a way preventing from positioning airtightly 

the measuring device on the wall behind? 

In the USA, the protocol does not address this issue directly, but it allows several alternative 

approaches including in-duct measurement. 

In Belgium they use ductwork measurement, or other solution from set of allowed solutions for 

measurement. Otherwise, they report “not measurable” (= 0m³/h). 

In Ireland the issue is noted in report, not dealt with specifically. 

In Sweden measurements are then made in the duct or with a "hook" in the device. 

In France, airflow measurement is not possible in this case: measurement is not valid. If a 

pressure measurement can be done instead, this can be a solution: then one should make sure 

that the measuring device is adapted to the type of ATD. 
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What is done when the measuring device cannot cover the ATD? 

The answers to this question are very similar to the previous ones. 

In the USA, the protocol does not address this directly, but it allows several alternative 

approaches including in-duct measurement. The measuring device must cover the ATD because 

it requires ".... an airtight perimeter seal around the inlet terminal." 

In Belgium they use ductwork measurement, or other solution from set of allowed solutions for 

measurement. Otherwise, they report “not measurable” (= 0m³/h). 

In Ireland the issue is noted in report, not dealt with specifically. 

In Sweden measurements are then made in the duct or with a "hook" in the device. 

In France, airflow measurement is not possible in this case: measurement is not valid. If a 

pressure measurement can be done instead, this can be a solution: then one should make sure 

that the measuring device is adapted to the type of ATD. 

What is done when the ATD cannot be centred in the measuring device? 

In the USA, no direction is given for this issue. 

In Belgium, this is not a requirement in the protocol, centring is only an advice. 

In Ireland the issue is noted in report, not dealt with specifically. 

In Sweden measurements are then made in the duct or with a "hook" in the device. 

In France, if the ATD cannot be centred but the measuring device can be positioned airtightly 

and totally covers the ATD, the measurement can be valid. 

3.4 Measuring devices 

Are there requirements on measuring devices to be used according to the kind of ATD for 

exhaust systems? 

 
There are requirements on measuring devices according to the kind of ATD for exhaust systems 

for all protocols but the Swedish one. 

 In the USA, for an inlet terminal the airflow is permitted to be measured using a Powered Flow 

Hood, using an Airflow Resistance Device or using a Passive Flow Hood. 

In Belgium it is advised to always use stabilisation grid and largest hood, but the measurement 

is accepted without if the situation makes it not possible. 

In France, for humidity sensitive ATD, only pressure measuring devices must be used whereas 

for the other kinds of ATD, either pressure or airflow measuring devices can be used. 

Are there requirements on measuring devices to be used according to the kind of ATD for 

supply systems? 

 
As for exhaust systems, there are requirements on measuring devices according to the kind of 

ATD for supply systems for all protocols but the Swedish one. 

In the USA, for an outlet terminal, the airflow is permitted to be measured using a Powered 

Flow Hood or using a Bag Inflation Device. 

In Belgium a stabilisation grid is mandatory; it is advised to use largest hood, but the 

measurement is accepted without if the situation makes it not possible. 

In France, for supply systems, only airflow measurements are required with a specific 

measuring device depending on the kind of ATD: 

- pitot tube + powered flow hood: acceptable in all cases,  

- propeller anemometer + hood & checked thermal anemometer + hood: acceptable in most cases 

- one-point thermal anemometer: not acceptable.  
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Are there requirements on the uncertainty of measuring devices? 

 
There are requirements on the uncertainty of measuring devices for all protocols.  In Belgium 

it is maximum 15%; in Ireland ± 10%. 

In the USA, it depends on the measuring device: 

- For a powered and passive flow hoods: 5 percent or 5 cfm (2.5 L/s or 0.0025 m3/s), whichever is greater.  

- For in-duct measurements: 10 percent or 5 cfm (2.5 L/s), whichever is greater.  

- For pressures: maximum error of 1 percent of reading or 0.25 Pa (0.0010 in. H20), whichever is greater.  

- For diagnostic tools integrated into ventilation equipment: the maximum error of the integrated diagnostic 

tool shall be 15 percent of the highest flow setting of the ventilation equipment. 

In Sweden, the dimensional accuracy complies with SS-EN 16211. 

In France, requirements on uncertainty for airflow measurement devices are MPE ≤ 10% which 

corresponds to a total maximum uncertainty = 15%. Requirements on uncertainty for pressure 

measurement devices are MPE ≤ 3%/0.5 Pa which corresponds to a total maximum uncertainty 

= 10%/5 Pa. 

What is the physical value that is calibrated? 

 
The physical values calibrated are the pressure and the flow for the protocols in Ireland, France 

and USA.  

In Sweden and Belgium, the velocity is also a physical value calibrated. 

The Belgium respondent commented that it depends on the manufacturer of the device. 

What is the calibration period for measuring devices? 

A calibration period is defined in each protocol. 

In the USA, all equipment shall have their calibrations checked at the manufacturer’s 

recommended interval and at least annually if no time is specified. 

In Belgium it is 2 years; for flow devices and 5 years for power meters; in Ireland and Sweden 

it is one year and in France it is 2 years for manometers and maximum 4 years for flow hoods. 

3.5 Conformity / Non-conformity 

How are non-conformities handled? 

 
In Sweden every non-conformity should be corrected. In Ireland also, but it depends on flow 

rates. 

In the USA, the protocol is a method of test not a regulation and does not cover the 

consequences of not meeting target flows. 

In Belgium a table of non-conformities with sanction is available. Some should be corrected, 

some not. 

In France all of the non-conformities should be mentioned in the report or in the grid of 

inspection, differentiating those that relate to regulation or good practices. 

For the dwelling to be conform: 

 
There are two distinct approaches to consider a dwelling to be conform in terms of air flow 

rates. 

On one hand, in France and in Ireland it is the total flowrate that is required to be conform. 
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On the other hand, for the other protocols (Sweden, USA and Belgium) every ATD shall be 

conform. 

In Sweden requirements for air flows are calculated by a consultant on information from the 

user and regulatory requirements. 

For a non-residential building to be conform: 

 
This question does not apply to the French, Irish and American protocols as they are for 

inspections in residential buildings only. 

The Belgium and Swedish protocols covering also non-residential buildings require for them to 

be conform that every room shall be conform. 

In Sweden requirements for air flows are calculated by a consultant on information from the 

user and regulatory requirements. 

Are there measuring tolerances? Ex: if the measured flowrate is 5% under the required 

one, is it acceptable? Is the measuring device’s uncertainty taken into account? 

 
In Ireland, Sweden and France there are measuring tolerances, but not in Belgium. 

In Ireland this tolerance is ± 10%. 

In Sweden it is the measuring accuracy according to SS-EN 16211. 

In France, if the measuring device's uncertainty meets the requirement, the uncertainty on the 

measurement is fixed at 15% for the flowrate, at 10% or 5 Pa for the pressure. 

In the USA, there is no target flow rate in the protocol, it describes testing procedures only. 

What if an air inlet is missing? 

 
In Belgium, France, Ireland and Sweden, if an air inlet is missing the dwelling/local is 

considered as not conform. 

The respondent from the USA did not specify his answer. 
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6 ANNEXE 1: LIST OF THE 21 PROTOCOLS FOR THE INSPECTION OF VENTILATION SYSTEMS 

 

Country Inspection protocol 

Type Mandatory? 
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Comments 

Sweden 

 

Regelsamling för funktionskontroll av ventilationssystem, 

OVK* 
x   x  By law 

VVS Allmän Material och Arbetsbeskrivning, VVS AMA - 

General material and workmanship specifications on HVAC 
 x   x 

Between 90 and 95% of all building projects in 

Sweden refer to AMA in the contract documents 

Finland 

 

Finnish Decree 1009/2017 on the indoor climate and 

ventilation of new buildings 
x   x  By law 

Inspection guidelines for ventilation systems by the HVAC 

Association of Finland SuLVI 
 x   x   

Inspection of the cleanliness od ventilation systems - Finnish 

guidelines LVI 39-10409 
 x   x   

Poland 

 

Polish requirements for the inspection of ventilation systems 

in residential buildings 

Dz.U. 1994 Nr 89 poz. 414 

x   x  By law 

Ontario 

State  

(Canada) 

 

Ontario Regulation 67/93 Health care and residential 

facilities 
x   x  By regulation 

France 

 

French standard NF DTU 68.3 - Mechanical ventilation 

installations 
  x  x Specific contract can make it mandatory 

Practical Guide DIAGVENT  x   x   

PROMEVENT*  x   x Mandatory for Effinergie label 

Inspection of natural and hybrid ventilation systems  x   x   

Inspection of newly-installed balanced ventilation systems in 

residential buildings (in accordance with DTU 68.3) 
 x   x   
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French protocols for the initial inspection of ventilation 

systems by the installer 
 x   x   

French documents for self-check by installers of the quality 

of installation of residential ventilation systems 
 x   x   

USA 

 

ANSI/RESNET/ICC 380-2016 

Testing airflow of mechanical ventilation systems * 
  x  x   

ASHRAE Indoor Air Quality Guide  x   x   

Belgium 

 

Unified Technical Specifications STS-P 73-1 

Systems for the basic ventilation in residential applications* 
x   x  Used in Flanders where inspection is mandatory 

Practical guidelines for residential building basic ventilation 

Technical information note – NIT 258 
 x   x 

Can be made mandatory by specific contracts and can 

be considered as a reference document in the courts 

Netherlands 

 

The Dutch voluntary ventilation inspection 

 (VPK) 
 x   x Can be used in certification programs 

Germany 

 

VDI 6022 -1 Ventilation and indoor-air quality - Hygiene 

requirements for ventilation and air-conditioning systems 

and units 

 x   x   

Ireland 

 

Installation and Commissioning of  

Ventilation Systems for Dwellings - Achieving Compliance 

with Part F 2019* 

x   x  

The guide covers a range of frequently occurring 

situations but is not exhaustive and alternative means 

of achieving compliance with the ventilation 

requirements in the Building Regulations may be 

possible 

* The 5 protocols for which technical details are given in section 3 (data collected with a survey) 
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FORMATTING INFORMATION 

 

Style of heading 1 is given below. 

 

7 HEADING 1  

 

Style of heading 2 is given below. 

 

7.1 Heading 2 

 

 

Tables are numbered. The table caption is above the table. 
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ABSTRACT 
 

A balanced ventilation system can be combined with an air-to-air heat pump. Such system combines the 

refreshment of the air in a house with heating and cooling of the fresh air in order to influence the indoor conditions 

like temperature and humidity. Depending on the season in the year, various modes are used to deliver fresh air 

and condition the incoming air to the desired levels.  

Field tests with such a ventilation system were carried out in houses in Luxembourg and in Italy. The monitored 

data has been analysed to give meaningful views of the performance. Correlations between supply temperatures 

and outdoor temperatures show modes of the system with heat recovery, cold recovery or passive cooling 

combined with active heating or active cooling when needed. The data shows that the system is first attempting to 

heat or cool with passive means, after which active heating or cooling is used when necessary. 

The desired indoor temperatures are based on a temperature profile as a function of the prevailing mean outdoor 

temperature, following the adaptive comfort guidelines. The resulting thermal output as well as the required 

electrical consumption are given. Energy signatures show the daily thermal output as a function of the daily 

averaged outdoor temperatures. These energy signatures also show the resulting heating season, intermediate 

season and cooling season. The threshold of the heating and cooling season is dependent on the demands of the 

residents, but also on geographical location, orientation of the house and insulation properties. 

 

KEYWORDS 
 

Balanced ventilation, smart ventilation, postconditioning, air-to-air heat pump, energy signature 

  

1 INTRODUCTION 

 

The heating of residential dwelling has been common since long. Cooling of dwellings is a 

technology that is growing in use because of global warming and better insulation. The use of 

mechanical ventilation is also growing because dwellings are renovated or built with a higher 

level of airtightness and insulation. In fact, adequate ventilation needs to be considered in 

houses when implementing energy efficiency measures of the dwelling, as stated by the 

European Commission (2021). 

Most of these technologies are developed in different time periods in the near history, so that 

dwellings have separate products for heating, for cooling and for ventilation.  

This study examines the practical performance of a combined system for ventilation, cooling 

and heating. This technology aims to bring fresh, filtered air to a house but also has the ability 

to change the indoor air temperature by cooling or heating the incoming fresh air. This 

postconditioning can operate as single source of cooling and heating in nearly zero-energy 

buildings, or it can be added during renovation to existing technologies for heating and cooling. 

According to Ortiz et al. (2020), the energy transition is mainly to be realized by using a 

combination of building-related energy efficiency measures, renewable energy systems and 

their related distribution systems. 
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2 MONITORING SET-UP 

 

Two dwellings on two locations in Europe were monitored (see fig. 1), one in Italy and one in 

Luxembourg.  

The house in Italy was situated near Modena (humid subtropical climate zone). It was built in 

2017 and consists of 3 floors with total floor area of 270 m2. The insulation was within Passive 

House limits with a U-value of 0.132 W/m2K for the walls and 0.123 W/m2K for the roof. There 

were no other heating or cooling units used, other than the technology in this study. 

The other house in Luxembourg (oceanic climate) was built in 1981 and renovated in 2020 with 

a total floor area of 185 m2. Typical U-values for this house were 0.14 W/m2K for the walls and 

0.20 W/m2K for the roof. A floor heating is installed in the house but during the monitoring 

year it was never used. A bathroom radiator has sometimes been used. 

 

a)  b)  

Figure 1: The monitored houses in Italy (a) and in Luxembourg (b). The building in Italy is a double house 

where the left side is equipped with the technology under study and is the subject of monitoring. 

 

The new technology in this study (Zehnder, ComfoAir Q + ComfoClime Q system in fig. 2) is 

a combination of a balanced ventilation system with post-conditioning by an air-to-air heat 

pump. The post-conditioning is a dehumidifying/cooling function during the warmer months of 

the year and a heating function during the colder periods. The performance of the whole system 

is explained in the following paragraphs and the schematic picture in fig. 3. 

 

 

Figure 2: A photo of the installed system in the house in Italy. 
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During the cold periods of the year, the temperature of the fresh air from outside is first brought 

close to the indoor temperature by the heat recovery (avoided heating). When there is a heat 

request in the house, the air-to-air heat pump will further increase the temperature of the fresh 

air (postheating).  

During the warmer months, with temperatures outside warmer than inside, the cold recovery 

decreases the temperature of the fresh air close to indoor level (avoided cooling). When there 

is a cooling request in the house, the air-to-air heat pump will further decrease the temperature 

of the fresh air (postcooling). The postcooling is resulting in fresh air that is cooled both in a 

sensible way (temperature decrease) as in a latent way (moisture decrease).  

During the periods of the year with mild temperatures, the recovery is automatically decreased 

or totally shut off (bypass activation) depending on the actual measured and desired 

temperatures. This ensures passive cooling, also called ventilative cooling when the conditions 

are favourable. 

 

Figure 3: Schematic representation of the working principle. Black line: temperature of indoor air, green line: 

temperature of supply air (possibly after postconditioning) 

  

Data of the performance of this technology is monitored with built-in sensors in the installation. 

These parameters include temperatures (outdoor, supply after recovery, supply after 

postconditioning, extract and exhaust), humidities (outdoor, supply after recovery, extract and 

exhaust), flow characteristics of both supply and extract air stream (flow rate, fan speed, fan 

duty), and electrical consumption. All parameters are recorded during a full year (18 July 2021 

until 17 July 2022) every five minutes and afterwards summarized in hourly averages for further 

analysis. 

 

3 RESULTS 

 

3.1 Cooling effect on indoor climate 

 

The cooling effect of the installation on the indoor climate in summer can be demonstrated by 

the performance during a couple of consecutive summer days. 

Fig. 4 shows two weeks with outdoor temperatures ranging between 30°C and 33°C during 

days and 20°C-25°C during nights. During the first five days the ventilation system including 

recovery was active, but the postcooling had not been commissioned yet. The supply 

temperature during the day was brought to the indoor level (effect of cold recovery), but the 

extract temperature remained on a high level with extract temperatures up to 30°C. During 
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nights, the bypass was activated to bring in the cool outdoor air, with the supply air close to the 

outdoor air. 

After five days (6 September 2021) the postcooling was commissioned. The air-to-air heat 

pump brought the supply air to an approximate level of 15°C. The cooling effect on the indoor 

climate can be seen during the course of a couple of days, with gradual decrease of extract 

temperatures. After four or five days, the extract temperature had reached the desired setpoint 

of 22°C and remained at that level. 

 

 

Figure 4: Cooling effect of the system before and after activation of postcooling. Lines indicate temperatures of 

outdoor air (green), supply air after postcooling (red), extract air (yellow) and setpoint for extract (black). 

 

3.2 Operation modes during the seasons of a year 

 

The monitored performance in the dwellings in Italy and in Luxembourg can be observed in the 

temperature correlations in fig. 5.  

In Italy, extract temperatures ranged from 22°C in winter to 27°C in summer. In Luxembourg, 

extract temperatures ranged from 20°C in winter (excluding holidays when postheating was 

disabled) to 25°C in summer. In Italy, both postheating and postcooling had been used, while 

in Luxembourg postcooling was hardly necessary. 

Various operation modes can be observed, depending on actual and desired conditions: 

1. heat recovery with postheating 

2. heat recovery (no heating request, e.g. during nights) 

3. ventilative cooling (bypass activated) 

4. ventilative cooling with postcooling 

5. cold recovery (no cooling request, e.g. during nights) 

6. cold recovery with postcooling 

The various operation modes ensure comfortable supply temperatures, following the demands 

in the various seasons. There is one period with an exception because of technical problems. In 

Italy, one sensor had an error during two winter months (20 Nov ’21 – 25 Jan ‘22). Therefore, 

flow balance was disrupted and heat recovery efficiency was lower than expected. This is 

visible during winter nights with supply temperature below 20 °C (during nights there was no 

postheating requested).  
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a) b)  

Figure 5: Temperature correlation of supply air (red) and extract air (yellow) as a function of outdoor 

temperature for the house in Italy (a) and in Luxembourg (b) 

 

The various operation modes are automatically chosen by the control algorithm based on actual 

and desired conditions, because it is hard for residents to find the optimal operation mode 

themselves (Spiekman, 2022). They follow the “Trias Energetica” (see fig. 6), meaning that 

first the energy demand is reduced, then natural energy resources are used and as a last step 

active heating and cooling technologies with minimal electricity consumption are used 

(Verbeeck, 2010). 

During the part of the year with mild outdoor temperatures, and when there is a cooling request, 

the system can either bring ventilative (free) cooling, or it can postcool using electricity from 

the heat pump compressor. The algorithm of this technology is written in such a way that with 

cooling request first the ventilative cooling [mode 3] is used (with cool outdoor air, or fresh air 

that is precooled by a ground heat exchange system). Only when after a while the indoor 

temperature is not decreasing, the postcooling is started [mode 4] along with the ventilative 

cooling to ‘help’ cool the indoor air.  

When outdoor temperatures surpass indoor temperatures, first the heat is kept out by cold 

recovery [mode 5], and when indoor stays too warm the postcooling starts [mode 6]. 

 

 

Figure 6: The concept of the Trias Energetica and the implementation for balanced ventilation with 

postconditioning by an air-to-air heat pump 
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3.3 Desired indoor temperature profiles according to adaptive comfort  

 

The desired indoor temperature inside dwellings depends on geographical location, 

characteristics and orientation of the building, and on user preferences. Predefined profiles in 

the system of study are not constant throughout the year. They are constant during the heating 

season, but during the intermediate seasons and the cooling season, they vary with a mean 

outdoor temperature. The predefined temperature profiles may be set and changed by the 

residents of the dwelling according to their preferences. 

Fig. 7 shows the desired indoor temperature as a function of the prevailing mean ambient 

temperature Tpma. In Italy, the setpoint for the indoor temperature is constant at 23.5°C during 

the heating season (Tpma < 10°C). During the intermediate season, the setpoint gradually 

increases with increasing Tpma. This follows the adaptive comfort technology and allows 

residents to gradually get adapted to warmer temperatures in the outdoor as well as in the indoor 

environment. In the cooling season, the residents have opted for a constant setpoint of 24.5°C. 

In Luxembourg, during the heating season (here: Tpma < 14°C) the setpoint is constant at 21°C. 

During the intermediate season the setpoint increases with the Tpma to a level of 23°C. There 

was a change in desired temperature profile setting at 21 February 2022, after which the setpoint 

of temperature increased about 0.5°C over the entire range of Tpma. 

 

a) b)  

Figure 7: Desired indoor temperature as a function of the prevailing mean ambient temperature Tpma for the 

house in Italy (a) and in Luxembourg (b). During the course of the year, the residents sometimes change the 

settings, which - in the case of the house in Luxembourg - has been indicated with blue and yellow dots. 

 

3.4 Energy signatures 

 

From the temperature, humidity and flow data, the thermal output has been calculated. In Italy, 

the typical flow rate was 300 m3/h, but lower values of 190 m3/h occurred during night settings 

and higher values until 480 m3/h when there was more heating or cooling demand to condition 

the indoor climate. In Luxembourg, the typical flow rate was 200 m3/h, but lower values of 

80 m3/h were used with no occupation and higher values until 300 m3/h when more heating or 

cooling was required. 

Attention should be taken which data to use for calculation of thermal output. The thermal 

output which has been calculated in this study is the conditions of the supply air after 

postheating or postcooling compared to the supply air before postcooling or postheating (in 

fig. 3 this is represented by the difference between the two green lines during postcooling or 

postheating). The calculated thermal output with these numbers is aligned with the thermal 

output of the air-to-air heat pump. As such, it gives an idea on the thermal output of the system 

to actually cool or heat the dwelling. 
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In fig. 8, energy signatures for the system in Italy and in Luxembourg are given. An energy 

signature displays the daily thermal energy output as a function of the daily averaged outdoor 

temperature. Postheating is displayed as positive numbers in red, and postcooling is displayed 

as negative numbers in blue. Both energy signatures show an increasing thermal heating output 

in the heating season with decreasing average outdoor temperature, as expected. Variation in 

the numbers can arise from a varying solar thermal gain, from occupation variation and from 

the chosen daily scenario. A daily scenario can be chosen to reduce or block the heat pump 

during a part of the day, for instance at night. The Italian house also shows a pronounced cooling 

season where the thermal cooling output (sensible plus latent) increases with increasing average 

outdoor temperature. 

Comparing the house in Italy with the house in Luxembourg, one can conclude that the house 

in Italy needs roughly half the energy to heat the house, although the floor area is larger and the 

setpoint is higher (23.5°C) than in Luxembourg (21-21.5°C). In Italy, heating is necessary until 

the average outdoor temperature has reached a level of 13°C. In Luxembourg, heating is still 

necessary until the average outdoor temperature has reached a level of 16°C.  

 

a)  b)  

Figure 8: Energy signatures (daily thermal energy output as a function of daily averaged outdoor temperature) 

for heating in red and for cooling in blue for the house in Italy (a) and in Luxembourg (b). 

 

4 DISCUSSION 

 

The combination of balanced ventilation with postconditioning with an air-to-air heat pump is 

a comprehensive technology for providing fresh air in a comfortable and energy-efficient way. 

This study demonstrates the cooling effect of the heat pump during summer days. As shown, it 

takes a couple of days for a very warm house to cool down to comfortable temperatures, after 

the cooling has been switched on for the first time. After the indoor climate has been cooled 

down, the heat pump can work with lower thermal input to remain at a comfortable cool 

environment. When outdoor temperatures are lower than indoor temperatures (e.g. at night), 

the bypass activation ensures the use of ventilative cooling, possibly complemented with active 

cooling by the heat pump. 

Temperature correlations between the (conditioned) supply air and the outdoor temperature 

shows a variety of modes in which the system operates. During cold days, fresh air is delivered 

comfortably warm using heat recovery, possibly postheated by the heat pump to give useful 

heating to the house. During warm days the opposite takes place: fresh air is delivered 

comfortably cool, possibly postcooled by the heat pump to give useful cooling to the house. For 

mild outdoor temperatures, the mode which is automatically selected is dependent on the actual 

measured conditions and the desired indoor conditions. Recovery can take place, but also 

ventilative cooling can take place. In favourable conditions even ventilative heating is taking 

place but this is a rather unusual situation (bringing warm outdoor air into a house that is not 

warm enough yet). 
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The frequency distribution of the various modes is dependent on the outdoor climate 

(geographical location), on the building characteristics (such as insulation type and orientation 

with respect to the sun) and on the residents’ preferences (desired indoor temperature). The 

differences between the Italian house and the house in Luxembourg are obvious. In 

Luxembourg, postcooling is rarely needed, but postheating is used much more often. 

Energy efficiency of the system is safeguarded following the Trias Energetica. The energy load 

is kept low by heat recovery during cold periods and cold recovery during warm periods of the 

year. Because of the recovery, the outdoor temperatures have been mitigated to levels close to 

the indoor temperature. From that level, the heat pump can either postheat or postcool in an 

efficient way to deliver the thermal energy to the house. During favourable conditions, natural 

energy sources can provide thermal energy to the house. These natural energy sources can be 

the outdoor air itself, or for instance energy stored in the ground or even in district heating or 

waste heat networks.  

The desired indoor temperature profile is not constant throughout the year, but varies with the 

average outdoor temperature (more specifically with the prevailing mean ambient 

temperature Tpma). A consequence is that during warm periods of the year, the desired indoor 

temperature does not stay on a very low level. By allowing the indoor temperature to gradually 

move along with the increasing outdoor temperature, the body is prevented from “thermal  

boredom”. This means the indoor climate allows the body to get used to differences in 

temperature (Van Marken Lichtenbelt, 2021). Moreover, a constant setpoint leads to 

excessively high cooling demands in summer. In view of the global energy reduction, but also 

for lower cooling costs for residents, an adaptive comfort profile is preferable to a constant 

temperature profile. 

The energy signatures of the house in Italy and in Luxembourg show fairly linear profiles of 

the energy input as a function of outdoor temperature. The angle of the linear profile with the 

horizontal axis is expected to be dependent on the total floor area, on the orientation of the 

house and the insulation characteristics. The intersection of the profile with the horizontal axis 

is probably most dependent on the preferences of the resident. Important factors are the desired 

indoor temperature (adaptive comfort profile) and the decision of the resident to stop the 

postconditioning from taking place at a certain outdoor temperature threshold. 

The size of the heat pump in combination with the flow rate decides the maximal thermal input 

that can be delivered to the house. Whether this is sufficient for maintaining the desired indoor 

temperatures, depends on the insulation characteristics of the house. In practice, this means that 

this technology as stand-alone system is suitable for providing fresh air and postconditioning 

in nearly zero-energy buildings and Passive House buildings. In existing buildings or buildings 

with limited insulation characteristics, this technology can serve as addition cooling and/or 

heating source for the building while providing sufficient and constant fresh air.  

 

5 CONCLUSIONS 

 

This study shows the monitored performance of a balanced ventilation system with 

postconditioning by an air-to-air heat pump. The monitoring has taken place in two houses with 

different insulation characteristics, and in two different outdoor climates; one in Italy and one 

in Luxembourg.  

The performance shows that this technology can provide a comfortable indoor climate 

throughout the year, with comfortable supply temperatures of the fresh air. The technology 

works in an energy-efficient way making use of reduction of energy demand, use of natural 

energy resources and use of the heat pump only when necessary. 

Future work will be carried out on the thermal energy output compared to the electricity input 

in order to define the energy efficiency of the technology. 
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ABSTRACT

Ventilation in buildings dilutes the indoor air pollutants by replacing part of the air with outdoor air to guarantee 

an adequate indoor air quality (IAQ). In heating-dominated climates, the exchanged air has a lower mean 

temperature than the indoor air, which leads to a surplus heating demand in the building. A heat exchanger recovers 

part of the heat from the expelled air, contributing to the reduction of the extra heating demand. Smart ventilation 

systems work with reduced airflows, without compromising the IAQ and lowering the heating demand. A 

simplified way to calculate the heating demand reduction is possible considering uniform indoor temperatures and 

knowing a few parameters such as the outdoor air temperature. However, the in a real building this is not the case,

and the calculation neglects the different temperatures in the zones. When using a central heat exchanger, the 

warmer airflows from heated zones are combined with colder airflows from unheated zones, reducing the potential 

of the recovered heat. Moreover, the recovered heat can be distributed among zones that may not need heat, to 

detriment of the zones that demand it. The useful heat that can reduce the heating demand is then reduced compared 

to the scenario that uses uniform indoor temperatures. Besides, the internal airflows between zones caused by the 

ventilation system can affect the heating demand when transferring heat from warmer zones to the colder ones, 

and vice versa. Smart ventilation systems reduce the latter effect and prevent some heat to be released into the 

atmosphere, which results in an equivalent effect as the recovered heat. The purpose of this work is to investigate 

the mentioned effects and determine their importance using building energy simulations. To do so, six typical 

dwellings were modelled combined with ten ventilation systems representing various commercial solutions and 

six extra non-smart ventilation systems used as reference. The study calculates three heating demands: when the 

buildings do not have a ventilation system, when the ventilation system is connected and when the ventilation 

system works without a heat exchanger (if present) or at maximum design airflows (neglecting the smart controls). 

On top of that, two heating scenarios are investigated: uniform heating and non-uniform heating. For each, the 

useful heat can be calculated and expressed as a reduction in the surplus heating demand. Finally, a coefficient is 

obtained that relates the performance between both heating modes. The results show that, under non-uniform 

heating conditions, the energy performance of the ventilation systems is typically from 5 % lower to 1 % higher

than the energy performance under uniform heating conditions. Furthermore, apart from the ventilation system,

the dwelling envelope appears to be the most influencing factor for the energy performance under both 

conditioning strategies.

KEYWORDS

Temperature gradients, heat recovery, heat exchanger, heating demand, ventilation.
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1 INTRODUCTION

In a dwelling, the temperature in different zones (rooms) is normally not the same. Usually, 

there are some zones that have a higher temperature than other zones. The reasons for higher 

temperature are multiple: better insulation of the zone, lower exposure to the outdoor 

environment, solar radiation through the windows, internal heat gains from people and their 

activities, or a higher setpoint temperature for heating. The zones with lower temperature 

normally have a low or null occupation. Because of that, the internal gains are smaller, and they 

may not be heated by the heating system. The colder zones are, for example, toilets or hallways, 

while the warmer zones are living rooms or offices. The presence of a ventilation system usually 

increases the internal airflows, tending to reduce the temperature gradients. The indoor air 

circulates through different zones, exchanging heat between warmer and colder zones. This 

affects the individual heating demand of each of the zones. Hence, colder zones gain some heat 

from warmer zones, which are consequently cooled down. Then, the warmer zones require an 

extra heating demand if they are being heated. However, the colder zones, typically unheated, 

do not give anything in return, but their temperature is slightly warmer thanks to the ventilation 

system. This effect is silenced in many EPBD calculations since the indoor temperatures are 

considered equal in the whole dwelling. Previous works (Faes et al., 2017; Janssens et al., 2018)

suggest that that the usability of energy efficient ventilation strategies might be less than 

theoretically predicted by the EPBD related calculation methods. Those calculations use a 

simplified approach that let the user estimate the energy performance of a building knowing a 

few parameters with reasonable results. However, the deviation with respect to the real 

behaviour of the building can be important, and a more accurate analysis can be carried out to 

develop methods to reduce the related uncertainty. To do so, it is necessary to know how big 

the differences are between the simplified calculations and an alternative method that includes 

the temperature gradients. However, the effect of the temperature gradients cannot be easily 

determined since many parameters are involved. The geometry of the building and distribution 

of the zones becomes a pivotal factor, as the internal airflows strongly depend on the connected 

elements in the airflow network. Moreover, smart ventilation systems, which can regulate the 

airflows as needed, complicate the issue. This level of complexity can be evaluated using a 

dynamic approach, through multizone building simulations. Using them, this study tries to 

determine the impact of the of the indoor temperature differences within well insulated and 

airtight dwellings in combination with different smart and non-smart ventilation systems, and 

to compare the energy performance among them. This study is focused on the typical dwellings 

that can be found in Belgium, the Netherlands and Ireland

2 METHODOLOGY

To evaluate the energy performance, this study uses a variation of one of the coefficients 

defined by a previous work (Faes et al., 2017). The coefficients are calculated using the annual 

heating demand of three scenarios: 1) The no ventilation scenario (NV), represented by a 

dwelling without a ventilation system and, consequently, null ventilation heat losses; 2) the 

characteristic ventilation scenario (CV), represented by a dwelling with a ventilation system 

that works with its characteristic controls and heat recovery (HR) function (if available); and 3) 

the maximum flowrates no heat recovery scenario (MFNHR), representing the CV scenario 

without heat recovery and working as a constant air volume ventilation system (CAV) which 

flowrates are the maximum flowrates defined for each dwelling. 

The coefficient 𝜂𝐼𝑉,𝑚𝑎𝑥,0 (derived from 𝜂4 in Faes’s work) is shown in equation (1) and it

represents the ratio between the heating demand reduction when changing from the MFNHR 

scenario to the CV scenario, divided by the maximum reduction range, considered to be the 
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difference between the heating demand of the MFNHR scenario and the NV scenario. This ratio 

shows how close a ventilation system is to the ideal case, which has null ventilation heat losses.𝜂𝐼𝑉,𝑚𝑎𝑥,0 [−] = 𝑄𝑚𝑎𝑥,0 − 𝑄𝑄𝑚𝑎𝑥,0 − 𝑄𝑛𝑣  (1)

Where 𝜂𝐼𝑉,𝑚𝑎𝑥,0 is defined as the ventilation heating demand coverage ratio respect to the 

MFNHR scenario, 𝑄𝑚𝑎𝑥,0 is the heating demand in kWh/m²/year of the MFNHR scenario, 𝑄
the heating demand in kWh/m²/year of the CV scenario, and 𝑄𝑛𝑣 is the heating demand in 

kWh/m²/year of the NV scenario.

To see the influence of temperature gradients, the coefficient 𝜂𝐼𝑉,𝑚𝑎𝑥,0 is obtained from two 

heating strategies (uniform and non-uniform) and they are compared in form of the ratio shown 

in equation (2). The terms with the “u” subscript correspond to the parameters obtained from 
the uniform conditioning strategy.

𝜂𝐼𝑉,𝑚𝑎𝑥,0𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢 [−] =  
𝑄𝑚𝑎𝑥,0 − 𝑄𝑄𝑚𝑎𝑥,0 − 𝑄𝑛𝑣𝑄𝑚𝑎𝑥,0,𝑢 − 𝑄𝑢𝑄𝑚𝑎𝑥,0,𝑢 − 𝑄𝑛𝑣,𝑢 (2)

3 MODEL DESCRIPTION

A series of dynamic multi-zone building energy simulations (BES) were developed to evaluate 

the effect of the temperature gradients and zoning on the performance of energy efficient 

ventilation strategies in dwellings. The studied cases are representative of the typical dwellings 

in the countries observed in this study and some of the ventilation systems available in the 

market. The models consist of 1) a building envelope representing the zones and the

constructive elements of a dwelling, 2) the weather conditions, 3) the occupancy profiles 

representing people and their activities, 4) a quasi-ideal conditioning system that can set the 

operative temperature of each zone as required, instantaneously, and 5) a ventilation system 

that can exchange air between the dwelling and the exterior. The building envelope, the 

weather, and the occupancy profiles represent the boundary conditions, while the conditioning 

system and the ventilation system are the proposed variations to evaluate the effect of the 

temperature gradients. The models are built in Modelica language using open-source libraries

(Jorissen et al., 2018; Wetter, 2009) and tailored components coded with them. 

3.1 Dwelling envelope

The dwelling envelope represents the thermal and airflow model of an actual dwelling. The 

zones are represented as air nodes where the thermal and airflow model converge. The thermal 

part of the model includes the outer walls (facades), roofs, windows (glazing and frames), slabs 

on ground, walls shared with adjacent dwellings, exterior doors, the interior partition walls and 

floors and the interior doors that separate the different zones in the dwelling. This part of the 

model can exchange heat between the zones and their surroundings. The airflow model consists

of windows, doors, cavities, and the infiltration network associated to the outer walls, roof and 

the interior partition walls and floors. All constructive elements in the thermal model, except 

for the slabs on ground, are included in the airflow network. This part of the model exchanges 

air masses with the air nodes and their surroundings.

Six envelopes were included to have an appropriate representation of the typical dwellings in 

the countries considered in this study. The selected dwellings are a Belgian detached house, a

Dutch terraced house, an Irish semidetached house, an Irish detached house, and a Dutch 

apartment. The latter has two variations, A and B, which differ on the division between the 

kitchen and the living room. The variation A has a partition wall, while in the variation B the 

wall was replaced by a large cavity. The geometrical parameters of the dwellings are listed in 

Table 1.
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Table 1: Geometrical parameters of the dwellings

Parameter Detached

(BE)

Terraced

(NL)

Semidetached

(IE)

Detached 

(IE)

Apartment

A/B (NL)

Zones 11 10 14 21 8

Floor area 192.6 m² 124.3 m² 169.9 m² 217.7 m² 102.0 m²

Air volume 398.3 m³ 323.2 m³ 407.1 m³ 566.0 m³ 265.0 m³

Area façades 155.5 m² 27.1 m² 114.8 m² 177.9 m² 29.7 m²

Area roof 88.6 m² 77.2 m² 62.7 m² 296.7 m² 0.0 m²

Area windows 28.2 m² 27.3 m² 24.9 m² 35.4 m² 28.2 m²

Area slabs 76.6 m² 45.4 m² 59.0 m² 197.1 m² 0.0 m²

Area Adjacent Dwellings 0.0 m² 136.6 m² 89.0 m² 0.0 m² 261.6 m²

Window-to-wall ratio 0.18 1.01 0.22 0.20 0.95

Compactness 0.88 m-1 0.97 m-1 0.86 m-1 1.25 m-1 1.21 m-1

Shape factor* 1.35 1.40 1.34 2.17 1.63

*(D’Amico & Pomponi, 2019)

Two kinds of insulation levels were considered to represent newly constructed buildings. Each 

of the previous envelopes have the variations listed in Table 2.

Table 2: Insulation and airtightness of the building envelopes

Parameter Newly constructed building Passive building

U-value walls 0.38 W/m²/K 0.15 W/m²/K

U-value roof 0.32 W/m²/K 0.15 W/m²/K

U-value slabs 0.38 W/m²/K 0.15 W/m²/K

U-value windows 1.1 W/m²/K 0.6 W/m²/K

G-value windows 0.589 0.423

U-value frames 0.83 W/m²/K 0.7 W/m²/K

Infiltration 2 ACH50 0.6 ACH50

To reduce the mixing of the indoor air from different zones to the minimum, all interior doors 

are always closed. However, all interior doors have a leakage area representing a gap between 

the door and the floor. For the interior doors connected to the kitchen the gap is equal to 

140 cm². The rest of the interior doors have a gap of 70 cm². The presence of gaps avoids the 

installation of interzonal air grilles. Specific trickle vents are added to the habitable spaces for 

the ventilation systems that use them. They remain disabled for the rest of the ventilation 

systems. 

3.2 Weather

To cover all climate zones of interest (Belgium, the Netherlands and Ireland) Brussels and Cork 

were selected. The climate in the Netherlands is represented by Brussels, as Belgium and the 

Netherlands are neighbouring countries that have similar climates. Marseille was included as a 

comparatively warmer climate, while Berlin was selected as a representative climate of the 

typical European continental climate. The weather files were obtained using the commercial 

tool Meteonorm. A description of the outdoor temperature and humidity is shown in Table 3.

Table 3: Statistical description of the outdoor temperature and relative humidity for the different weathers

Parameter Brussels Marseille Cork Berlin

Outdoor min -7.6 ºC -3.7 ºC -2.2 ºC -9.8 ºC

temperature max 29.4 ºC 35.8 ºC 23.6 ºC 32.6 ºC

mean 10.8 ºC 15.6 ºC 10.0 ºC 10.3 ºC

median 10.8 ºC 15.4 ºC 9.8 ºC 10.2 ºC

std 6.7 ºC 7.9 ºC 4.6 ºC 7.9 ºC

Outdoor min 34.0 % 23.0 % 42.0 % 27.0 %

relative max 100.0 % 100.0 % 100.0 % 100.0 %

humidity mean 77.7 % 65.4 % 84.2 % 72.8 %

median 80.0 % 66.0 % 87.0 % 75.0 %

std 14.9 % 17.3 % 11.9 % 14.9 %
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3.3 Occupancy profiles

Two occupancy profiles were defined using a variation of the stochastic model StROBe

(Baetens & Saelens, 2016). One profile (low) is composed of two full time adult workers, while 

the other (high) is composed of one full time adult worker, one non-working adult, a teenager, 

and an infant. Most of the common activities are included in the occupation profiles, such as 

cooking, sleeping, working on a PC, and taking showers. However, window opening, washing 

clothes, and drying clothes are not included.

3.4 Conditioning system

The conditioning system is modelled as reactive components that can inject or extract unlimited 

heat to the zones in the building envelope. In the model, there are as many conditioning systems 

as there are zones in the building envelope. They can provide or extract heat independently 

from the other zones, only following their own setpoint temperatures, which are specific for 

each zone. The control is based on the operative temperature of the zones, which is the 

arithmetic average between air temperature and the mean radiant temperature. The conditioning 

systems are connected directly to the air nodes (no intermediate thermal resistors or capacitors 

to avoid thermal inertia). 70 % of the heat is exchanged to the air volume (convective heat 

transfer), while the remaining 30 % is transmitted to the surface of the walls (radiative heat 

transfer), since their temperature is directly related to the operative temperature of the zone. 

Heating (injection of heat into the zones) and cooling (extraction of heat from the zones) are 

counted separately. This means that both processes are not compensated if a zone is being 

heated and other zone cooled at the same time. The conditioning system is activated 

instantaneously when it is needed. It is activated based on the difference between the setpoint 

temperature and the operative temperature of the zone. The setpoint temperature is reached in 

immediately, with a small difference of less than 0.01 ºC, which is accurate enough. These 

characteristics make the conditioning system quasi-ideal.

The way the dwelling is conditioned is determined exclusively by the setpoints and the control 

implemented in the quasi-ideal conditioning system. Two main strategies are defined to reach 

thermal comfort in the dwelling: non-uniform, which represents a dwelling with zones at 

different temperatures; and uniform, representing a dwelling with no or very small temperature 

gradients between zones, and closer to the EPBD calculations.

Non-uniform conditioning strategy

The study by (Peeters et al., 2009) about thermal comfort in dwellings defines comfort 

temperatures for different types of rooms that can be used as setpoint temperatures for the 

conditioning system. The comfort temperatures are calculated according to an equivalent 

outdoor temperature (𝑇𝑒,𝑟𝑒𝑓):𝑇𝑒,𝑟𝑒𝑓[ºC] = 𝑇today + 0.8 · 𝑇𝑡𝑜𝑑𝑎𝑦−1 + 0.4 · 𝑇𝑡𝑜𝑑𝑎𝑦−2 + 0.2 · 𝑇𝑡𝑜𝑑𝑎𝑦−32.4 (3)

Where the terms 𝑇𝑡𝑜𝑑𝑎𝑦−𝑖 are calculated as follows:

𝑇𝑡𝑜𝑑𝑎𝑦−𝑖[ºC] = 𝑇 𝑚𝑎𝑥𝑡𝑜𝑑𝑎𝑦−𝑖 + 𝑇 𝑚𝑖𝑛𝑡𝑜𝑑𝑎𝑦−𝑖2 ;       𝑖 ∈ [0,1,2,3] (4)

Where 𝑇 𝑚𝑎𝑥𝑡𝑜𝑑𝑎𝑦−𝑖  and 𝑇 𝑚𝑖𝑛𝑡𝑜𝑑𝑎𝑦−𝑖are the maximum and minimum temperatures in degrees Celsius

registered the day i before the present day, respectively. Note that the comfort temperature of a 

day in the equation (4) is based on the temperatures of that day, which need to be known 

beforehand.
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The comfort temperatures are defined for the bathroom, bedroom, and the rest of the zones, 

such as the living room. They are calculated to represent 5 % of predicted percentage of 

dissatisfied (PPD). For the bathroom, the comfort temperature is shown in equation (5):𝑇𝑛[º𝐶] = {0.112 · 𝑇𝑒,𝑟𝑒𝑓 + 22.65 º𝐶;     𝑇𝑒,𝑟𝑒𝑓 < 11 º𝐶0.306 · 𝑇𝑒,𝑟𝑒𝑓 + 20.32 º𝐶;     𝑇𝑒,𝑟𝑒𝑓 ≥ 11 º𝐶 (5)

For bedrooms, the comfort temperature is:

𝑇𝑛[º𝐶] = {  
  16 º𝐶;     𝑇𝑒,𝑟𝑒𝑓 < 0 º𝐶0.23 · 𝑇𝑒,𝑟𝑒𝑓 + 16 º𝐶;      0 º𝐶 ≤ 𝑇𝑒,𝑟𝑒𝑓 < 12.6 º𝐶0.77 · 𝑇𝑒,𝑟𝑒𝑓 + 9.18 º𝐶;      12.6 º𝐶 ≤ 𝑇𝑒,𝑟𝑒𝑓 < 21.8 º𝐶26 º𝐶;     𝑇𝑒,𝑟𝑒𝑓 ≥ 21.8 º𝐶 (6)

For the rest of the rooms, the comfort temperature is:𝑇𝑛[º𝐶] = { 0.06 · 𝑇𝑒,𝑟𝑒𝑓 + 20.4 º𝐶;     𝑇𝑒,𝑟𝑒𝑓 < 12.5 º𝐶0.36 · 𝑇𝑒,𝑟𝑒𝑓 + 16.63 º𝐶;     𝑇𝑒,𝑟𝑒𝑓 ≥ 12.5 º𝐶 (7)

The term 𝑇𝑛 is named “neutral temperature” and it could be used as the heating and cooling 

setpoints for each type of room. To avoid extraordinary heating and cooling demands because 

of using the same setpoint for heating and cooling, a global limit was added for heating and 

cooling. Then, the conditioning system is not allowed to heat up a zone over 22 ºC and it cannot 

cool down a zone below 26 ºC. The resulting setpoint are shown in Figure 3-1.

Figure 3-1: Heating and cooling setpoint temperatures

Uniform conditioning

In EBPD calculations, the indoor temperature is defined with the average temperature of the 

dwelling, which is the weighted average temperature of all zones. In calculations, this is 

equivalent to consider that all rooms have the same temperature. The heating and cooling 

demands are then calculated for the entire dwelling, neglecting the overheating and the 

underheating of the zones. In multi zone approaches, this effect cannot be ignored. To have 

comparative scenarios between uniform and non-uniform conditioning strategy, one approach

is to obtain the average temperature of the dwelling from the non-uniform scenario and use it 

as an input for the uniform conditioning scenario. In this case, all zones in the dwelling will 

have the same operative temperature and the average temperature of the dwelling would be the 

same in uniform and non-uniform conditioning. This approach, however, forces the 

conditioning system to adapt the temperatures all the time with every small fluctuation. The

simulation results show that there is heating and cooling in the same zone several times a day, 

leading to very high heating and cooling demands at the end of the year, compared to the non-

uniform conditioning strategy. An alternative approach is to use the same setpoint temperature 

for all zones for heating and another setpoint for cooling, leaving a gap of several degrees where 

heating nor cooling are allowed. This approach brings the heating demand and cooling demands 

to typical values and keeps the temperature of all zones in the dwelling between the region 
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limited by the heating and cooling setpoints. By using this, the temperature in the dwelling is 

not perfectly uniform, but the demands are reduced, and no previous simulations are needed. In 

this study, the latter approach is used with constant setpoint temperatures of 18 ºC for heating 

and 26 ºC for cooling.

3.5 Ventilation systems

The European Ventilation Industry Association (EVIA) and NEN 1087 (NEN, 2019) define 

different ventilation system types (VST), from VST1 to VST7, depending on how the rooms in 

the dwelling are ventilated. This work is focused in VST3, VST4, VST5 and VST7, which are

the types of the analysed commercial ventilation systems. VST3 consists of mechanical 

extraction from the exhaust spaces (ES) (toilets, bathrooms, and kitchens) and natural supply 

through ventilation trickles located in the habitable spaces (HS) (living rooms, bedrooms, 

offices). VST4 consist of mechanical exhaust in exhaust and habitable spaces with natural 

ventilation using trickle vents located in the HS. VST5 consist of balanced mechanical exhaust 

from the ES and mechanical supply to the HS, with the presence or not of a heat exchanger 

(HEx). VST7 consist of mechanical exhaust from the ES and decentralized ventilation in HS. 

In each HS there is supply and exhaust, typically with the presence of a heat exchanger. VST3 

and VST4 cannot have a heat recovery strategy, but they can reduce the ventilation heat losses 

adapting the ventilation airflows using demand control (DC) based on CO2 or humidity sensors.

Table 4: Ventilation flowrates for each dwelling and mechanical exhaust flows by VST

Base airflows

[m³/h]

VST3

[m³/h]

VST4 

[m³/h]

VST5

[m³/h]

VST7 

[m³/h]

Ventilation systems -- 3a, 3b, 3c, 3d 4 5a_c, 5d, 5e, 5f, 5g 7a_c, 7d

Detached (BE) Exhaust 151.2 348.8 500.0 348.8 500.0

Supply 348.8 0.0 0.0 348.8 348.8

Terraced (NL) Exhaust 151.2 199.6 350.8 199.6 350.8

Supply 199.6 0.0 0.0 199.6 199.6

Semidetached (IE) Exhaust 183.5 183.5 367.0 183.5 367.0

Supply 183.5 0.0 0.0 183.5 183.5

Detached (IE) Exhaust 235.1 235.1 470.2 235.1 470.2

Supply 235.1 0.0 0.0 235.1 235.1

Apartment A/B (NL) Exhaust 151.2 208.8 360.0 208.8 360.0

Supply 208.8 0.0 0.0 208.8 208.8

The exhaust and supply flowrates were calculated for each dwelling using the national standards 

where the dwelling is located. The Belgian dwellings follow the standard NBN D50-001 (BIN, 

1991) For the Dutch dwellings, the relevant standard is NEN 1087 (NEN, 2019), and for Ireland 

the flowrates are calculated according to the Technical Guidance of the Building Regulations 

(Department of Housing, Local Government and Heritage, 2020). Table 4 shows a summary of 

the flow rates calculated for each dwelling and the corresponding mechanical airflows for each 

VST. The numbers correspond to the nominal airflows for CAV systems and for the MFNHR 

scenario. 

Ten ventilation systems with their characteristic DC were defined in collaboration with 

industrial partners to represent typical domestic ventilation solutions present in the market, 

named 3a, 3b, 3c, 3d, 4, 5d, 5e, 5f, 5g, and 7b. The digit indicates the VST. For VST5 and VST7 

systems, the effectiveness of the heat exchangers varies between 78 % and 93 %. Additionally, 

three reference CAV ventilation systems were added for VST5, working at 100 %, 66 % and 

33 % of the flowrates indicated for the VST5 in Table 4. They are named 5a_c, 5b_c and 5c_c, 

being the “_c” an indication of CAV system. They have HEx with a constant effectiveness of 

85 %. Similarly, other three systems were defined for VST7 with 100 %, 66 % and 33 % of the 

flowrates indicated in Table 4 with HEx with a constant effectiveness of 85 %: 7a_c, 7b_c and 

7c_c. In total, 16 ventilation systems were included in this study.
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4 RESULTS

The results were obtained from the combination of the number of dwellings (6), the number of 

insulation levels (2), the number of climates (4), the occupancy profiles (2), the conditioning 

strategies (2), the amount of ventilation systems (16) and the number of scenarios (3). However, 

the NV scenario is common for all ventilation system, so the total number of simulations was 

6×2×4×2×2×16×(2+1/16)=6336. The results focus on the main aspects of the ventilation 

systems, which are the VST and the strategies to reduce the ventilation heat losses (heat 

recovery: NR and no NH, and demand control: DC and CAV). 

Figure 4-1: Graphical representation of 
𝜂𝐼𝑉,𝑚𝑎𝑥,0𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢  for the ventilation systems

Figure 4-1 shows 
𝜂𝐼𝑉,𝑚𝑎𝑥,0𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢 graphically as the ratio between 𝜂𝐼𝑉,𝑚𝑎𝑥,0 and 𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢. In general, 

the ratio seems to be below the unit (represented on the graphs by the dashed lines) as 𝜂𝐼𝑉,𝑚𝑎𝑥,0
increases. For lower values of 𝜂𝐼𝑉,𝑚𝑎𝑥,0 the ratio tends to get over 1. However, lower values for 𝜂𝐼𝑉,𝑚𝑎𝑥,0 indicate that the ventilation system has a lower compensation of the surplus heating 

demand generated by the installation of a non-smart ventilation system. All VST3 systems show 

the lowest values for 𝜂𝐼𝑉,𝑚𝑎𝑥,0 and 𝜂𝐼𝑉,𝑚𝑎𝑥,𝑢, compared to the rest of the VST. VST4 performs 

similarly to the systems that have heat recovery and better than VST3 systems, even though 

both VST have similar strategies to reduce the ventilation heat losses.  The reason is that VST4 

has a better control on the airflows in the different rooms. The VST3 systems have sensors that 

are in zones which exhaust air is not directly controlled by the ventilation system, resulting in 

air removal from adjacent zones. VST5 and VST7 are divided into two categories in Figure 4-1. 

The commercial ventilation systems (HR, DC) show high values for 𝜂𝐼𝑉,𝑚𝑎𝑥,0, always over 0.8. 

In some cases, some VST5 systems have a 𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢 over the unit, indicating that the 

installation of the ventilation system covers more than the surplus heating demand generated 

by the installation of a basic ventilation system (MFNHR scenario), under uniform 

conditioning. This behaviour can happen in well insulated buildings, warmer climates and 

VST5 systems and it is caused by the overheating resulting from the recovered heat. VST7 

systems do not usually experience this issue because part of the exhaust air is extracted directly 

to the exterior without being treated and the heat exchangers do not work with balanced flows. 

Furthermore, the systems that do not have HR cannot overpass the mentioned limit, since they 

are not able to recover heat from the exhaust to be injected again in the dwelling. On the right 

graph of the Figure 4-1, the reference systems have a worse behaviour than the commercial 

systems, showing slightly lower values for 𝜂𝐼𝑉,𝑚𝑎𝑥,0. Nevertheless, there are some cases where 𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢 is over the unit, as in the commercial systems.

Figure 4-2 shows the ratio 
𝜂𝐼𝑉,𝑚𝑎𝑥,0𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢 making distinctions between the strategies present to 

reduce the ventilation heat losses and the VST. On the upper part of the figure, the systems with 

DC and HR show values closer to 1 and more concentrated than the rest. Their equivalent 

versions without DC (CAV, HR) have a lower value and the values are less concentrated. For 

systems that do not have HR, the points are more spread, and more cases show values over 1, 

meaning that the system performs better in non-uniform heating than in uniform heating, 
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compared to their respective MFNHR scenarios. On the bottom of the figure, VST4 has the 

highest concentration of points and the highest median value than the rest. VST3 shows a wide 

range of points that causes the behaviour seen on the upper graph (DC, no HR). VST7 shows 

closer values to the unit than VST5, meaning that VST7 tend to perform closer to the uniform 

conditioning strategy in terms of heating demand reduction, using their respective MFNHR 

scenarios.

Figure 4-2: Distribution of 
𝜂𝐼𝑉,𝑚𝑎𝑥,0𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢 by control, HR and VST

Looking at the rest of combinations apart for the ventilation system, the dwellings are the most 

influencing factor for
𝜂𝐼𝑉,𝑚𝑎𝑥,0𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢. Figure 4-3 shows the distribution of the factor for the six 

dwellings. The detached house in Ireland, which has the most complex geometry and the highest 

heat losses through its envelope, has the lowest median and the highest spread of values. The 

apartments are geometrically identical, however, the variation A, which has a partition wall

between the kitchen and the living room, shows higher values for the factor, overpassing 𝜂𝐼𝑉,𝑚𝑎𝑥,0𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢 = 1 in some cases.

Figure 4-3: Distribution of 
𝜂𝐼𝑉,𝑚𝑎𝑥,0𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢 by dwelling

5 CONCLUSIONS

DC strategies have a significant impact on the factor 𝜂𝐼𝑉,𝑚𝑎𝑥,0. VST4 systems have a similar or 

better effect than the CAV systems with HR, meaning that the DC strategy is aa relevant factor 

in energy savings. VST3 systems do not show similar results because they have less control of 

the supply flows and, to compensate, they operate at higher rates, showing more spread values. 

In systems with HR, the use of DC increases the value of the factor for both heating strategies.

For VST7, the impact is more relevant, and it may be influenced by the fact of not having 

balanced airflows passing through the heat exchangers, which must be further investigated.

VST3 systems have a lower benefit compared to the corresponding MFNHR scenarios, showing 

values that can go from almost 0.1 to 1. VST5 and VST7 systems show higher values for 𝜂𝐼𝑉,𝑚𝑎𝑥,0 when combining DC with HR. 

None of the systems without HR overpass the limit 𝜂𝐼𝑉,𝑚𝑎𝑥,0 = 1, as they cannot recover heat 

from the exhaust airflows. 

The results indicate that the factor 
𝜂𝐼𝑉,𝑚𝑎𝑥,0𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢 is typically lower than 1, being most of the points 

in the range [0.95, 1.01] and indicating that, in general, the non-uniform conditioning strategy 

has a slightly lower energy performance than in the uniform conditioning strategy.
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The building envelope is the most influencing variation for 
𝜂𝐼𝑉,𝑚𝑎𝑥,0𝜂𝐼𝑉,𝑚𝑎𝑥,0,𝑢. The geometry and the 

distribution of the zones are important factors to consider for the evaluation of the impact of 

indoor temperature gradients in the heating demand of the building. 

The factors are linked to the corresponding MFNHR scenario, which is different for each of the 

variations analysed in the study. The heating demand of the used scenarios can be used to 

complement this information. However, this paper focus on the energy performance of a 

ventilation system compared to similar situations for that specific system, and comparisons with 

other ventilation systems are made at this level. The results obtained can be used to develop 

more accurate calculations in the EPBD, considering that the effect of the temperature gradients

may influence the annual heating demand in dwellings depending on the ventilation system. In

future work, this analysis can be extended adding realistic conditioning systems and taking into 

consideration the electricity use of the ventilation systems, also comparing the primary energy 

use of the different scenarios, instead of just using the heating demand.
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ABSTRACT 
 

Stratum ventilation (SV) is an energy-efficient solution to provide thermal comfort and improve air quality. The 

air distribution in rooms with SV depends on the room layout, location of supply and exhaust grills and indoor 

heat gains. Therefore, the commonly used methods to predict air temperatures in the occupied zone do not usually 

fit the indoor temperature distribution. At the same time, detailed simulations of indoor air distribution are still 

mainly used in complicated room layouts and research. Thus, a simplified but accurate model is needed to calculate 

air temperatures in stratum-ventilated rooms. Previous studies primarily focused on modelling in low-ceiling 

rooms with ceiling exhaust. This paper presents the development of a multi-modal model for vertical air 

temperature prediction in the stratum ventilated high-ceiling room with high internal heat gains. The CFD model 

investigated the large retail facility's air movement and temperature profile. In the simulated cases, the effects of 

the exhaust location on vertical temperature distribution were studied in detail. The proposed model was validated 

against the CFD-model results. The presented multi-modal model demonstrates good agreement between the 

proposed multi-nodal model predictions and CFD results in the occupied zone temperatures. The proposed model 

can be applied for energy and pre-design calculations. 

 

KEYWORDS 
 

Stratum ventilation, air distribution, ventilation modelling, nodal model, CFD model.  

  

1 INTRODUCTION 

 

Building ventilation systems are responsible for indoor air quality and thermal comfort, and 

they consume a significant proportion of building energy consumption (Chenari et al., 2016). 

Stratum ventilation (SV), an advanced air distribution strategy, aims for better air quality in a 

breathing zone and lower annual energy consumption (Melikov, 2016). Stratum ventilation 

supplies fresh cool air horizontally to the breathing zone and usually removes the air at the 

ceiling level. Therefore, SV is effective in spaces with high internal heat gains, such as lecture 

halls, theatres or retail shops with a high density of internal heat sources (Lin, 2017). 

The vertical air temperature profile is a critical factor in SV performance regarding thermal 

comfort and energy consumption. Therefore, the conventional assumption of uniform room air 

temperature is inadequate for the performance evaluations of stratum ventilation. This section 

provides an overview of existing approaches to study and calculate the air distribution 

parameters with SV. 

411 | P a g e



The physical models to calculate the vertical temperature gradient in ununiformed indoor 

environments include experimental studies, computational fluid dynamics (CFD) simulations, 

zonal models and lumped parameter (nodal) models (Yu et al., 2019).  

Measuring the data related to indoor airflow and contaminant diffusion directly provides first-

hand and reliable information, including air temperature, air velocity and contaminant 

concentration. Moreover, the measured data can also validate the mathematical models applied 

to similar situations (Yao and Lin, 2014). Generally, an environmental chamber can minimise 

the influence of the outdoor environment on the measured indoor parameters, but it could be 

expensive, and its physical size is limited. Furthermore, during the measuring process, the 

supply airflow rate, temperature and envelope temperature should remain steady, which is not 

an easy task due to the variation of the outdoor environment. In addition, the measuring points 

need to be up to specific numbers to get detailed information about the flow field and 

temperature distribution (Lin et al., 2011).  

On the other hand, the airflow can be determined by computationally solving a set of 

conservation equations describing the flow and energy in a system. CFD simulation is the most 

precise technique to study indoor air distribution giving whole flow field airflow patterns, air 

velocity and temperature distributions. It is a microscopic three-dimensional approach, dividing 

the room volume into several control volumes. Due to the limitations of the experimental 

method and the increase in performance and affordability of high-speed computers, CFD 

models can produce room airflow case studies for the various ventilation strategies and 

complicated room configurations (Sun and Wang, 2010).  

Zonal modelling is a two-dimensional course-grid CFD technique where the entire room space 

is divided into several subzones of the room space. Additional information about the room 

airflow patterns is usually needed to solve mass and energy conservation equations throughout 

these subzones. These models are typically applied in large volumes and ununiformed boundary 

conditions at the building envelope (Megri and Haghighat, 2007). 

The lumped-parameter nodal models consider each building zone as a uniform volume 

characterised by consistent state variables. These models represent room air as the assembly of 

air nodes connected by airflow elements (Foucquier et al., 2013). These models are widely 

applied in engineering design and simplified building energy calculations. Since ventilation 

design focuses mainly on room temperature and air quality distributions, airflow transport is 

represented as a one-dimensional flow from inflow to outflow openings (Kato, 2018). Nodal 

models of stratum ventilation will be addressed in section 2.3. 

The current study aims to analyse the airflow distribution in a stratum-ventilated room with 

measurements, CFD simulations and nodal models. The modified nodal model is proposed to 

calculate the vertical temperature gradients in rooms with stratum ventilation. 

 

2 METHODS 

 

This section describes the case study in the retail shop with SV and calculation methods to 

calculate the vertical temperature gradient. The structure and principle of the models and the 

parameters involved are discussed in the following subsections. 

 

2.1 Case studies 

 

This section represents the stratum ventilation case study in a Kuala Lumpur retail shop.  Partly 

illustrated in Figure 1, a retail shop facility with a 345.95m2 covered area and 2.74 m height is 

considered a case study building in this study. It comprises 30% of the ground floor of a 13-

story virtual office building in Petaling Jaya, Kuala Lumpur, Malaysia. Based on the critical 

features of the building, the thermal parameters of the building envelope, heat gains, and 

internal loads are shown in Table 1. 
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The total sensible cooling load was 21.16 kW, and the latent cooling load was 3.28 kW for the 

retail shop building. The indoor space is set to 55% RH and 24°C. The outdoor design 

conditions were selected as 35 °C and 27.7 °C. The retail shop is operated for 10 hours from 

10:00 am until 08:00 pm on weekdays.  

The modelled stratum ventilation with a total airflow rate of 3.6 m3/s consisted of the 5 exhaust 

grilles (538x538 mm) at the ceiling and 16 wall-mounted supply air diffusers (301x301 mm) at 

the walls at the height of 1.9m from the floor. 

 

 

Figure 1: Overview of the ground floor of a virtual office building (left) and description of the simulation model 

geometry (right) 

 

Table 1: Building structures and internal heat gains 

Building structures Internal heat gains 

Structure Area 

(m2) 

U-value 

(W/m2K) 

Item Heat 

gains 

Units 

Exterior wall-a 52.06 0.54 Lighting load 34 W/m2 

Exterior wall-b 38.90 0.54 Equipment load: 17 W/m2 

Exterior wall-c 19.73 0.54 Desktops 130 W 

Exterior wall-d 49.86 0.54 Monitors 140 W 

Roof 345.97 0.38 Laptops 165 W 

Floor 345.97 2.89 Refrigerators 5740 W 

Exterior 

windows 

0.099 1.48 Occupancy (number) 56 persons 

Glass doors 13.2 0.71 Occupancy (sensible heat gains) 73.2 W/person 

 

 

2.2 CFD study 

 

This study applied the turbulence k-ε (2-equation) model to predict the detailed indoor airflow 

distribution. The computational fluid dynamics (CFD) code, Ansys Fluent 20.1, was used to 

solve the governing equations using a segregated scheme numerically. The pressure and 

velocity were coupled and controlled by the SIMPLE algorithm. The governing equations have 

been discretised using a second-order upwind scheme for non-linear terms and a central scheme 

for viscous terms. RNG k-ε turbulence model was implemented for numerical simulations of 

the studied cases. The mesh sensitivity analyses were also carried out to obtain the results 
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independent of grid sizes. Yau and Rajput presented a detailed description of the CFD model 

in the previous studies (Yau et al., 2022; Yau and Rajput, 2022).  

The numerical model has been extensively verified and validated for stratum ventilation in 

various environments (Lin et al., 2011; Yao and Lin, 2014; Liu et al., 2015). This study is 

further validated for the studied cases. Figure 2 demonstrates the numerical model’s validity by 

comparing the results in terms of velocity and temperature at the selected locations. 

 

 

Figure 2: Simulation domain and measuring locations in the experimental facility 

 

2.3 Nodal models 

 

A typical characteristic of stratum ventilation air distribution is both vertical and horizontal 

temperature profiles distributed in the space (Cheng and Lin, 2015). The cooler air jects from 

the supply grilles spread into the occupied zone and gradually flows downward due to 

buoyancy. At the same time, the indoor heat gain sources cause upstream thermal plumes due 

to natural convection. Thus, in spaces with SV, the lowest temperature in the occupied and 

breathing zone (0.5m–1.7m) where the air stream passes is lower than in upper regions (Zhang 

et al., 2013). Therefore, for stratum ventilation, the air temperatures in the breathing and lower 

and upper zones are critical factors of the vertical temperature profile. These critical factors are 

addressed in simplified nodal models usually applied for coupling with building simulation 

software and predesign.  

The nodal model for simulating vertically thermal stratified conditions, such as displacement 

and stratum air distribution, represents a set of heat balance equations for several vertical zones. 

The air nodes are connected using linearised approximation. As a result, the ratio of convective 

and radiant heat gains from internal heat sources is half to half (i.e., 50%convection and 50% 

radiation). Mass balance and airflow distribution in nodal models are considered with 

predefined empirical coefficients based on measurements, visualisation and CFD studies of 

airflow patterns or jet models. Thus, nodal models for stratum ventilation differ in the number 

of nodes and how the heat and mass balances are distributed between them. 

The multi-node model for stratum and displacement ventilation proposed by Zhang et al. 

(Zhang et al., 2018) calculates air temperatures in three vertical zones using three constant 

coefficients of each zone determined by experiments and CFD simulations through multiple 

regression. On the other hand, Huan et al. (Huan et al., 2018) approach applied a jet model that 

calculates the vertical temperature gradient at different distances from the air supply and the 

effect of convection from a heated vertical surface. However, validated in the case with high 
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momentum flows only in the occupied zone, rather convective flows in upper room zones and 

low internal heat gains. At the same time, the cooling effectiveness of SV allows for using it in 

spaces with high cooling loads. It leads to higher inflow rates and, therefore – higher momentum 

forces. The following section describes the development of the modified modal model of SV. 

 

2.4 Nodal models for stratum ventilation 

 

The air distribution in a typical office environment with SV (Lin et al., 2011) is shown in Figure 

3(a). Based on Huan's model, the sketch diagram of the auxiliary temperature nodes and energy 

balances is shown in Figure 3 (b). The initial airflow can be described as the fraction of supply 

air (Fln ms) that goes directly to the near-floor zone, and the remaining part (1- Fln)ms goes 

towards the core zone of the room, where the core temperature is Tn. Then the fraction of the 

inflow that comes to the near-floor zone (Fln ms) circulates back to the core zone of the room. 

Then the combined air moves upward toward the exhaust grill at Tex. With the help of the 

moderate convective flows from the heated sources (people, equipment, and lighting). In this 

case, the air in the upper zone moves instead by natural convective sources than by strong 

momentum flows. As a result, the vertical air temperature gradient is developed from the 

temperature near the floor that is cooled by the fraction of the supply air (80%). 

 

a) 

 
Lin et al., 2011 

b) 

 
  

Figure 3: The air distribution in a typical office environment with SV (Lin et. al, 2011) (a) and Sketch diagram 

based on Huan's model (b) 

 

In the modified Huan model, the initial airflow division is the same as in the reference model. 

As shown in Figure 4(a,b), the fraction (Fln ms) is going to the near-floor area and the remaining 

part (1- Fln)ms towards the core zone of the room where the temperature is Tn. Then the fraction 

of the inflow air that comes to the near-floor zone (Fln ms) is lifted by the strong convective 

flows from the heat sources up to the ceiling exhaust level Tex. Then this flow circulates to the 

core zone of the room at Tn. 

In this air-distribution case, the temperature near the floor Taf is not cooled by the supply air. 

That is why it is estimated to be the same floor temperature. This case is characterised by high 

momentum flows (Ar = 4.103, 10 times lower than in Huan's measurements) and high internal 

heat gains. It causes intensive up flowed air towards the ceiling. Since the ceiling height is 

comparatively low (2.7 m), the flows return down to the core zone of the room. In this case, the 

temperature near the floor Taf is not cooled by the supply air due to the numerous obstacles and 

strong upward air flows that omit the zone near the floor. Therefore, the temperature Taf is 

estimated to be the same as the floor temperature Tf. In this case, the temperature gradient is 

developed from the core zone of the room. Since the room air is well-mixed, the air temperature 
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can be estimated to be the same upper the floor zone (from 0.5m height) to the near-ceiling 

zone at the height (H-0.1) m. 

 

a) 

 

 

b) 

 

Figure 4: The air distribution in a case study in a retail shop (a) and Sketch diagram based on the modified 

Huan's model (b) 

 

Table 2: Nomenclature 

Nomenclature 

Φr Radiative component of total heat gains (W) 

Φc Convective component of total heat gains (W) 

At The total area of the room surfaces (m2) 

Af Floor area (m2) 

Aw Area of the walls (m2) 

Ac Ceiling area (m2) 

Taf Air temperature along the floor (°C) 

Tn Air temperature at the core zone of the room (°C) 

Tex Exhaust air temperature (°C) 

Tf Area-weighted mean temperature of the floor surface (°C) 

Tw Area-weighted mean inner surface temperature of the walls (°C) 

Tc Area-weighted mean temperature of the ceiling surface (°C) 

cp Specific heat capacity of indoor air (J/(kg K)) 

ρ Air density (kg/m3) 

qs Supply airflow rate (m3/s) 

ms mass airflow rate (kg/s), ms = qs ρ 

αc,f Convective heat transfer coefficient of the floor (W/(m2K)) 

αc,w Convective heat transfer coefficient of the walls (W/(m2K)) 

αc,c Convective heat transfer coefficient of the ceiling (W/(m2K)) 

αr,f Radiant heat transfer coefficient of the floor (W/(m2K)) 

αr,w Radiant heat transfer coefficient of the walls (W/(m2K)) 

αr,c Radiant heat transfer coefficient of the ceiling (W/(m2K)) 

mj Mass airflow rate of the recirculating air generated by the entrainment of the supply airflow (m3/s) 

(Huan, ) 

Fln Fraction of the cooling energy from supply air that mixes into the near-floor zone (Huan) 

 

The detailed descriptions of the energy equation established in this model to describe the 

energy transfer process are presented here. 

 

The general convective heat balance for the room air can be expressed as: 

 

 Φc = ms cp (Tex – Ts) (1) 

 

The energy conservation near-floor zone (at the height of 0.1m from the floor) can be 

illustrated by Eq. (2): 
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 Af αc,f (Tf  – Taf) + mj cp (Tn – Taf) + Fln ms cp (Ts – Tn) = 0 (2) 

 

The energy balance at the core zone of the room (at the height of 0.9m) can be expressed as in 

Eq. (3): 

 

 Aw αc,w (Tw – Tn) + mj cp (Taf – Tn) + Fln ms cp (Tex − Ts )+ ms cp (Ts − Tn) + Φc (3) 

 

The energy conservation equation of the near–ceiling zone (at the height of 2.6m from the 

floor) can be expressed as: 

 

 αc,c Ac (Tc – Tex) + ms cp (Tn – Tex) + Fln ms cp (Tn – Tex) = 0 (4) 

 

The energy balance at the surfaces can be expressed by equations (5), (6), and (7). 

The energy balance on the floor: 

 

 αc,f (Tf – Tn) + αr,f (Tf (Ff−w + Ff−c) – (Ff−w Tw + Ff−c Tc)) = Φr /At (5) 

 

The energy balance at the walls: 

 

 αc,w (Tw – Tn) + αr,w (Tw (Fw−f + Fw−c) – (Fw−f Tf + Fw−c Tc)) = Φr /At (6) 

 

The energy balance at the ceiling: 

 

 αc,c (Tc – Tex) + αr,c (Tc (Fc−f + Fc−w) – (Fc−f Tf + Fc−w Tw)) = Φr /At (7) 

 

 

3 RESULTS 

 

3.1 Validation of the developed nodal model 

 

The simulations and model calculation results were compared and analysed in this section. The 

model predicted results are compared with the simulation results obtained at the locations 

marked in Figure 5(a). 

 

a) b) 

 

 

Figure 5: Simulations with measuring locations(a) and nodal modelling predicted vertical temperature profile(b) 

 

One of the main applications of the developed model is to be coupled with an energy simulation 

tool to improve the accuracy of the energy calculation for buildings with stratum ventilation. 

Therefore, the mean temperature crossing a plane (horizontal section), which is relevant to 
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energy consumption, was examined in this study. Figure 5 (a) compares the calculations and 

simulation predictions of the reference model (Huan's model). A significant difference can be 

observed, which indicates the model's inaccuracy in temperature profile prediction for large SV 

applications. A good match in the simulated and modified nodal model calculations is shown 

in Figures 6 (b) and (c). 

 

a) 

 

b) 

  

c)  

Figure 6: Simulated results comparison with reference model and modified model 

 

4 DISCUSSIONS 

 

The simplified nodal models do not contain the heat transfer calculation caused near local heat 

gain sources. In addition, nodal models are not universal in predicting the temperature gradient 

since they cannot count all the factors affecting indoor airflow. For example, when internal heat 

gains split into several highly asymmetric plumes, it may generate a stratification profile with 

several neutral levels. The simplified nodal model does not cover this complicated indoor 

temperature distribution. However, the temperature gradient in this zone is out of the occupied 

area. In many cases, these local heat gains do not significantly affect the occupied zone 

temperature. 

The model is also inapplicable when internal heat gains are predominately radiative or placed 

out of the occupied zone. In that case, convective heat transfer in the room surfaces heated by 

the radiative gains can compete with the convective heat gains in the occupied area, creating a 

close to linear temperature gradient without an identifiable neutral level. 

In practical applications, the room air temperatures are affected by the variation of heat gains 

in operation time and thermal mass effect, which are not considered in the steady–state models. 

Besides, most dynamic calculation methods assume complete mixing of zone air or linearised 

temperature gradient. Therefore, the dynamic analysis of temperature gradient development 

would benefit future studies in this direction. 
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5 CONCLUSIONS 

 

Calculating indoor air temperatures in the occupied zone is essential in thermal comfort 

estimation, especially in high internal heat gains. In addition, indoor air temperature is a critical 

parameter for building energy calculations. The paper revised different approaches to studying 

air flows and vertical temperature distribution with stratum ventilation. 

The nodal model was developed based on Huan's model (Huan et al., 2018) for the target 

building under ceiling exhaust configurations. The modified model can be applied in cases with 

high internal heat gains and airflow rates that cause higher momentum flows. The modified 

nodal model was validated in the retail shop case, which is characterised by high momentum 

flows throughout the room and high internal heat gains. 

The nodal modelling results showed that more accurate predictions of the vertical temperature 

profiles were obtained through modified models compared to the reference model. 
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ABSTRACT 
The impinging jet ventilation (IJV) system has been proposed as a new air distribution strategy and is expected to 

overcome the disadvantages of the mixing ventilation system (MV), which is the most widely used system, and 

displacement ventilation, which provides better air quality than MV.  

The present study aims to predict the temperature and contaminant distribution by a simple calculation model that 

is applicable for IJV with multiple heating elements inside the room. The present calculation model is based on 

the zonal model and turbulence jet theory. The concept and theory of the calculation model are introduced, and 

the calculation results are compared to that of CFD analysis. 

The correlation between the thickness of the jet along the floor and the radial coordinate is obtained by the results 

of CFD analysis under isothermal conditions and adapted to the model as the height of the first zone from the floor. 

The turbulent diffusion coefficient of heat in the vertical direction is identified by the CFD results of the vertical 

temperature profile, whereas the turbulent diffusion coefficient of heat in the horizontal direction is obtained by 

the function of the number of heating elements in the present paper. It has to be noted that the turbulent diffusion 

coefficient of heat and contaminant is treated to be equal, due to the assumption in the present paper that the 

turbulent Prandtl number and the turbulent Schmidt number are the same. 

Finally, the turbulent diffusion coefficient of vertical direction is expressed as the function of the Archimedes 

number (balance between buoyancy and inertial force of supply flow) defined in the present paper. The correlation 

was expressed by the equation from the previous study and also by the newly developed equation. It was shown 

that although some limitations exist, the calculation model developed in the present paper can predict the 

temperature and contaminant gradient in the room. 

The calculation results of temperature gradient fitted that of CFD well except for the cases with large supply 

velocity. However, those cases are not practically applicable, thus, the accuracy of the model is more important in 

the cases with supply velocity lower than those cases. Although the calculation results of contaminant 

concentration fitted that of CFD analysis well in some cases, the prediction accuracy of contaminant concentration 

is generally lower than that of temperature. It is assumed to be because of the assumption in the present calculation 

model that the thermal and material turbulent diffusion coefficients are equal. Moreover, it is assumed that the 

modelling of the flow along the wall and the thermal plume from heating elements also need to be improved to 

increase the accuracy of the calculation model. 
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1 INTRODUCTION 

 

Due to the severe situation of global warming, the goal to achieve no net emissions of 

greenhouse gases was set in many countries [1–3]. Since the energy usage of HVAC makes up 

a large fraction of the energy usage in the buildings, it is important to improve energy efficiency 

in the building sector, including air distribution systems. To accomplish high ventilation 

effectiveness, displacement ventilation system [4,5] is introduced. The important feature of this 

system is that the temperature and contaminant stratify vertically by supplying the cooled air 

slowly into the room at the lower level. However, this system has some shortcomings, e.g., the 

supplied air cannot go through the inner part of the room if there are any obstacles with a high 

heat generation rate. The impinging jet ventilation system (IJV) is developed to overcome the 

disadvantages of displacement ventilation system [6,7]. The air is supplied downward to the 

floor with relatively high velocity, and after the air strikes the floor, it spread through the room 

along the floor.  

To efficiently install and control the ventilation systems, the method to predict the 

vertical profiles of temperature and contaminant concentration is essential. For the prediction, 

a simple calculation model is developed and its accuracy is validated by the results of CFD 

analysis in the previous study [8]. To improve the accuracy, the part of the calculation model is 

changed in the present paper. 

 

2 OUTLINE OF ZONAL MODEL  

Fig.1 shows the flowchart of the calculation procedure, and Fig.2 illustrates the conceptual 

diagram of the calculation model. The detailed calculation procedure of (i) height of Zone-R(1), 

(ii) flow along heated or cooled wall, (iii) thermal plume from the heating element, (iv) mass 

conservation of air, (v) heat balance, (vi) mass conservation of contaminant, (vii) turbulent 

diffusion coefficient, and (viii) evaluation of draught risk is described in section 2.1 to 2.7. It 

has to be noted that the calculation is under the assumption of an incompressible fluid, i.e., 

constant density. In addition, the turbulent Prandtl number and Schmidt number are assumed to 

be equal. 

 

 

Figure 1: Concept of the calculation model 
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2.1 Height of the zones  

In the previous study [9], the CFD analysis was conducted to investigate the turbulent flow 

feature of IJV (especially about the width of jet along the floor) for the calculation model. Under 

the assumption that the jet width � [m] is the distance from wall where the velocity is smaller 

than a given value Vlimit [m/s], � is expressed by the following equation: 

 � � 0.09 ��
��

	
 �� 
�.� ��� �������

��
��/�

 (1) 

where, �
 is the supply velocity [m/s], �� is the maximum velocity [m/s], 	
 is the diameter of 

the supply duct [m], and b is half velocity width [m]. �� is set to be 0.5 m/s in the present paper 

by assuming that the impact of the jet is sufficiently small when Vm is smaller than 0.5 m/s. The 

ratio of Vlimit to Vm mentioned prior is set to be 1% in the present paper so that it is considered 

to be possible to include more than 99% of the flow along floor by assuming the shape of flow 

feature to be a normal distribution. 

 

 

Figure 2: Concept of the calculation model 

 

2.2 Wall-flow 

The flow rate along heated or cooled walls (wall-flow) is studied by the previous studies and is 

adapted to the wall with temperature gradient as follows. The flow rate of the wall-flow is 

calculated by the equation below regarding the previous study [10]; and the temperature of the 

wall-flow, ��� !" [°C] is derived by Eq. (3), the method of Togari et al. [11] based on the 

boundary layer theory of turbulent jet [12]. 

 
#$%& '"

#( � 0.00330 * |��
 !" � �, !"|-
. * y0

. *  12�� 1456ℎ" (2) 

 ��� !" � 0.25��
 !" : 0.75�, !" (3) 

The calculation procedure differs depending on the correlation between the temperatures of 

room (�,) air and wall surface (��
) at each height. The case divisions for the wall-flow along 

the heated wall is illustrated in Figure 3. The situations are divided into three cases: when the 

temperature of wall surface is higher than that of the room both at the present height and zone 

above, the wall-flow keep moving upward; when the temperature of wall surface is higher than 

that of the room at the present height but the temperature of wall surface is equal to that of the 

room at the zone above, the wall-flow at the zone above does not exist and the wall-flow at the 

present height flows into the room zone above directly; and when the temperature of wall 

surface is higher than that of the room at the present height but the temperature of wall surface 

is lower than that of the room at the zone above, the wall-flow at the present height does not 

exist and the wall-flow from the zone below flow into the room zone at the present height 

directly. The calculation procedure for the cooled wall is the same as that of the heated wall.  
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Figure 3: Concept of the calculation model 

 

2.3 Thermal plume from heating element 

At the height where heating elements exist, the flow rate and temperature of the plume is 

calculated by the same method as that of wall-flow (see Eq. (2) and Eq. (3)). On the other hand, 

at the height above the heating element, the flow rate of convection flow by cylinder is 

simulated by the method in the previous study [5,13]. Figure 4 illustrates the thermal plume 

above the heating element. The plume is simulated by a point heat source, and the flow rate was 

calculated by differentiating the equation in the previous study [5,13]. Where, �,<� is reference 

temperature [°C] (�,<� �26 °C), =>?  is heat generation rate from heating element [W], and 	@ 

is diameter of the cylinder [m].  

 
#$A& ("

#( � 31.7 C D
EAFGHIJ&K��LMN =>?

0
O  �y � PQ@R> � SA

� TUV �.W°"Y�
-
O
 (4) 

Temperature in the plume zone, �@� !" [°C], at the height above the heating element is derived 

by the conservation of heat at Zone-PF(j). Where, Z[R\ is heat transfer coefficient by diffusion 

in the horizontal direction [W/m2 K], which is to be explained later in section 2.7. 

 0 � Z@]^_@� ! � 1"�@� ! � 1" � _@� !"�@� !" � _@ !"�, !"` : Z[R\a^�, !" � �@� !"` (5) 

 

 

Figure 4: Concept of the calculation model 

 

2.4 Mass conservation of air 

Vertical airflow rate in the room zone, _, !" [m3/s], is derived by the mass conservation law at 

Zone-R(j) by assuming the density of air is constant. It has to be noted that _ 0" � _
. 

 0 � _, ! � 1" � _, !" : _@ !" * b>? : ∑ d_� !, f"gh%ij  (6) 

 

2.5 Heat balance 

Temperature in the room zone, �, !" [°C] is derived by the heat conservation law at Zone-R(j).   

 0 � Δl,Rm : Δl@Rm : Δl�Rm : GΔl,Rn : Δl@Rn : Δl�RnM (7) 

The heat transfer by convection between room zones (Δl,Rm) [W], between room zone and 

plume zone (Δl@Rm ) [W] and between room zone and wall-flow zone (Δl�Rm ) [W] are 

expressed by equations as follows. 
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 Δl,Rm � Z@]_, !"d�, ! : 1" � �, !"g � Z@]_, ! � 1"d�, ! � 1" � �, !"g (8) 

 Δl@Rm � Z@]_@ !"^�@ ! � 1" � �, !"` (9) 

 Δl�Rm � Z@] ∑ o_�Rp !, f"^��� ! � 1, f" � �, !"` : _�Rq !, f"^��� ! : 1, f" � �, !"`rh%ij
 (10) 

Due to the conservation of mass, the total flow rate of outflow from Zone-R(j) is equal to that 

of inflow. Therefore, within Eq. (8) to Eq. (10), the terms that include the flow rate with the 

flow direction of outflow should be ignored. It has to be noted that �, 0" � �
 and _, 0" � _
 

are substituted during the calculation. The heat transfer by diffusion between room zones 

(Δl,Rn) [W], between room zone and plume zone (Δl@Rn) [W] and between room zone and 

wall-flow zone (Δl�Rn) [W] are expressed by equations as follows.  

 Δl,Rn � Z[Rsad�, ! : 1" � �, !"g : Z[Rsad�, ! � 1" � �, !"g (11) 

 Δl�Rn � ∑ tZ[R\ad��
 !, f" � �, !"guh%ij  (12) 

 Δl@Rn � C[R\a^�@� !" � �, !"` (13) 

 C[Rs � EAFw�xy
q  (14) 

where, Z[Rs is heat transfer coefficient by diffusion in the vertical direction [W/m2 K], 2zRs is 

turbulent diffusion coefficient in the vertical direction [m2/s], and { is the distance between the 

centre of zones [m]. 

 

2.6 Mass conservation of contaminant 

The contaminant was treated as a passive contaminant, and its conservation is solved by almost 

the same procedure as that of the heat balance. Each term in Eq. (15) except for |@ [m3/s] 

corresponds to Eq. (8) to Eq. (14) in the calculation of heat balance and can be obtained by 

changing the temperature in those equations to the contaminant and divide them by volumetric 

heat capacity, Z@]  [J/m3K]. The contaminant concentration in the room zone, Z, !" [-], is 

derived by the mass conservation law of contaminant at Zone-R(j).  

 0 � Δ|,Rm : Δ|@Rm : Δ|�Rm : GΔ|,Rn : Δ|@Rn : Δ|�RnM : |@ (15) 

 CmRs � E}xy
EAF � w�xy

q  (16) 

where, |@ is the emission of contaminant [m3/s], and ZmRs is material transfer coefficient by 

diffusion [m/s]. Eq. (16) means that the turbulent diffusion coefficient of heat and contaminant 

are treated to be the equal, due to the assumption in the present paper that the turbulent Prandtl 

number and the turbulent Schmidt number are the same. 

 

2.7 Modelling of diffusion flux 

Togari et al. [11] adopted a fixed value for the turbulent heat transfer coefficient in 

vertical direction, Z[Rs [W/m2 K], whereas Kobayashi et al. [14] identified the value of 

turbulent thermal diffusivity in vertical direction, 2zRs [m2/s], by the CFD result. In the present 

paper, 2zRs is to be identified based on the results of CFD analysis in the previous study [15] 

later in section 3. To clarify the balance between buoyancy and inertial force in each case, 

Kobayashi et al. [14] adopted Archimedes number, and expressed the correlation between 

Archimedes number and identified 2zRs. The following Archimedes number Arroom [-] [16,17] 

was defined and adopted in the present paper: 

 ~�,��� � D�>� HJRH�"
��-  (17) 

where � is gravity acceleration [m/s2], � is thermal expansion coefficient [1/K], �m is height of 

room [m], and Vs is supply velocity [m/s]. According to Kobayashi et al. [14], the correlation 

between 2zRs and ~�,���is to be expressed by Eq. (18), where � is coefficient. However, to 

improve the prediction accuracy of the calculation model, the correlation is also expressed by 

Eq. (19) in the present paper.  
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 2zRs � � * ~�,���R�- (18) 

 2zRs � �� � �Ld1 � exp �� * ~�,���"g (19) 

Turbulent heat transfer coefficient in horizontal direction, Z[R\, is given by a constant 

value in previous studies; Kobayashi et al. [14] adopted Z[R\ � 1.0 [W/m2 K]. However, 

according to the results of previous numerical investigation [15], horizontal contaminant 

concentration showed more uniform distribution at the cases with higher occupant density. It 

was because that the convection current above the heating elements easily be merged when the 

heating elements were close to each other. Thus, it is assumed that the occupant density can be 

a parameter to explain this difference. Therefore, in the present model, Z[R\ is to be expressed 

as the function of occupant density, and assumed to be in proportion to the “coverage ratio 

(a>?R\ * b>?/a,R\ � a>?R\ *  �����2�6 5���46Q")” of the heating elements as follows. 

 Z[R\ � �W
���x�*h��

�Ix�
 (20) 

where, �L is model coefficient [-], a>?R\ and a,R\ are the area of the horizontal cross-section 

of each heating element and room [m2], respectively, and b>? is the number of the heating 

element. 

 

The coefficients in the present section are obtained using the least-squares method by 

comparing the vertical temperature profiles predicted by CFD analysis and the zonal model. 

 

3 VALIDATION OF CALCULATION MODEL BY CFD 

3.1 Methodology 

To validate the calculation model, part of the numerical results in the previous study [15] is to 

be compared to that of the calculation model. The geometrical configuration and studied cases 

are summarised in Figure 5, and the studied cases and inlet velocity are summarised in Table 

1. As the boundary conditions, f �0.2 m2s-2 and � �4.7 s-1 are adopted at the inlet boundary; 

the standard heat transfer coefficient (2.27 – 4.69 W/m2K) and the external temperature of 28.0 

°C are adopted at each wall. The CFD analysis was conducted using Ansys Fluent 19.2 with 

the turbulence model of SST k-ω model, and the discretization scheme for advection was 

QUICK. The radiation was calculated by the Surface-to-surface model, and internal emissivity 

of 0.85 was adopted for the walls. The geometry of the heating elements was set to be 0.4 × 0.4 

× 1.0 m and located 0.4 m above the floor, assuming seated occupants with a sensible heat 

generation rate of 60 W per person. The contaminant was released above the human simulators 

as the tracer of the bioeffluents from the human body. The contaminant was emitted as the 

passive contaminant by a rate of 1.0 * 10RW  kg/m3 s. As for the calculation model, the 

contaminant was emitted at the same height as that at CFD analysis, 1.4 to 1.5 m above the 

floor, within the plume flow above the occupants.  

The parameters are the number of heating elements (9, 16, 25 and 36), i.e., occupant 

density (0.11, 0.20, 0.31 and 0.44), and supply duct (1, 2, 4 and 6), i.e., sixteen cases were 

studied in total. The bottom of the supply duct was mounted 0.6 m above the floor, and the 

exhaust opening was located in the middle of the ceiling. Both supply duct and exhaust opening 

have an area of 0.3 × 0.3 m = 0.09 m2. The supply flow rate was set to be 60 m3/h per person, 

and the supply temperature was 23 °C. The supply velocity was differed from 0.278 – 6.67 m/s 

depending on the number of occupants and the number of supply ducts. 
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Figure 5: Concept of the calculation model 

 
Table 1  Supply and exhaust velocity at studied cases 

 NHE = 9 occupants 

Occupant density: 0.11 

(Fs = 540 m3/h) 

NHE = 16 occupants 

Occupant density: 0.20 

 (Fs = 960 m3/h) 

NHE = 25 occupants 

Occupant density: 0.31 

 (Fs = 1,500 m3/h) 

NHE = 36 occupants 

Occupant density: 0.44 

 (Fs = 2,160 m3/h) 

Exhaust 1.67 m/s 2.96 m/s 4.63 m/s 6.67 m/s 

1 terminal 1.67 m/s 2.96 m/s 4.63 m/s 6.67 m/s 

2 terminals 0.833 m/s 1.48 m/s 2.31 m/s 3.33 m/s 

4 terminals 0.417 m/s 0.741 m/s 1.16 m/s 1.67 m/s 

6 terminals 0.278 m/s 0.494 m/s 0.772 m/s 1.11 m/s 

 

3.2 Results and discussion 

The vertical profiles of temperature and contaminant concentration obtained by CFD and 

calculation model are shown in Figure 6. The concentration is shown by the normalized form 

(concentration at each height / exhaust concentration). The results of CFD analysis and 

calculation were compared at the case with sixteen occupants and four supply terminals as a 

standard case, and �W in Eq. (20) was calculated to be approximately 800 by the least-squares 

method with one significant digit.  

The numerical result is shown by grey line and the result of calculation with identified 

2zRs is shown by red line in Figure 6. The correlation between Arroom and the identified results 

of 2zRs  are summarised in Figure 7. Using Eq. (18) and Eq. (19), the correlation between 

~�,��� [-] and 2zRs [m2/s] is shown by the equations below. 

  2zRs � 0.00570 * ~�,���R�.W�� (21) 

 2zRs � 0.169 � 0.163d1 � exp 30.0 * ~�,���"g (22) 

The calculation was also conducted with 2zRs predicted by Eq. (21) and Eq. (22), and the results 

are also shown in Figure 6 by blue and purple broken lines.  

In general, the calculation results with identified 2zRs  fits the CFD results well. 

Especially, when comparing the numerical and calculated results of temperature. However, 

when comparing the temperature profiles of the cases with �
 � 2.96  m/s or ~�,��� �
4.65 * 10R�,  the prediction accuracy of calculation model is not as high as the other cases. It 

is assumed to be because of the assumption of the model; the assumption that the temperature 

stratification exists in the room under the cooling operation by IJV. Therefore, for the cases 

under mixed condition, the prediction accuracy is not as high as the cases with temperature 

stratification. However, since temperature stratification is essential for IJV to achieve high 

ventilation effectiveness, the low accuracy in the cases without stratification is assumed to be 

merely a minor drawback, and negligible for the use of the calculation model.  

Although the calculation of temperature by the model has a high prediction accuracy 

in general, the calculation results (red and blue lines) of contaminant are different from that of 

CFD (grey line) when occupant density is high. The major reason for this is assumed to be 

because the thermal and material turbulent diffusion coefficients are set to be equal in the 

427 | P a g e



present paper. It means that the turbulent Prandtl number and turbulent Schmidt number should 

not have been treated as equal. 

When comparing the calculated results with identified 2zRs (red line) and predicted 

2zRs (blue line and purple line), the results of the temperature were almost the same. When 

comparing the results of blue and purple lines, the prediction accuracy is higher for the purple 

line than that for blue line, i.e., Eq. (19) has better prediction accuracy than that of Eq. (18). 

In addition, to understand the validity of the non-constant value of Z[R\ on the indoor 

environment, the calculation results with constant Z[R\ (Z[R\ � 1.0 W/m2K) is also shown in 

Figure 6 by green lines. As for 2zRs, the same value with the red lines is adopted. In Figure 6, 

it was shown that the calculated results of temperature with Z[R\ � 1.0 are lower than those of 

other results, especially when the occupant density is high. Thus, the assumption that “the 

diffusion of horizontal direction is affected by the occupant density” is assumed to be 

appropriate. However, the most proper way to correlate the occupant density and Z[R\ is not 

yet fully investigated.  

It was shown that the temperature and contaminant gradient in the room can be roughly 

predicted by the present calculation model. However, there are still some limitations, i.e., the 

prediction accuracy of contaminant distribution by the calculation model is not as high as that 

of temperature. Although the mentioned limitations still exist, it was shown that the calculation 

model can predict the temperature and contaminant concentration gradient in a room with IJV 

depending on the design conditions. 

 

 

Figure 6: Concept of the calculation model 
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Figure 7: Concept of the calculation model 

 

4 CONCLUSIONS 

Using turbulent jet theory, the method for predicting the vertical profile of temperature and 

contaminant concentration in a room with IJV is developed in the present paper. The balance 

between supply momentum and buoyancy are expressed by Archimedes number, Arroom, and 

the vertical turbulent diffusion coefficient in the calculation model is finally expressed as the 

function of Arroom. On the other hand, the horizontal turbulent diffusion coefficient was 

expressed as the function of the occupant density. The present work is believed to enhance the 

designer to predict the indoor environment of a room with IJV during the design phase. The 

findings are summarised as follows: 

 

 The calculation results of temperature gradient fitted that of CFD well except for the cases 

with large supply velocity, i.e., larger than 2.96 m/s. However, those cases are not 

practically applicable, thus, the accuracy of the model is more important at the cases with 

supply velocity lower than those cases. 

 Although the calculation results of contaminant concentration fitted that of CFD well in 

some cases, the prediction accuracy of contaminant concentration is generally lower than 

that of temperature. It is assumed to be because of the assumption in the present calculation 

model that the thermal and material turbulent diffusion coefficients are equal.  

 It was shown that the calculated results with identified and predicted turbulent diffusion 

coefficient are almost the same in temperature gradient. In addition, the newly developed 

equation for expressing the correlation between the turbulent diffusion coefficient and the 

Archimedes number could improve the prediction accuracy. 

 The calculation results of both temperature and contaminant concentration have improved 

by expressing the turbulent diffusion coefficient in horizontal direction as the function of 

the occupant density. However, the suitable way of expressing the coefficient is still needed 

to be investigated. 
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ABSTRACT 
 

In this study, a sensitivity analysis on the effects of inhabitant behaviour on the performance of ventilation systems 

is carried out. Inhabitants behave differently in terms of presence at home, window opening, door opening, etc. 

Relating to the ventilation system, this is reflected in the ventilation demand and consequently the energy 

consumption, but also in the indoor air quality. Therefore, care should be taken to compare ventilation systems to 

each other as the inhabitants can be the most determining factor for the performance. In this study, the effect of 

inhabitant behaviour, and more specifically the window opening behaviour, on the ventilation system is evaluated 

with a focus on the ventilation demand and indoor air quality. A model-based approach is used which includes 

stochastic inhabitant behaviour together with models of the dwellings, heating systems and ventilation systems in 

order to obtain simulations close to reality. Furthermore, real measurements in occupied residential dwellings are 

analysed to validate the simulation results. By exposing the dominance of the window opening behaviour on the 

performance of ventilation systems, this study aims to show that the way ventilation systems are compared at the 

moment are arguable.  
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1 INTRODUCTION 

 

As ventilation has taken a prominent role in buildings, a lot of research has been done to map 

the effect of ventilation on energy consumption and indoor air quality (IAQ). For example, 

McEvoy and Southall (McEvoy, Southall, 2005) compared the performance of different 

ventilation systems in terms of energy consumption and thermal comfort for contrasting 

European climatic regions. Organisations as ANSI even make standards about the minimum 

ventilation rates to provide an optimal IAQ (American National Standards Institute, 2019). The 

main goal of ventilation is achieving a good IAQ while keeping the energy losses and 

consumption to a minimum. Durier, Carrié and Sherman (Durier, Carrié, Sherman, 2018) 

defined that smart ventilation tries to reach this goal, together with optimizing the utility bills, 

thermal comfort and noise. This is done by regulating the ventilation system constantly in terms 

of time and optionally by location due to occupancy, outdoor temperature, electricity grid needs, 

etc. Smart ventilation strategies include, among other things, demand controlled ventilation, 

heat recovery and zoning. 

Although these ventilation strategies are trying to achieve optimal performance, several 

disturbances can have a big impact on the actual performance. One of these disturbances are 

the inhabitants. Several studies on inhabitant behaviour have been carried out, such as the study 

by  Silke Verbruggen (Verbruggen, 2021) where a model generating stochastic residential 

occupancy behaviour was made based on data from a Nearly Zero-Energy Building social 

housing neighbourhood. This model includes window opening, CO2, humidity and heat 

431 | P a g e



production, etc. These characteristics together form a certain inhabitant profile and can have an 

important effect on the performance of ventilation systems. A retired couple behaves differently 

compared to a family with two working parents and two school going children. While the first 

household could be more at home throughout the day, the second could only be at home in the 

morning and evening. Their window opening behaviour is consequently linked to their 

presence. Variations in ventilation demand and IAQ can be linked specifically to these 

behaviours.  

This study exposes the dominance of inhabitant behaviour on ventilation performance with a 

focus on window opening. In a situation where the outside air quality is good, it is obvious that 

the more windows are opened, the less relevant the ventilation system becomes. As a result, 

deviations between ventilation systems are less clear or even tend to disappear. Claiming that 

one system performs better than the other is then more difficult. In current regulation 

calculations, there is a lack of these types of inhabitant behaviour. The question can be raised 

whether this assumption is realistic. 

 

2 METHOD 

 

It's impossible to have real measurements of ventilation system performances for all possible 

inhabitant profiles. For a better understanding of these effects, a model-based approach is 

useful. A wide spectrum of inhabitant profiles can be obtained using stochastic models of 

residential inhabitant behaviour. In this study, the EROB (Event-based Residential Occupant 

Behaviour) - model from Silke Verbruggen (Verbruggen, 2021) is used for generating the 

inhabitant profile. Together with models of dwellings, ventilation systems, heating systems, 

etc., the aim is to obtain a simulation setup close to reality enabling to simulate specific 

scenarios. These simulations highlight specific shortcomings and points of attention of the 

ventilation system in the simulated scenarios. 

The simulation setup is built upon five main components, namely the dwelling, weather 

conditions, heating system, ventilation system and inhabitants. A typical terraced dwelling with 

three floors and three bedrooms is used with a lightweight construction type. The bedroom 

doors are always open. The dwelling is varied in terms of orientation, namely the north, east, 

south and west. Weather data from Twenthe, The Netherlands, are used from 2011 and 2019. 

For the ventilation systems, VST3 and VST5 systems are included. For both of them, a 2-zone 

configuration is simulated and for the VST5 system, a 1-zone configuration is also considered. 

For the inhabitants, a family consisting of one fulltime working parent with a long workday of 

07:00 to 20:00, a parttime working parent and two children going to school is considered. Two 

inhabitant profiles with identical CO2, humidity and heat production and window opening in 

the day zone, but with different window opening behaviour in the night zone are generated. One 

profile has no window opening in the bedrooms and one profile includes window opening in 

the bedrooms. It is this variation that will expose the dominance on the performance of the 

ventilation system. In this study, we also focus on the IAQ in the bedrooms. A time-based 

assumption is made for the situation with window opening. Table 1 shows the duration of the 

window opening during occupancy for the main bedroom where the couple sleeps and for the 

two bedrooms where the children sleep.  

Table 1: Window opening hours per month and room type 

Months Main bedroom Bedroom kids 

December to March 2 hours 2 hours 

April to May and October to November 4 hours 4 hours 

June to September 7 hours 11 hours 
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With this simulation setup and the mentioned variations, a total of 48 year simulations are 

performed in order to compare ventilation performance with enough variation in the scenarios. 

A one-to-one comparison can be interesting, but is less suitable to make conclusions on general 

tendencies. The goal is to check whether separate clusters can be identified with the window 

opening behaviour from the inhabitants in the night zone as a determining factor. 

To support the simulation results, real measurements are analysed to check the assumptions and 

the findings from the simulation study. Four almost identical dwellings with different 

inhabitants are monitored. The inhabitants are two person families and differ in age and working 

habits. The measurements include window positions, door positions, ventilation demand and 

IAQ parameters such as CO2 and relative humidity. The dwellings under research are 

topologically almost identical with three terraced dwellings and one half open dwelling. They 

include the same ventilation system and the sensors are located at the same location. This study 

focuses on the ventilation demand, CO2 level and window opening behaviour in the bedrooms. 

 

3 RESULTS 

 

The effect of the inhabitant behaviour on the ventilation systems is evaluated based on the 

ventilation demand and IAQ specifically for the night zone. First, some characteristics of the 

inhabitant profile are discussed. Thereafter, the effect of the variation in window opening 

behaviour on the ventilation system performance is examined. Finally, real measurements from 

sensor data in occupied dwellings are analysed to check the findings from the simulations. 

 

3.1 Inhabitant profiles 

 

The simulated inhabitants consist of four occupants. The CO2 and humidity production and 

window opening behaviour are important for the performance of the ventilation system. The 

two inhabitant profiles included in the simulations differ only in the window opening behaviour 

in the night zone, as this is the main focus in this research. The effect of door opening behaviour 

is also not negligible, especially for VST3 ventilation systems where there is less control on the 

supply flow via trickle vents in case of closed doors. As the effect of the door opening is not 

the focus of this study, the doors in the bedrooms are always kept open for both profiles.  

 

Figure 1 shows the total CO2 production in the three bedrooms together with the average 

occupancy per person in these rooms. The CO2 production is represented as the total amount of 

CO2 that is injected into these rooms on an annual basis. There is a clear difference in the CO2 

production between the three rooms. The main bedroom has the biggest amount of CO2 

injection, as it accommodates two adults. On average, these two adults are each 8 hours present 

in the bedroom. The other two rooms accommodate only one child each, but there is also a 

difference visible there. As the child sleeping in bedroom 2 is more present, this is reflected in 

a bigger amount of CO2. This figure shows that the CO2 production increases with the number 

of occupants, but also with the presence in the room. 
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3.2 Simulation results 

The behaviour of the ventilation system is mainly determined by the CO2 and humidity level. 

As discussed above, the source for CO2 production is the inhabitants, while the humidity 

production is also influenced by other actions such as taking a shower or a bath, cooking, etc. 

This study focuses on the IAQ in terms of CO2 level and the ventilation demand in the 

bedrooms. 

 

Figure 2 shows the monthly average ventilation demand for the inhabitant profile without the 

window opening in the night zone, as well as the indoor CO2 level. The ventilation demand and 

CO2 level are evaluated in a time-window between 20:00 and 08:00 and are averaged over the 

24 simulations with this specific inhabitant profile. During the summer months, inhabitants tend 

to open the windows in the day zone more, which has a beneficial effect on the CO2 in the 

bedrooms and lowers the average ventilation demand. 

 

Figure 3 show the monthly average ventilation demand for the inhabitant profile with the 

window opening in the night zone, as well as the indoor CO2 level. The results are similarly 

processed as above. It can be seen that due to the window opening, especially during summer 

time, the ventilation demand is much lower and close to the minimum required demand of 10%. 

Consequently, the CO2 level is hardly above the outside CO2 level of 400 ppm. On average 

throughout the year, the ventilation demand is close to 20% lower for the profile with the 

window opening in the night zone. 

 

Figure 1: Inhabitant behaviour in bedrooms 
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Figure 4 shows the annual average ventilation demand and the CO2 level, evaluated in a time-

window between 20:00 and 08:00, for the 48 different simulations. For the inhabitant profile 

without the window opening (LPSS, circular markers), there is a clear difference between the 

ventilation systems: the 2-zone VST3 system has the lowest ventilation demand and CO2 levels. 

This can be explained by the fact that a certain amount of natural ventilation through the grids 

can take place depending on the weather conditions, such that the mechanical ventilation system 

has to work less during these times. The 2-zone VST5 system on the other hand has slightly 

higher CO2 levels and ventilation demand than the 1-zone VST5 system. The reason is that the 

2-zone system will supply clean air to the night zone only based on the demand in the night 

zone, whereas the 1-zone system will be supplying clean air both to the day and the night zone. 

This results in an over-ventilation of the night zone even when there is no demand in the night 

zone, thus resulting on average in lower CO2 levels. 

For the inhabitant profile with the window opening in the night zone (LPSSWO, diamond 

shaped markers), the difference between the ventilation systems is much less. The spread 

between the ventilation systems for the inhabitant profile with window opening is less than the 

mutual spread for a specific ventilation system for the inhabitant profile without window 

opening.  

Figure 3: Average monthly ventilation demand and CO2 level with window opening in the night zone 

Figure 2: Average ventilation demand and CO2 level without window opening in the night zone 
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Figure 4: Annual average CO2 level vs ventilation demand in the night zone 

 

3.3 Measurements 

 

When comparing the performance of ventilation systems, it is important to consider a realistic 

window opening behaviour. Therefore real measurements are also investigated in this study. 

Data from four occupied dwellings are available which is used to complement the simulations. 

Each family of the monitored dwellings exists of two inhabitants. However, they differ in terms 

of working habits and occupancy. This consequently leads to different window opening 

behaviour and CO2 production.  

Figure 5 shows the average CO2 level and ventilation demand for the four different dwellings 

in the summer months June to August and evaluated as above in a time-window between 20:00 

and 08:00. Similar as for the simulations, the average ventilation demand is mostly lower when 

the average CO2 level is lower. In general, the average CO2 levels are somewhat lower than 

expected, especially for dwelling D. 

In addition to the ventilation demand and CO2 level, Table 2 shows the average time that the 

windows are open in the night zone, also evaluated between 20:00 and 08:00. Although it is 

difficult to only evaluate the effect of window opening in real dwellings, as the inhabitants have 

completely other occupancy and activities, a general tendency is visible whereby the average 

CO2 level is lower when windows are opened more. 

In dwelling A and B, the windows are opened most of the time and the average CO2 level and 

ventilation demand are also the lowest. In dwelling C, the windows are opened the least amount 

of time and the average CO2 level is the highest. For dwelling D, the opening time is in between 

and the CO2 level is in between that of dwellings A and B on the one hand and dwelling C on 

the other hand. The measured window opening times of around 7 to 9 hours are also well in 

line with the assumptions for the simulations in Table 1. 

As the measured dataset is now limited to the summer months, the capturing and analysis of the 

window opening and ventilation data should be continued in the coming fall and winter months 

to complete the comparison with the simulation results.   
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Figure 5: average CO2 level vs ventilation demand in the night zone 

 

Table 2: Average window open hours, ventilation demand and CO2 per month for the night zone, evaluated 

between 20:00 and 08:00 

Dwelling Months Windows open 

hours 

Average ventilation 

demand 

Average CO2 

level [ppm] 

A June to August 7.6 hours 12% 481 ppm 

B June to August 8.8 hours 10% 486 ppm 

C June to July 6.9 hours 26% 645 ppm 

D June to August 7.4 hours 31% 556 ppm 

 

 

4 CONCLUSIONS 

 

The goal of this study was to expose the dominance of inhabitant behaviour on the performance 

of ventilation systems. This study focused on the effect of window opening in the night zone to 

the ventilation demand and the IAQ in terms of CO2 level. Using a model-based approach, a 

total of 48 simulations were executed. The variation in window opening behaviour from the 

inhabitants was shown to be a very determining factor in the results. In case of no window 

opening, a clear distinction between ventilation systems in terms of ventilation demand and 

CO2 level is observed. The results of the simulations with window opening showed a less clear 

distinction and were more similar. As windows are opened more often, the ventilation system 

becomes less relevant. High flow rates with the outside environment already clean the inside 

air. Therefore, comparing ventilation systems among each other is not always substantiated 

when inhabitant behaviour is not taken into account. Real data from almost identical occupied 

dwellings with the same ventilation system also illustrate the dominance of inhabitant 

behaviour on the differences in ventilation demand and average CO2 levels.  
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ABSTRACT 
 

Throughout history, the human population has experienced major outbreaks of infectious diseases. In December 

2019 the previously unknown SARS-CoV-2 virus emerged, which had a huge impact globally. Residents of long-

term care facilities (LTCFs) showed to be highly susceptible to infection due to their frailty. Respiratory infectious 

diseases, such as COVID-19, can spread among others via the airborne transmission route. This is caused by 

sharing the same indoor environment. To reduce the risk of infection via the airborne route, it is important to 

consider ventilation and other building services system measures, including personalized ventilation (PV). PV has 

the potential of being a suitable solution for LTCFs, as it could still allow interaction between residents and visitors 

in the common rooms. Something which is regarded very important from a mental health perspective. To identify 

the potential of PV in the context of infection risk, a laboratory experiment was conducted to investigate its 

effectiveness on the infection risk reduction. 

The research was performed in a controlled climate chamber. In the experiment a person was mimicked and 

positioned close to a PV system that provided filtered recirculated air. A particle source maintained a constant 

particle concentration in the room. The performance of the PV system was measured through the particle 

concentration near the breathing zone as compared to the room concentration. Several design parameters were 

investigated. Translating the outcomes to a fictive (equivalent) ventilation rate, the Wells-Riley equation was 

applied to determine the infection risk. The outcomes indicated that, in this laboratory setting, the PV system can 

reduce the risk of an infection up to 50%. The performance is affected by the distance of the supply head to the 

breathing zone, the angle of the supply head, airflows in the room and the location of the particle source.  

To further optimize the system and allow its application in LTCFs, several aspects still need further attention, such 

as mobility/placing the person, the breathing pattern of the user and factors influencing the comfort and use.  

 

KEYWORDS 
 

Ventilation, Infection prevention, Experimental study, Wells-Riley 

  

1 INTRODUCTION 

 

The COVID-19 pandemic showed to have a large impact on the residents of Long-Term Care 

Facilities (LTCFs). LTCFs can be described as nonacute residential and nursing facilities that 

are the home of people that need some form of long-term care. All over the world massive 

outbreaks with high case fatality rates were reported in LTCFs. This did not only affect the 

residents, but also the care workers and visitors (Comas-Herrera, et al., 2020) (Thompson, et 

al., 2020). The European Centre for Disease Prevention and Control (ECDC, 2020) presented 

data that shows that a majority of the clusters and outbreaks were in health- and social care 

Peer Reviewed Paper

439 | P a g e



setting, especially in LTCFs. In the Netherlands, LTCFs were indicated as a setting where 

most COVID-19 infections occurred (RIVM, 2020). The high fatality rates in LTCFs are 

related to the, generally, frail health situation of its residents (van der Wal, 2006) and the 

delayed implementation of protection of care professionals and residents. Age-related decline 

in immunity may affect the response to immunizations and increase their susceptibility 

(Siegel, Rhinehart, Jackson, & Chiarello, 2007). As a result, infections can have severe 

consequences for residents of LTCFs including debilitation, hospital admission and death 

(Koch, Eriksen, Elstrøm, Aavitsland, & Harthug, 2009). 

 

Within LTCFs, residents live close together and can interact freely with each other. This can 

contribute to the spread of infectious diseases. It is hard to apply restrictions to these 

interactions, because of the psychosocial risks associated (Siegel, Rhinehart, Jackson, & 

Chiarello, 2007). Nevertheless, during the COVID-19 pandemic at several points in time 

contacts between residents and with visitors from outside, including family members, were 

prohibited. This affected the (mental) health of the residents of LTCFs and increased 

loneliness, which has always been a major issue. Loneliness can increase the risk of 

depression, alcoholism, suicidal thoughts, aggressive behaviours, anxiety and impulsivity 

(Simard & Volicer, 2020). Another issue to take into account is the group of older adults who 

suffer from dementia. They have an altered sensitivity to indoor environmental conditions and 

therefore careful attention to the indoor environment in LTCFs is desirable, because the 

physical environment can directly influence their health and wellbeing (Kort, 2012). 

 

The spread of infectious agents can occur in various ways including physical contact, 

contaminated food, body fluids, objects, airborne inhalation or through vector organisms 

(Kumar, Damodar, Ravikanth, & Vijayakumar, 2012). This research focuses on the airborne 

transmission via aerosols. Airborne transmission can be described as: “the transmission of 

diseases caused by dissemination of droplet nuclei that remain infectious when suspended in 

air over long distance and time” (Atkinson, et al., 2009). A distinction can be made in long-

range, as defined by Atkinson et al. (2009), and short-range exposure. The latter refers to the 

exposure to aerosols at a distance <1.5 m from an infected person (Liu et al. 2017).  

 

For the spread of infections of diseases in general, the design of proper ventilation systems 

can play an important role. Paying more attention to ventilation requirements could lead to 

significant infection control benefits (Atkinson, et al., 2009). Research demonstrated that 

engineering controls, including sufficient and effective ventilation, targeting airborne 

transmission should be considered in the overall strategy to limit infection risks indoor 

(Morawska, et al., 2020). These measures address the long-range transmission. 

 

This research focuses on a ventilation related improvement for application in LTCFs to 

reduce the airborne transmission of infectious agents. The reduction of the long-range 

transmission is the main focus of this research, but, similar to Xu et al. (2020), the effectivity 

on the reduction of short-range transmission is investigated as well. The objective of the work 

therefore is to determine the potential of a personalized ventilation (PV) solution. The 

potential is defined as the reduction in infection risk, as that is assumed to be the aim of 

ventilation, not the amount of clean air provided by the system. The potential is investigated 

for different situations. The goal is to arrive at a ventilation solution, in terms of sufficient 

reduction of the risk of infection, that would enable the contact between residents of an LTCF 

and their guests, also in times of potential exposure to infectious diseases. This would 

improve their quality of life. 
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2 METHOD 

 

In this work the effectiveness of a simplified concept of a personalized ventilation (PV) 

system, shown in Figure 1, is investigated. The air is supplied by the PV system at a certain 

angle. The air supplied is recirculated from the room and filtered with a HEPA-filter in the 

supply duct at 0.1 m from the supply opening. The amount of PM2.5 at the supply, as 

compared to the concentration in the room, is on average 0.6% (supply and room 

concentration were measured with two Portable Aerosol Spectrometers MODEL 11-D 

GRIMM). The supply has an area of 48.5 cm2 and the supply flow rate was determined at 65 

m3/h.  

 

The measurements were performed in a controlled climate chamber (Schellen et al. 2010). 

The ventilation flow rate of the chamber was set to 180-190 m3/h, which resulted in 3.7 air 

changes per hour (ACH). The human body was simplified to a heated carbon box as shown in 

Figure 1. The dimensions of the box are 0.41 × 0.41 m and 0.60 m high, and a heat source in 

the box produced 100 W. No effort was made to arrive at a closer resemblance of the human 

body, as we first were interested whether the concept would work at all. The breathing zone 

was assumed at 1.1 m height directly in front of the box. Exposure measurements were 

performed at 0.09 m and 0.27 m from the ‘mouth’. Besides the carbon box, the picture in 

Figure 1 zooms in on the desk and the PV-system on the left. The supply of the PV-system 

was positioned targeting at the breathing zone of the heated box.  

 

 
 

Figure 1. Simplified PV system concept (left), location measurement devices (right; PAS refers to GRIMM PM 

sensors, ‘r’ is Room and ‘bz’ is breathing zone, ‘BZ_x’ refers to the low cost sensors positioned in the breathing 

zone. 

Table 1. Equipment information as applied in the experiments. 

 Coding  Type sensor  Range Accuracy  

Particle 

concentration  

1_room, 2_room, 3_ 

room, 4_room, BZ_9, 

BZ_27, particlediff 

IQAir AirVisual (PM2.5) [low cost 

sensor] 

0 to 1798 

µg/m3 
±10% 

PASBZ, PASR 

Portable Aerosol Spectrometer 

MODEL 11-D GRIMM [research 

grade instrument] 

0 μg/m3 to 

100 mg/m3 

<3% (ISO 

21501-4) 

    

Air velocity  
vr, vbz, vf SensoAnemo 5150NSF 

0.05 to 5 

m/s 

0.02 m/s ± 

1.5% of 

reading 

    

Temperature  Tsh, Tsb, Tbz Tr, Tf Interchangeable NTC thermistor 2154 
-55 to 80 
oC 

±0.05 oC 
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Two research grade instruments (GRIMM) and seven low cost PM sensors (Air Visual) were 

used to measure the PM concentrations in the room and in the breathing zone. Figure 1 

provides information on the location of the sensors in the room. This also includes 

information on the position of the particle generator and equipment to measure temperature 

and velocity. Details on the equipment applied (and coding for Figure 1) are summarized in 

Table 1. The research grade instruments were calibrated. The low cost sensors were compared 

with the research grade instruments. 

 

A particle diffuser (U7145 -Ultrasonic Humidifier U7147 BONECO) was used to mimic the 

droplet generation of an infected person. To make the diffused particles comparable to saliva, 

they were generated from a mixture of water and oil (1:40, oil:water). The particle diffuser 

was located in the middle of the wall where the inlet grill of the room ventilation is located 

(see Figure 1). The diffuser diffused particles with a velocity between 1.7 to 2.2 m/s. A fan 

was located near the particle diffuser to spread the particles more equally over the climate 

chamber. The size of the particles diffused was between 1 and 10 µm, with a peak at 5 µm. 

 

The particle concentrations measured at the different locations in the room were averaged to 

identify the room concentration. As complete mixing was not fully obtained a reference 

situation was used to compare the performance of the PV-system. The reference situation 

assumed a case where the PV-system was not active. For this situation the PM-concentration 

in the breathing zone was compared to the PM-concentration in the room (at 0.09m from 

‘mouth’: 0.98 (SD 0.03); at 0.27m from ‘mouth’: 1.24 (SD 0.09). These ratios from the 

reference case were used to assess the results when the PV-system was functioning (ratioref). 

 

Infection risk was calculated applying the Wells-Riley equation (Noakes and Sleigh, 2009). 

For that, the breathing rate was assumed at 0.5 m3/h. Three scenarios were defined to assess 

the infection risk: (1) 52.5 quanta/h, one infector talking slowly 75% of the time for one hour 

and the receiver is in a rest position; (2) 52.5 quanta/h, one infector talking slowly 75% of the 

time for three hours and the receiver is in a rest position; (3) 337.5 quanta/h, one infector in 

the room and sings 75% of the time for one hour and the receiver is in a rest position 

(Buonanno, Stabile, & Morawska, 2020). The scenarios were defined with the exposure in a 

LTCF in mind. 

 

The fictive (equivalent) ventilation rate (Qcase) in the breathing zone was determined from the 

measured ratio of the PM concentration at the breathing zone versus the average concentration 

in the room for the case: Qcase=(ratioref × Qref)/ratiocase; ratiocase is determined per situation by 

dividing the average particle concentration in the breathing zone by the average particle 

concentration in the room. In all cases the ACH in the climate chamber was kept the same. 

Qcase then was used to calculate the potential infection risk. 

 

Four cases with the PV system were investigated (in bold the reference situation is indicated): 

- Distance of PV-system to ‘mouth’ (0.38, 0.48, 0.58m; height to table [0.9m]: 0.57, 

0.67, 0.77m; horizontal distance to ‘mouth’: 0.32, 0.39, 0.41m). 

- Angle of the supply head (30o, 40o, 50o
 from vertical) 

- Dynamic situation with a table fan positioned in three different positions (Figure 2 

[left]) and two fan settings (low [1]: 2.8-3.2 m/s; high [2]: 3.5-4.0 m/s). The following 

combinations were investigated: position 1 setting 2, position 2 setting 1, position 2 

setting 2 and position 3 setting 1. The reference situation for the PV-system was 

applied. 

- Short range exposure to assess the PV performance in case particles are produced 

close to the person. Two cases were investigated (see Figure 2 [right]). The ratio was 
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determined based on the PV-system being active and not active. The reference 

situation for the PV-system was applied. The ratio is determined by dividing the 

average particle concentration with PV system by the average particle concentration 

without the PV system. 

 

 
 

 

Figure 2. Position of fan for dynamic situation (left). Position of particle diffuser for short-range route (right). 

 

All measurements were performed twice. Statistical analysis was performed using IBM SPSS 

Statistics. A paired sample T-test was conducted to assess whether a significant difference 

existed between the two measurements per case. A one sample T-test was conducted for the 

ratio determined per case, compared to the reference case. In all cases the p-value was 

assumed at <0.05, with a confidence interval of 95%. 

 

Besides the PM-concentration also comfort was assessed, specifically draught (according to 

ISO 7730). However, in this paper these outcomes will not be discussed. 

 

3 RESULTS 

 

In Figure 3 two pictures of smoke visualizations are presented to show the performance of the 

PV-system. The visualizations show that the smoke is induced in the clean air flow as 

supplied via the PV-system. Therefore, the breathing zone receives a mixture of clean and 

room air. 

 

  

Figure 3 Visualization of the air stream caused by the PV system. Left: smoke supplied from the front, Right: 

smoke supplied from the back. Orange cross: breathing zone. 
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Table 2 provides a summary of all results obtained from the different cases described. It 

provides information on the ratios of the particle concentration as determined and the infection 

risk for the different scenarios as could be calculated from that information. 

 

Table 2. Overview of measurement results. 

 

 

 

 

 

 

 

*significant difference between the ratio and the reference situation 

# significant difference between the two measurements of the same situation 

 

The effect of induction of air, as shown in Figure 3, increases when the PV-system is located 

further away from the breathing zone. This results in an increased risk of infection as compared 

to a case with the PV-system closer to the breathing zone. The ratio and the risk of an infection 

decreases when the angle of the supply head decreases, which indicates that a more horizontal 

angle of the supply head leads to better performance of the PV system.  

 

The ratios of the dynamic situation are significantly closer to the room situation as compared 

to the ratios of Dist_0.48, which is the case with the same setting of the PV system. The 

disturbing air flow has a negative effect on the performance of the PV system.  

 

Considering the influence of the location of the particle source, it was observed that the first 

location of the particle diffuser (0.7 m from the mimicked resident) in the short-range exposure 

situation leads to high ratios. The second location of the particle diffuser (1 m from the 

Measurement Ratio 

 

SD 

(ratio) 

Infection risk 

 Distance 

from 

breathing 

zone 

[cm] 

Scenario 

1 

 

Scenario 

2 

 

Scenario 

3 

 

[-] [-] [%] [%] [%] 

Reference 9 1 0.03 13.2 34.7 59.8 

27 1 0.09 13.2 34.7 59.8 

Distance Dist_0.38 9 0.38*# 0.02 5.2 14.9 29.3 

27 0.50*# 0.03 6.8 19.2 36.6 
Dist_0.48 9 0.54*# 0.03 7.6 20.5 38.9 

27 0.64*# 0.04 8.7 23.8 44.2 
Dist_0.58 9 0.68*# 0.04 9.2 25.1 46.2 

27 0.87* 0.07 11.6 30.9 54.8 

Angle Angle_30 9 0.54*# 0.02 7.6 21.2 40.0 

27 0.64*# 0.04 8.7 23.8 44.2 
Angle_40 9 0.57*# 0.03 7.8 21.5 40.5 

27 0.83* 0.06 11.1 29.8 53.1 
Angle_50 9 0.89*# 0.05 11.9 31.5 55.6 

27 0.79*# 0.08 10.6 28.6 51.4 

Dynamic Dynamic_p1-s2 9 0.93*# 0.03 12.4 32.7 57.2 

27 0.81*# 0.04 10.9 29.2 52.2 
Dynamic_p2-s2 9 0.71*# 0.10 9.6 26.1 47.7 

27 0.72* 0.04 9.7 26.4 48.1 
Dynamic_p2-s1 9 0.66*# 0.12 8.9 24.5 45.2 

27 0.72*# 0.03 9.7 26.4 48.1 
Dynamic_p3-s1 9 0.71*# 0.08 9.6 26.1 47.7 

27 0.75*# 0.03 10.1 27.3 49.5 

Short 

range 

Short_0.7 9 1.20# 0.32 15.7 40.0 66.5 

27 4.73# 0.58 48.9 86.6 98.7 
Short_1 9 0.35# 0.04 4.8 13.8 27.3 

27 0.35# 0.04 4.8 13.8 27.3 
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mimicked resident) shows better performances of the PV system, even better than for the 

situation where aerosols are generated in the room further away. 

 

4 DISCUSSION  

 

In this research the infection risk was calculated, based on the measured particle concentration, 

with and without a PV system as an indication for the equivalent ventilation. Without a PV-

system, the maximum infection risk (Scenario 3, with 337.5 quanta/h, one infector in the room 

and sings 75% of the time for one hour and the receiver is in a rest position) was determined at 

60%. With the PV system, the maximum risk could be reduced up to a factor two (29%). 

However, for many of the investigated situations the reduction in the maximum risk, when the 

PV-system was applied, was in the order of 20%, compared to the maximum risk for the 

reference case. These results show that the PV-system applied, is able to improve the exposure 

conditions, but that it is not able to bring it down by, e.g. an order of magnitude. The induction 

of the air, as visualized in Figure 3, is regarded the main cause for that. This is also reflected in 

the increased risk as function of the distance of the supply opening to the breathing zone (case 

Distance). The angle (case Angle) has less influence on the risk as in all cases the distance to 

the breathing zone was kept the same. The interaction of the thermal plume from the heated 

box with the flow could explain the differences found. 

 

The study of Xu, et al (2020) investigated the role of a PV system in protecting against airborne 

disease transmission in close proximity (<1 m). In the study of Xu, et al. (2020) the infection 

risk without PV system was measured at 85% and with the PV system between 28% and 85%. 

The effect of the PV-system as determined in this study aligns with the order of magnitude 

improvement as found by Xu, et al (2020). It should, however, be noted that in the study of Xu, 

et al (2020) aerosols were generated at 0.86m from the receiver. A comparison with the Short-

range case therefore is also possible. For that case exposure was measured when locating the 

particle diffuser close to the mimicked resident. Two locations were tested, 0.7m and 1m. The 

smaller distance resulted in a ratio higher than 1. This would indicate that the particle 

concentration in the breathing zone is higher than the amount mixed in the room. The 

assumption is that this is caused by the fact that the contaminant airflow from the particle 

diffuser intersected with the clean airflow of the PV system before it reached the breathing 

zone. The particles are supplied with a velocity between 1.7 to 2.2 m/s, while the average supply 

velocity from the PV-system is in the order of 1 m/s. As a result, the clean air is already 

contaminated. This effect is not expected to occur in such extent in a real setting as the source, 

a human breathing, will not be that constant in direction. For the second location of the particle 

diffuser (at 1 m from the breathing zone) the above did not occur, and again aligned to the order 

of magnitude as found by Xu et al. (2020).  

 

The disturbance of the flow field (case Dynamic) reduces the effectiveness of the PV-system. 

However, still an improvement in the order of 20% was achieved if the disturbance assumes 

more realistic conditions (a bit further from the breathing zone, lower velocities). It is important 

that the supply flow from the PV-system is not disturbed by the airflow surrounding the PV-

system. 

 

The research presented was a pilot study and had some limitations. The setup as applied showed 

not to result in a complete mixing of the particles in the room, including the breathing zone, 

when the PV system was turned off. Significant differences were observed between the particle 

concentration at different locations. We therefore measured the concentration at several 

positions in the room to determine the average room concentration. Due to the limited number 

of sensors, we assumed the positions applied were representative, also for the cases where the 
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PV-system was turned on. Based on the outcomes we excluded one low-cost sensor from the 

analysis (nr.2) as the concentration measured showed to be affected by its close position to the 

particle diffuser. The measured deviations for the other locations differed between 0% to 30% 

from the average.  

 

Every measurement was done twice to analyse the repeatability of the experiment. The mean 

ratios of these two different measurements were compared to each other, which revealed a 

maximum difference of 6%.  

 

The visualization using smoke (Figure 3) shows that the PV system is able to create a straight 

air flow. This means that the position of the person with respect to the PV system is an important 

parameter to take into account when developing a PV system. To increase the robustness of the 

system it would be interesting to investigate the performance in a wider area that would better 

represent the location where air will be breathed from. 

 

The performance of the PV-system is a function of several parameters, as shown. In the design 

these parameters should be taken into account. If the induction of room air into the air supplied 

by the PV-system can be minimized, that would be beneficial. However, though a significant 

reduction in the infection risk is possible when a PV-system is applied, other design aspects 

come into play as well when application in LTCFs is foreseen. Apart from the mobility issue 

discussed above, comfort is another point of attention. Though not discussed in the results, 

draught was investigated in the research as well. For the design applied, only in case of a short 

distance of the PV-system to the breathing zone (Distance Dist_0.38), draught could be 

considered an issue of concern (did not meet the class B criteria of ISO 7730, draught rate 

>20%). However, at higher flow rates and/or different design solutions, draught may become 

more problematic. Other design issues would refer to acoustics, light, safety, aesthetics etc. 

 

The PV system as investigated can be regarded an air cleaning device. As it filters out aerosols, 

the system will reduce the concentration of aerosols in the room. As a result, a Clean Air 

Delivery Rate may be determined. Though the CADR may not be representative for its 

effectiveness as the main advantage of the system is that it takes advantage of its location in the 

room and departs from a mixed assumption for the ventilation and focuses on a higher 

ventilation effectiveness. 

 

5 CONCLUSIONS 

 

A Personalized Ventilation (PV) system was investigated within the context of reducing the 

risk of infection. Application of such a system in a Long-Term Care Facility (LTCF) was the 

point-of-departure for the research. The study reveals that the investigated PV system (concept) 

is able to reduce the risk up to a factor two. However, the performance is influenced by several 

design and use parameters. Nevertheless, PV-systems appear to provide an additional means to 

reduce the infection risk. Moreover, in general, frail older people in LCTF's stay located for 

several hours at one position. Therefore, PV systems will contribute to having interactions with 

visitors / family. As a result, they may be part of a solution to allow the continuation of the 

necessary social contacts in LTCFs to take place, also in times of an (airborne) infectious 

disease being present.  
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ABSTRACT 

Schools had covered special attention in the last year, due to their importance to organize daily work 

as well as since most of the children were still not vaccinated. Under this circumstance, the importance 

of air renewal to reduce the probability of COVID-19 contagion inside buildings was highlighted. 

 

In Spain, educational buildings usually lack mechanical ventilation systems, so renovation of air is 

generated through the direct opening of windows. In such a way that its effectiveness can be analysed 

under winter conditions by the measurement of indoor CO2 concentration and temperature. The work 

presented analyses both parameters: temperature and CO2 data, monitored in 66 classrooms of 27 

educational buildings in different climatic regions in Spain, during the winter of 2020-2021. 

According to the results, a modification of the thermal comfort conditions was observed with the 

increase of ventilation rates. The latter caused a decrease of CO2 concentration and indoor 

temperatures, but also an increase of the energy demand that heating systems could not meet.  

 

This paper provides an analysis of the data recorded during this difficult period in these classrooms, 

with the aim of highlighting the need for renovation of these buildings, which have enormous potential 

for improving their resilience, energy efficiency and indoor environmental quality. 

 

KEYWORDS 

Ventilation, carbon dioxide, comfort, COVID-19, schools.  

 

1 INTRODUCTION 

The air quality in educational centers is a relevant aspect for the health and learning process of 

children since it can greatly affect the activities they carry out. This aspect is especially influential in 

children aged between 7 and 10 years, the age group most prone to respiratory infections (Turanjanin 

et al., 2014). Their performance depends mainly on mental concentration, directly linked to the level 

of fresh air circulating in the classroom (Branco et al., 2015). During their stay in classrooms, children 

are exposed to numerous pollutants coming both from the outside air and from different sources inside 

the classroom (Pulimeno et al., 2020). 
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Outdoor CO2 concentration can vary from around 400 ppm (Apte, Fisk and Daisey, 2000), or 

somewhat higher in busy or industrial areas. However, the level of indoor CO2 concentration depends 

on the users' breathing, in the level and period of occupancy, the amount of fresh air circulating in the 

classroom, its dimensions and the outdoor CO2 concentration (Apte, Fisk and Daisey, 2000) 

(ASHRAE, 2022)  

A high CO2 concentration inside a classroom indicates insufficient ventilation of the space (Allen et 

al., 2020). These values are used as indicators of indoor air quality, as well as a ventilation control 

method at different occupancy times (Kusiak and Li, 2009). The mean value of indoor CO2 is used to 

assess the quality of ventilation with digital monitoring equipment (Wang et al., 2014). 

Ventilation is a fundamental aspect of indoor air quality (Viegas et al., 2020). For correct ventilation, 

the interior air must be renewed by extracting or injecting it, either naturally or forced. Generally, in 

public spaces, mechanical systems are chosen to reduce, as far as possible, energy consumption 

(Kusiak, Tang and Xu, 2011). For this reason, optimization models are being developed, in which 

different variables are incorporated to optimize the systems. 
 

Table 1: Values according to B.O.E., No. 64, 1971 

Air supply 30-50 m3/h by employee 
Air renewal 6 times/h 

for sedentary jobs 

Air renewal 10 times/h 

for physically strenuous 

jobs 

Air speed 15 m/min for normal Tª 45 m/min in hot environments 

Temperature 
17 to 22 ºC for sedentary 

work 

15 to 18 ºC for 

ordinary work 

12 to 15 ºC for physically 

demanding jobs 

Relative humidity 40-60% > 50% whether static electricity can be generated 

 

In Spain, most educational centers do not have mechanical ventilation systems, and punctual natural 

ventilation, which is carried out especially in winter, is insufficient to reach the reference levels 

(Guijarro Miragaya et al., 2021). This ventilation through the windows, in addition to improving air 

quality, is directly associated with other comfort criteria such as thermal, acoustic, or visual comfort. 

The balance of all these factors will allow an adequate environment for learning. 

Since 2013 the inspection of the air quality to achieve optimal comfort in the workplace it is 

mandatory in Spain. In this way, it is necessary to carry out an annual review of the duct network and 

of the environmental quality in buildings whose useful power is equal to or greater than 70kW, only 

individual dwellings are exempt (NTP 243:1987).  

This concern has led to numerous studies on indoor air quality in spaces such as offices and schools 

during the last decades. In these studies, it has been detected that regular users present the symptoms 

of SBS, known as Sick Building Syndrome, such as irritation of the eyes, nose and throat, sensation of 

dry skin and mucous membranes, reddening of the skin, respiratory infections, cough, or difficulty 

breathing and concentrating, among others. They found that ventilation rates below 10 l/s per person 

can improve the appearance of SBS and increases to 20 l/s per person can significantly decrease the 

appearance of symptoms (Seppanen, Fisk and Mendell, 1999). 

In the 1970s, ASHRAE published several studies recommending a fresh air rate supply of 34 m3/h per 

person and an absolute minimum of 8 l/s per person, recommending a ventilation rate of 10 l/s to 

conserve concentrations of CO2 below 1000 ppm.  

 
Table 2: Values according to ASHRAE and RITE 

 ASHRAE 2019 RITE 2021 

Air supply 
Min. 25,5 m3/h by p. in 

school classrooms 
20 dm3/s by person (IDA 1) 12,5 dm3/s by person (IDA 2) 

Concentration CO2 - 350 ppm (IDA 1) 500 ppm (IDA 2) 

Temperature 20 a 24 ºC in winter 23 a 25 ºC in summer 21 a 23 ºC in winter 

Relative humidity 20-60% 45 a 60% in winter 40 a 50% in summer 
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Similarly, in Spain, the values described in table 2, are stipulated, based on the use of the building: 

nurseries (IDA 1) and teaching classrooms (IDA 2), where the recommended levels are marked to 

achieve the objectives established by the renewable energy promotion plan (BOE nº91, 2013) (BOE 

nº178, 2021) 

 

2 OBJECTIVE  

The aim of this study is to analyse the environmental quality in educational centers with different 

characteristics through CO2, temperature, and RH indicators.  The results allow analysing the 

behaviour patterns during this exceptional pandemic period, enlightening the rehabilitation needs of 

the educational buildings and their potential for improving their resilience, energy efficiency and 

indoor environmental quality. 

 

3 METHODOLOGY 

 Twenty-seven buildings were analysed, monitoring 66 classrooms in four different climate zones in 

Spain (figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Image of one of the monitored classrooms in Madrid. 

Table 3 presents the general data for the schools studied. Data collected during the periods from 

October 2020 to May 2021 and during the month of December 2021, coinciding with the COVID-19 

pandemic, have been analysed. 

Table 3: Summary of the educational centers 

Center Built Year Province Climate Zone DB-HE Climate Zone Koopen 

1 1954 Madrid D3 Csa 

2 1950 Madrid D3 Csa 

3 1982 Madrid D3 Csa 

4 1970 Madrid D3 Csa 

5 1950 Madrid D3 Csa 

6 1962 Madrid D3 Csa 

7 1939 Madrid D3 Csa 

8 1906 Madrid D3 Csa 

9 1910 Madrid D3 Csa 

10 1985 Madrid D3 Csa 

11 1996 Madrid D3 Csa 

12 1970 Madrid D3 Csa 

13 2000 Albacete D3 BSk 

14 1998 Zaragoza D3 BSk 

15 1984 Zaragoza D3 BSk 

16 1985 Sevilla B4 Csa 

17 1930 Sevilla B4 Csa 

18 1960 Sevilla B4 Csa 

19 1906 Córdoba B4 BSh 

20 1989 Navarra D1 Cfb 

21 1960 Navarra D2 Cfb 

22 1968 Navarra D2 Cfb 

451 | P a g e



 

 

23 1971 Navarra D1 Cfb 

24 1993 S. C. de Tenerife A3 BSh 

25 1982 S. C. de Tenerife A3 BSh 

26 1972 S. C. de Tenerife A3 BSh 

27 1980 S. C. de Tenerife A3 BSh 

 

The educational centres are in different provinces that encompass four different climate zones 

according to the Technical Building Code 

 

The different measurements carried out during the experimental campaigns have been recorded by 

multiple experts through a web form, resulting in the following: 

 General characteristics of each assessed classroom (tables 4-7). 

 Data records from the continuous monitoring of air temperature (T), air relative humidity 

(RH) and carbon dioxide concentration (CO2), all variables measured inside the classrooms 

during the periods mentioned above in section 2 (tables 8-11). Short periods of approximately 

one typical school week have been taken for the analysis. An example of one day is shown in 

Figure 2. 

 Tests performed on the ventilation capacity of each of the classrooms, and ventilation 

strategies used (Table 12). The first test (E1) was conducted in 34 classrooms and consisted of 

measuring the time in minutes that CO2concentration rise from 700ppm to 1000ppm. These 

tests were performed under conditions of occupancy with windows and doors closed (E1.1). 

And vice versa, record the time of decay of the CO2 concentration from 1000ppm to 700ppm, 

when all doors and windows are opened (E1.2). The second test (E2), carried out in 17 

classrooms, consisted of observing whether an average level of 700ppm was achieved (E2.1), 

considering the average air temperature of the classroom (E2.2) and the ventilation strategies 

used (E2.3). 

 

4 RESULTS 

4.1  Classroom features 

The classrooms have been grouped according to the climate zones to which they belong, and the 

information is detailed in tables 4 to 7. 

 

Table 4: Classroom features. Climate Zone D3 

Center Classroom Orientation Floor 
Vol. 

(m3) 

Opening 

surface (m2) 

Nº 

Stud. 
Age 

Occupation 

(m3/Nº Stud.) 

Cooling 

Syst. 

1 

A SO B 67 0 7 15 9,6 1 

B N B 120 1,33 9 17 13,3 1 

C N 1ª 141 2 15 14 9,4 0 

D N 1ª 150 3 15 14 10,0 0 

2 

A E 2ª 247 1,84 23 12 10,7 0 

B E 2ª 206 1,08 19 8 10,8 0 

C N 1ª 228 1,95 15 6 15,2 0 

D E 1ª 241 1,84 17 4 14,2 0 

E N 2ª 229 1,95 23 10 10,0 0 

3 
A N 1ª 165 1,1 15 14 11,0 0 

B N B 165 1,1 14 13 11,8 0 

4 
A SO 2ª 160 2 16 8 10,0 0 

B NE 3ª 160 2 25 10 6,4 0 

5 

A E 2ª 216 3,6 20 5 10,8 0 

B N 3ª 338 6 20 10 16,9 0 

C E 1ª 216 3,57 18 3 12,0 0 

D S 2ª 144 3,57 20 5 7,2 0 

6 

A N 1ª 165 2,73 17 13 9,7 0 

B E 2ª 165 2,73 25 14 6,6 0 

C E 2ª 165 2,73 17 15 9,7 0 

D E 2ª 165 2,73 17 15 9,7 0 

7 A S 2ª 133 0,7 20 13 6,7 0 
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8 A N 2ª 173 1,6 15 10 11,6 0 

9 

A E 1ª 240 2,7 19 6 12,6 0 

B N 1ª 166 2,7 13 6 12,8 0 

C O 2ª 190 2,7 20 10 9,5 0 

D E B 240 2,7 20 5 12,0 0 

E E B 240 2,7 20 4 12,0 0 

F O 1ª 190 2,7 20 9 9,5 0 

10 
A N 1ª 120 1,6 20 14 6,0 0 

B N 1ª 592 1,8 28 14 21,1 0 

11 

A SE B 626 4,8 15 23 41,8 0 

B SE B 630 6 17 23 37,0 0 

C SO B 448 0 17 23 26,4 0 

D SE 1ª 403 4,8 27 23 14,9 0 

E NE 1ª 340 0 45 23 7,6 0 

F NO 1ª 263 3,6 16 23 16,5 0 

12 A N 1ª 809 0,91 75 21 10,8 0 

13 A N 1 151 2,5 24 16 6,3 0 

14 A S 2ª 6572 39,8 103 20 63,8 1 

15 

A S 2ª 95 2,3 29 15 3,3 0 

B SE 2ª 92 2,3 18 13 5,1 0 

C N 2ª 184 2,3 28 16 6,6 0 
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Table 5: Classroom features. Climate Zone B4 

Center Classroom Orientation Floor 
Vol. 

(m3) 

Opening 

surface (m2) 

Nº 

Stud. 
Age 

Occupation 

(m3/Nº Stud.) 

Cooling 

Syst. 

16 
A S 1ª 207 7,9 22 14 9,4 1 

B N 1ª 217 7,6 22 16 9,9 1 

17 

A O 3ª 192 9,2 36 15 5,3 0 

B E 3ª 193 9,2 26 15 7,4 0 

C O 2ª 206 2,8 24 18 8,6 1 

D E 2ª 226 5 24 28 9,4 1 

18 A S 3ª 324 2,5 33 20 9,8 1 

19 
A E 3ª 184 3,6 8 16 23,0 0 

B E 2ª 331 6,55 14 16 23,6 0 
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Table 6: Classroom features. Climate Zone D1-D2 

Center Classroom Orientation Floor 
Vol. 

(m3) 

Opening 

surface (m2) 

Nº 

Stud. 
Age 

Occupation 

(m3/Nº Stud.) 

Cooling 

Syst. 

20 
A SO 2ª 167 3,6 20 13 8,4 0 

B NE 3ª 171 3,6 18 18 9,5 0 

21 
A S 3ª 120 3 24 13 5,0 0 

B S 4ª 135 3 18 16 7,5 0 

22 
A E 3ª 238 2,3 18 13 13,2 0 

B S 3ª 228 4,7 24 18 9,5 0 

23 
A SO 1ª 161 2,5 25 14 6,5 0 

B SO 3ª 163 3,4 20 18 8,2 0 

 

Table 7: Classroom features. Climate Zone A3 

Center Classroom Orientation Floor 
Vol. 

(m3) 

Opening 

surface (m2) 

Nº 

Stud. 
Age 

Occupation 

(m3/Nº Stud.) 

Cooling 

Syst. 

24 
A O 1ª 168 3,3 15 12 11,2 1 

B E 1ª 168 3,3 12 16 14,0 1 

25 
A SO 1ª 203 2,5 18 10 11,3 0 

B NO 1ª 195 3,74 17 12 11,5 0 

26 
A O 1ª 157 2,8 22 7 7,2 0 

B E 2ª 156 3,76 13 16 12,0 0 

27 
A NE 2ª 166 2,1 24 8 6,9 0 

B SE 2ª 180 2,1 24 10 7,5 0 

 
4.2  Monitoring Results 

Taking the local weather stations AEMET weather stations data as a reference, and the ranges of 

typical school hours (h.l) from 9:00h to 14:00h, we extract the data collected, for the different climatic 

zones, in tables 8 to 11. 
Table 8: Experimental Results: CO2 and T. Climate Zone D3 

Center Classroom Period 
School 

Days 

Average 

CO2 h.l. 

(ppm) 

St.dev. 

CO2 

(ppm) 

Average Tª int. 

h.l. (ºC) 

Average 

Tª ext. h.l. 

(ºC) 

Tª int.-Tª 

ext. (ºC) 

1 

A 16-20 Nov 20 5 577 167 18,2 15,4 2,8 

B 23-27 Nov 20 5 669 143 18,0 11,3 6,7 

C 30-4 Dec 20 5 547 83 16,7 10,0 6,7 

D 9-15 Dec 20 5 634 153 16,3 11,5 4,8 

2 

A 9-12 Nov 20 4 608 74 18,1 14,6 3,5 

B 9-12 Nov 20 4 619 104 17,8 14,6 3,2 

C 16-19 Nov 20 3 580 82 17,7 15,4 2,4 

D 16-20 Nov 20 4 691 81 18,8 15,4 3,5 

E 24-27 Nov 20 4 662 121 16,1 10,6 5,5 

3 
A 19 April 21 1 824 149 21,0 17,3 3,7 

B 19 April 21 1 884 106 19,0 17,3 1,8 

4 
A 27-3 Dec 20 4 443 30 15,7 10,5 5,2 

B 7-10 Dec 20 4 618 129 16,3 10,0 6,3 

5 

A 26-27 Jan 21 2 569 78 28,7 15,8 12,9 

B 28-1 Feb 21 3 607 122 22,4 12,1 10,4 

C 26 Feb 21 1 499 104 31,1 13,6 17,5 

D 27-29 Jan 21 3 453 93 22,0 13,2 8,8 

6 
A 9 Mar 21 1 - - - 11,6 - 

B 1-5 Mar 21 5 638 110 17,0 11,3 5,8 

7 A 1-5 Mar 21 5 673 108 19,5 11,6 7,9 

8 A 1-5 Mar 21 5 552 50 18,1 11,6 6,7 

9 

A 1-2 Dec 20 2 679 170 15,6 11,9 3,7 

B 1-2 Dec 20 2 601 134 14,3 11,9 2,3 

C 3-4 Dec 20 2 686 143 14,9 7,2 7,7 

D 3-4 Dec 20 2 783 236 15,8 7,2 8,5 

E 7-11 Dec 20 5 557 76 14,7 10,8 4,0 
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F 7-11 Dec 20 5 615 95 15,1 10,8 4,3 

10 
A 1-5 Mar 21 5 674 212 21,1 11,6 9,5 

B 1-5 Mar 2021 5 589 61 14,7 11,6 3,1 

11 

A 15-20 Dec 21 4 573 50 12,2 11,1 1,1 

B 15-20 Dec 21 4 658 62 15,0 11,1 3,9 

C 15-20 Dec 21 4 611 29 16,8 11,1 5,7 

D 15-20 Dec 21 4 660 48 20,1 11,1 9,0 

E 15-20 Dec 21 4 526 15 21,1 11,1 10,1 

F 15-20 Dec 21 5 655 72 22,1 11,1 11,1 

12 A 8 April 21 1 721 138 19,1 12,2 6,9 

13 A 19-23 Oct 20 5 763 224 19,9 15,5 4,4 

14 A 18-22 Jan 21 5 545 29 20,7 8,8 11,8 

15 

A 1-5 Mar 21 5 652 104 17,1 11,6 7,5 

B 1-5 Mar 21 5 624 120 19,0 11,6 7,4 

C 1-5 Mar 21 5 675 132 21,2 11,6 9,6 

Table 9: Experimental Results: CO2 and T. Climate Zone B4 

Center Classroom Period 
School 

Days 

Average CO2 

h.l. (ppm) 

St.dev. CO2 

(ppm) 

Average Tª 

int. 

h.l. (ºC) 

Average Tª 

ext. h.l. (ºC) 

Tª int.-Tª 

ext. (ºC) 

16 
A 25-29 Jan 21 5 894 252 18,0 11,6 6,4 

B - - - - -     

17 

A 11-15 Jan 21 5 1691 580 16,3 9,8 6,5 

B 11-15 Jan 21 5 1400 555 10,8 9,8 1,0 

C 11-15 Jan 21 5 1159 380 10,7 9,8 0,9 

D 11-15 Jan 21 5 1865 484 17,5 9,8 7,7 

Table 10: Experimental Results: CO2 and T. Climate Zone D1-D2 

Center Classroom Period 
School 

Days 

Average CO2 

h.l. (ppm) 

St.dev. 

CO2 

(ppm) 

Average Tª 

int. 

h.l. (ºC) 

Average Tª 

ext. h.l. (ºC) 

Tª int.-Tª 

ext. (ºC) 

20 
A 23-26 Mar 21 4 830 266 18,6 10,6 8,0 

B 23-26 Mar 21 4 932 409 18,0 10,6 7,4 

21 
A 1-5 Mar 21 5 1016 337 18,9 11,7 7,2 

B 1-5 Mar 21 5 725 171 17,4 11,7 5,7 

22 
A 1-5 Mar 21 5 1251 479 20,8 11,6 9,3 

B 1-5 Mar 21 5 983 278 19,3 11,6 10,6 

23 
A 1-5 Mar 21 5 1225 250 19,5 9,0 10,3 

B 1-5 Mar 21 5 937 352 19,5 9,0 10,6 

Table 11: Experimental Results: CO2 y T. Climate Zone A3 

Center Classroom Period 
School 

Days 

Average CO2 

h.l. (ppm) 

St dev. 

CO2 

(ppm) 

Average Tª 

int. 

h.l. (ºC) 

Average Tª 

ext. h.l. (ºC) 

Tª int.-Tª 

ext. (ºC) 

24 
A 20-26 May 21 5 536 69 22,6 20,2 2,4 

B 10-14 May 21 5 511 79 25,4 20,2 5,3 

25 
A 8-14 April 21 5 649 134 22,1 19,8 2,3 

B 8-14 April 21 5 696 195 19,9 19,8 0,1 

26 
A 1-5 Mar 21 5 570 140 20,3 19,1 1,2 

B 1-5 Mar 21 5 626 153 19,1 19,1 0,0 

27 
A 15-19 Mar 21 5 497 48 20,6 20,2 0,4 

B 15-19 Mar 21 5 593 91 20,6 20,2 0,4 

 
4.3  Tests 

The data collected during the tests carried out can be seen in table 12. 

Table 12: Test results 

Center Classroom E1.1 E1.2 E2.1 E2.2) E2.3 

2 
A 28 15 - - - 

B 50 20 - - - 
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E 30 27 - - - 

3 
A 15 13 - - - 

B 9 4 - - - 

5 

A 22 6 Yes 29 Windows open 50%, doors open 100% 

B 40 8 No 22 Windows open 25%, doors open 100% 

C 37 3 
Yes 

Yes 
23 Windows open 50%, doors open 50% 

D 10 4 Yes 18 Windows open 50%, doors open 100% 

6 

A 12 3 Yes 15 Windows open 50%, doors open 100% 

C 9 3 Yes 18 Windows open 50%, doors open 50% 

D 11 5 Yes 17 Windows open 100%, doors open 100% 

8 A - - Yes 18 Windows open 100%, doors open 100% 

9 

A 19 12 - - - 

B 20 5 - - - 

D 24 15 - - - 

E 35 10 - - - 

13 A - - No 12 Windows open 100%, doors open 25% 

18 A 15 10 - - - 

19 
A 19 3 - - - 

B 22 6 - - - 

20 
A 7 3 No 19 Windows open 25% 

B 7 11 No 19 Windows open 25% 

21 
A 5 6 No 19 Windows open 50%, doors open 100% 

B 4 1 No 19 Windows open 50%, doors open 100% 

22 
A 5 6 No 19 Windows open 25%, doors open 25% 

B 6 2 No 19 Windows open 25%, doors open 100% 

23 
A 7 5 No 19 Windows open 25% 

B - - No 19 Windows open 25% 

24 
A 21 9 - - - 

B 18 12 - - - 

25 
A 13 14 - - - 

B 13 6 - - - 

26 
A 14 21 - - - 

B 44 5 - - - 

27 
A 8 12 - - - 

B 10 10 - - - 

 
5 ANALYSIS AND DISCUSSION  

Based on the results obtained, the relationship between the different parameters explained below is 

studied. It is worth mentioning at this point that since these are in-situ measurements, there are 

numerous variants that are not included in the analysis due to usage factors.  

 

5.1  Temperature 

Although the average temperatures inside the different climate zones are relatively close to the 

comfort ranges, the minimum values reached during school hours in each zone are very low: 12.2ºC 

(D3), 10.7ºC (B4), 17.4ºC (D1-D2), and 19.1ºC (A3).  As can be seen, the values of the mildest winter 

climate zones (A3) are the highest recorded.  

 
Moreover, in both A3 and D1-D2 the records are from periods closer to spring, unlike the data 

collected in D3 and B4, with most of their records in winter periods.  In the case of the classrooms 

analysed in zone D3, the average between indoor and outdoor temperature is 6ºC.  

So, we can see that, in some of the examples, the temperature difference between indoors and 

outdoors is greater than in others, so that some areas maintain a better hygrothermal comfort. 
 

5.2  CO2 

CO2 concentrations are generally kept low in all classrooms, using natural ventilation as a strategy. 

The overall average is 697 ppm. This is below the 700 ppm reference values set as optimal during the 

pandemic (Organisation mondiale de la Santé and Organisation internationale du Travail, 2021)16, 

456 | P a g e



 

 

and well below the RITE reference values for teaching classrooms (900 ppm considering a reference 

value for outdoor CO2 concentration of 400 ppm). 

 

The classrooms that have recorded average values slightly above 900 ppm are the four classrooms in 

centre 17 in Seville (B4) and the classrooms in centres 20, 21, 22 and 23 in Navarra (D1-D2). It is also 

the classrooms in these two zones that have recorded the highest peaks, as shown by the standard 

deviation data. The average in zone D3 is 619 ppm, 1400 ppm in zone B4, 960 ppm in zone D1-D2, 

and 582 ppm in zone A3. Logically, the classrooms in climate zone A3 are the ones with the best data, 

both in terms of temperature and CO2, as it is a very mild climate (Ramalho et al., 2015). 

 

5.3  Classrooms 

If we eliminate case 14 from Zaragoza, which is an odd case within the sample in terms of size, we 

can see that in general there is a weak relationship between the number of pupils and the volume of the 

classroom, and there is a lot of dispersion in the data. The maximums are 41 m3/pupil and 64 

m3/pupil, and the minimums are 5 m3/pupil and 3 m3/pupil. Nor does there seem to be a relationship 

between window area and classroom volume or number of pupils. In other words, in general, the 

number of pupils does not seem to be a design criterion for classrooms, neither for their volume nor 

for their window area.  

 

Nor does there seem to be a direct relationship between indoor temperatures and the orientation or 

floor number of the classrooms. It is common in classrooms to use blinds to avoid glare or to allow 

better viewing of screens. This logically hinders the possible solar gain through the openings and 

reduces the air flow through windows. 

As for the CO2 generation rate, an average of 14 minutes was measured for the rise from 700 ppm to 

1000 ppm, while the average for the fall is 7 minutes. There is also a large dispersion in these results, 

the maximum being 50 and 27 minutes respectively. The upward curves of CO2 concentration are less 

steep than the downward curves.  

 

These short times indicate the need to consider a trickle renovation, i.e., a small renovation that is 

taking place continuously. Opening both doors and windows is the most used strategy to keep CO2 

levels low. This is generating a cross-ventilation renovation by mixing air from other classrooms 

through common areas such as corridors. Therefore, it is also necessary to consider suction ventilation, 

thus avoiding the mixing of air between different school classrooms, by considering a strategic 

placement of these. 

 

6 CONCLUSIONS 

During the pandemic, different organisations have recommended increased ventilation to reduce the 

chances of infection inside schools. In the classrooms analysed, low baseline CO2 levels have 

generally been achieved. This has been achieved at the cost of reduced indoor thermal comfort 

conditions, and increased energy consumption, the minimum temperatures recorded have been very 

low. 

 

The design and use of the classrooms analysed does not respond to bioclimatic criteria, as no 

relationship is found between the data recorded and the volume of air or the surface area and 

orientation of windows.  

The recorded data show the need for an energy rehabilitation of this type of buildings, including 

comfort and air quality criteria, using forced ventilation with heat recovery and CO2 control.  
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ABSTRACT 
 

Building system engineering can help decrease the risk of being infected by the aerosol which contains virus-laden 

droplet nuclei. Many techniques can help decrease the concentrations of particles. This paper focuses on the 

economic renovation of the existing ventilation system of a public commercial space, a small meeting room in 

Kuijpers, Leiden, to decrease airborne transmission of respiratory infectious diseases. Simulations and 

measurements show the effect of different mixed ceiling (VRF) ventilation configurations on Covid-19 

transmission with and without filters in Dutch offices. 
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1 INTRODUCTION 

The coronavirus pandemic is caused by the newly discovered coronavirus SARS-CoV-2. All 

societies are desperate for a series of solutions to improve the public safety though epidemic 

prevention. From the state to social groups to individuals, various levels of society have taken 

different epidemic prevention measures. The Dutch government has introduced restrictions on 

the size of groups, social distance limits and the closure of non-essential business premises. 

COVID-19 changes everyone’s daily life from all aspects but everyone tries to minimize the 

impact of the epidemic on people's daily life. 

Airborne transmission is one of the three commonly accepted transmission modes for person-

to-person respiratory infectious diseases, like COVID-19. The other two valid transmission 

routes are direct contact with virus-laden surfaces and exposure to the respiratory droplets from 

effected people (Morawska et al., 2020). These two transmission methods can be cut off by 

personal hygiene protection, like washing hands frequently, keeping a safe social distance and 

wearing masks.  But for airborne transmission, it is hard to predict the airflow or make personal 

protection. The most influential engineering method for the general public to decrease the 

infection risks is ventilation (Morawska et al., 2020). 

After the COVID-19 crisis the role of offices is changing. Special tutoring, group discussions 

and activities need direct feedback to ensure necessary collaboration. Thus, small-scale meeting 

rooms are quite needy in COVID-19 crisis and play a future role in offices. 

The idea is to find a ventilation strategy to control or at least reduce the risk of respiratory 

infections via airborne transmission and meet the requirements of indoor comfort and 

reasonable economic costs in a typical meeting room. A widely applied ventilation system in 

Dutch offices and elsewhere in the world is a fan-coil air-recirculation indoor end unit with 

mixing ventilation. In this research the meeting room in the Kuijpers office, Leiden was used 

as a case study. 
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2 THEORY 

2.1 Particle sizes 

The COVID-19 virus nuclei has sizes from 0.005 m to 0.3 m. Virus nuclei can be minimally 

attached to particles as large as they are. Particles of various sizes are produced during 

breathing, talking, coughing and sneezing. Morawksa (2009) measured particle sizes between 

0.3 µm and 20 µm. Breathing produced mainly particle sizes between 0.3 and 1.5 µm. Talking 

(counting and producing an “aah” sound) increased the amount of particles in the range between 

0.3 µm and 1.5 µm and added a significant amount of particles sizes between 1.5 and 5.0 µm. 

Large droplets, though, were indicated to be mainly generated by sneezing and coughing, at a 

relatively low density (Ding et al., 2022). However, the relationship between the viral load and 

different aerosol sizes is still unknown, which makes the estimation of infectivity principally 

hard. This paper assumes that all particles contain a viral load.  

 

 
Figure 1: Trajectories of particles with various sizes (Lipinski et al., 2020) 

 

Figure 1 shows the trajectories for particles of various sizes ranging from 0.01 m to 100 m. 

Larger particles have the tendency to settle. Smaller particles are more likely to be airborne 

(Lipinski et al., 2020). Sadly the WHO at first considered coughing and sneezing as the main 

source of transmission and assumed that particles larger than 5µm were not airborne, see 

(Randall et al, 2021), neglecting the effect of aerosol transmission. In reality the airborne 

particle movement is expansive. The virus nuclei-laid particle of about 0.01 – 0.5 m is the 

airborne particle size discussed in this paper. 

 

2.2 Infection risk (Wells-Riley model) 

There is no direct mathematical method to connect the indoor pathology with detailed 

ventilation engineering. The Wells-Riley Model is the most ideal mathematical tool to illustrate 

the infection risk of a space in general. The precondition for Wells-Riley model is that all the 

cases meet the well-mixing ventilation pattern. Wells proposed a hypothetical infectious dose 

unit: the quantum of infection. A quantum is defined as the number of infectious airborne 

particles required to infect a person and may consist of one or more airborne particles. These 

particles are assumed to be randomly distributed throughout the air of confined spaces. Riley 

considered the intake dose of airborne pathogens in terms of the number of quanta to evaluate 

the probability of escaping the infection as a modification of the Reed-Frost equation. Together 

with the Poisson probability distribution describing the randomly distributed discrete infectious 

particles in the air, the Wells–Riley equation was derived to be (Sze To et al, 2010): 

�� = �
� = 1 − �	
���� �

         (1) 

where PI is the probability of infection, C is the number of infection cases, S is the number of 

susceptible, I is the number of infectors, p is the pulmonary ventilation rate of a person, q is the 

quanta generation rate, t is the exposure time interval, and Q is the room ventilation rate with 
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clean air. The minimum breathing volume is 0.5m3/h, which is the minimum volume of 

respiratory modes for oral breathing when resting, see Buonanno et al., 2020. The quanta 

generation rate, q, cannot be directly obtained, but estimated epidemiologically from an 

outbreak case where the attack rate of the disease during the outbreak is substituted into PI. If 

the exposure time and ventilation rate are known, the quanta generation rate of the disease can 

be calculated from the reproductive number. q is chosen to be 25 quanta/h based on a 

reproductive number of 2.0-2.5 (Dai & Zhao, 2020). However, with the omicron- or delta-virus 

a higher q-value like 50 may be a more appropriate value for meeting rooms. 

The practical ventilation strategy to control the airborne transmission of corona virus will be 

based on an acceptable risk level. The WHO (World Health Organisation) guidelines for 

carcinogens is 10-5 for a death rate of 8-90% in the UK (Nuffield  website), giving a death risk 

of 90% times10-5 is a 10-4 risk of dying from cancer. With a 1.4 % mortality rate of COVID-19 

in the Netherlands (Coronavirus Death Rate website) this research chooses a similar COVID-

19 risk as the cancer risk of 10-4. This then amounts to a 1% infection risk, PI, at a mortality 

rate of 1.4 % (1.0 % x 1.4% = 1.4·10-4). 

2.3 Clean Room techniques 

Building system engineering can help decrease the risk of being infected by the aerosol which 

containing the virus-laden droplet nuclei. Many techniques in building system can help decrease 

the concentrations of particles. The six currently practical building engineering technologies 

are: ventilation, mechanical air filters, UV-lights, bio-polar ionization generators, ozone 

generating air cleaners and electrostatic precipitator (EPS) (Nafezarefi and Joosten, 2020).  

Air clean technology is a new technology, starting from mid-1950s. HEPA filter air clean 

technology is the most basic and the most necessary means for air clean technology. Other clean 

room design details, including the position of supply and exhaust openings, dilution efficiency, 

air quality monitors and air quality smart control are also important in high-hygiene ventilation 

design. The clean room ventilation, standing for the highest cleanness level in the built 

environments, will inspire ventilation strategy design for epidemic prevention in a shared space. 

 

2.4 Ventilation Design/ Air distribution patterns 

Computational Fluid dynamics and measurements are techniques to investigate the ventilation 

design and the air distribution pattern. The ventilation efficiency is evaluated by air change rate 

and pollutant removal efficiency based on REHVA Ventilation Effectiveness Guidebook 

(Mundt et al, 2004): 

The air change efficiency, a, is defined as: �� = ���〈��〉 ∙ 100          (2) 

with n the nominal time constant (n=V/qv) with V the room volume and qv the ventilation flow 

rate and 〈�̅〉 room mean age of air. The general pollutant removal efficiency, c: �� = ��〈�〉 ∙ 100           (3) 

with ce the steady state concentration of the contaminant in the exhaust air and the steady state 

mean concentration of the room 〈�〉.  
The calculation of the infection risk at the breathing height is based on the comparison ratio 

between the average CO2-concentration at the breathing height in this case, � !2#$%, and that 

in the standard case, � !2#0%. Thus the local infection risk at position x, ��#$%, is: 

��#$% = ��(�#)%
��(�#*% ��#0%         (4) 
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3 METHOD 

3.1 Description of the room  

The test room chosen for the research has a size of 4.52*5.60*2.80 = 71 m3, which is a small 

meeting room for 6-8 people before corona time. The room is a typical shared space for group 

work. There is one exhaust opening and one indoor unit with a separated control panel in that 

space, see figure 2. The exhaust opening is a 0.6m*0.6m perforated aluminium panel. The only 

possible way for passive ventilation is an inward-opening bottom-hung window which is closed 

all the time. The meeting room of Kuijpers Leiden is located on the 5th floor of a joint office 

building for lease in Leiden. 

 

 

Figure 2: the perspective of the meeting room in Kuijpers, Leiden, as the typical medium-scale environment 

3.2 Indoor unit 

The indoor unit is a PLFY-P20VLMD-E by Mitsubishi. The mechanism of the indoor unit is 

shown in figure 3: the recirculated air first goes through the filter for coarse particles, and mixes 

up with the prime air before fan coil. By the air pressure offered by the fan coil, the mixed air 

will be heated or cooled by the cross-fin heat exchanger in the unit as the secondary procedure. 

Then it will be transported to the supply opening and supplied to the space at an angle of 15°. 

Figure 3: The indoor ventilation unit. The grey arrows show the supplied air. The air inlet is in fact the return 

opening  of recirculated air. The exhaust of the fresh supplied air is on some distance of the fan-coil,  

see the two grey surfaces at the ceiling of figure 2. 

 

The two supply openings are 800 mm*50 mm with a vane in each to adjust the air flow direction 

at the angle 10° - 20°, mostly at 15°. The control system is temperature-based with a reaction 

domain of lower than 20 °C and higher than 26 °C. The filter applied in this indoor unit is a 

long-life filter made by PP Honeycomb fabric (washable). There are 4 levels of fan speed on 

the control panel with a maximum of 9.5 m3/min (570 m3/h).  

 

3.3 Measurements    

CO2-concentrations and particle counts are measured in the meeting room. The CO2-sensor is 

a HOBO CO2 logger with a measurement range of 0-5000 ppm with an accuracy of 50 ppm or 

5% at 25 °C. The particle counter is a MET ONE 3400 series particle counter and measures 

particle sizes in the range of 0.3-10 µm with a maximum particle count of 9,999,999. The 

   

The indoor unit the filter the fan coil 
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accuracy of the particle counter is 5 % at 14,126,000 particles per m3. Acoustical measurements, 

relative humidity and air flow measurement were also performed but are not discussed here.  

Measurements are performed with none, one or two persons in the meeting room with the 

recirculation of the indoor unit ON or OFF. For the OFF situation the room inlet of the indoor 

unit was taped shut. The person(s) sat in position(s) 1 and/or 3, see figure 4. The CO2 and the 

particles were measured in the front and back positions at breathing zone height (1.1 m) and 

ceiling height (2.8 m). The persons performed standard office activities as reading and writing/ 

typing.  

 

                    

Figure 4: a. User positions and equipment locations and b. the manikin used in the simulation. 

3.4 Simulations 

The CFD-program Phoenics is used for the simulations. The simulated meeting room is also 

4.52 *5.6*2.8 m3. The computational geometry replicates in detail the experiments carried out 

in the full-scale chamber, see Figure 4. Convergence and grid parameters can be found in Cai 

(2022) as the input for the indoor ventilation unit. The tracer gas is CO2 for the CFD-model 

calibration. The CO2-concentration in nature is considered to be 407 ppm (at the moment 

already 418 ppm, see https://www.co2.earth/daily-co2) for the base case. In the variant 

simulation the outside CO2-concentration is assumed to be 0 ppm. 

The variants that are modelled are: recirculation rates of 0, 4, and 8 volumes/hour. The distance 

between the return and the supply is 0.0 m, 1.75 m and 2.67 m. The distance between the supply 

and the exhaust of 1.75 m and 2.67 m. The applied filters are M5 with 0% efficiency and F7 

with 50 % efficiency). In total this leads to 3 x 3 x 2 x 2 = 36 variants. As the CO2 is chosen as 

the tracer gas of choice, the resulting CO2-concentrations with the filter in the CFD-calculations 

can be lower than usual (800 ppm). 

 

3.5 Manikin 

An adult person in rest is simulated as a manikin, see figure 4b. There are two manikins in the 

model. Their breathing mode is simulated by creating an inlet object at each mouth, 

perpendicular to the y-axis, and setting respiratory volume and CO2-concentration rate 

respectively. The skin temperature of the manikins is 34 °C in sitting position. The clothing 

insulation (Clo) is 1. The heat power of each manikin was set to 80 W. The area of oral and 

nasal opening is 0.011*0.011 m2. The total exhaled air for each manikin in the CFD-calculation 

was chosen to be 0.66 m3/h = 0.000183 m3/s (Villafruela et al, 2016). The CO2-production in 

the CFD-calculation was 20 l/h. This all leads to a CO2-concentration in the exhaled air of 

20 l/h/660 l/h = 3.03 % in the exhaled air and an exhaled air velocity of circa 1.5 m/s. In the 

CFD-model the exhaled air is assumed to be continuous. The sitting height is set as 1.3 m, the 

breathing zone for analysis is set at 1.1 m height. 

a 

b 
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4 RESULTS 

4.1 Measurements 

Effect of position and recirculation 

As the two positions, front and back, do not have the same distance to the inlet and outlet of the 

indoor unit, there is a difference in CO2-concentration for the different positions, see figure 5.  

 
Figure 5: Scenario 1 of experiment about current situation, light line is the back position, the dark line is the 

front position, recirculation is ON. 

 

The temperatures, see figure 6, show that the ventilation system is in continuous steady air 

supply mode when the air recirculation mode is ON with a low air exchange rate. While, when 

the air recirculation is OFF, the fan-coil assumes that there is a need of huge cooling load, 

because the temperature sensed by the system remain on a high level for a relatively long time. 

Thus, the ventilation is on full performance for a longer time, and in this way, the space is under 

a high air exchange rate. The higher air exchange rate when the air recirculation is OFF is the 

reason the peak value of the CO2-concentration is lower at the ceiling and the breathing zone 

when the air recirculation is off, see figure 7. 

The particle concentration, however, shows something different, see figure 8. The particle 

concentration stays constant when the recirculation is OFF, and increases in the breathing zone 

when the recirculation is ON. This is as expected due to the higher air change rate when the 

recirculation is off. On the other hand, the particle concentration in the ceiling reduces when 

the recirculation is ON. How the air moves in the room is therefore just as important as the air 

change rate of fresh air. The mixing level, thus, is a key element in the ventilation efficiency of 

mixing ventilation strategy.  

 
Figure 6: Temperature, light line: different position as where the particle counter is, dark line: same position as 

where the particle counter is. 
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Figure 7: CO2-concentration, light line: different position as where the particle counter is, dark line, same 

position as where the particle counter is. 

 

 
Figure 8: The measured particle concentration for different sizes of particles. 

 

4.2 Results simulations 

Infectious risk (Wells-Riley equation) 

Based on the performance of the current meeting-room the infection risk is 15% with a fresh 

air supply of 79 m3/h for two persons in the room with one infected person in the room for 1 

hour and a infection load of 25 quanta per hour.  

 �� = �
� = 1 − �	
���� � = 1 − �	+ ,∙-./ ∙0.22/ ∙,/3456/

7 = 15%  

When this person is for 2 hours in the meeting room the infection risk will rise to 34%. 

 

CFD-modelling  

The CFD-modelling simulated the Covid-19 virus by using CO2 as a tracer gas. In figure 9 the 

CO2-concentration in the breathing zone under this type of ventilation is 915 ppm for the 

standard case, which is consistent with the on-site measurement results.  

The CFD model of the standard case has an air change efficiency, a, of 51%, which is very 

close to the 50% of a well-mixed ventilation pattern, see table 1.  
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The local air change efficiency in the breathing zones is  > 100%, which means the air change 

in the breathing zones is above the average air change efficiency of the whole space. The general 

pollutant removal efficiency is 82% for the whole space. The local pollutant removal efficiency 

is 102% in the breathing zones which means that the air quality in the breathing zone is good 

and better than the general air quality in the room. 

 
Figure 9: The outcome of the simulation of the current ventilation environment 

Table 1: Simulated standard case  
  

General Local Position 1 Local Position 2 

Ventilation efficiency Air change efficiency 51% >100% >100 % 

 Pollutant removal efficiency 82% 102 % 102% 

 

Simulation of the variants 

The cases were a 50 % filter was applied differ significantly from the cases without a filter, see 

Error! Reference source not found.a and b. The 50% filter causes the local CO2 concentration 

to generally drop to 20% of the cases without a filter. Only the cases without air recirculation 

where the Application of a filter is necessary and efficient in most cases, except the cases 

without air recirculation. The CO2-concentration outside is not taken into account and the filter 

is assumed to filter out the CO2-particles as proxy for the virus particles.  

The gaps (see figure 9) between red and blue lines illustrate the impacts from general ventilation 

distance, between supply and exhaust openings. In both cases, when there is 50% filter effect 

or no filter effect in the ventilation system, larger general ventilation distances help decreasing 

the local CO2-concentration, but the differences are small, a maximum around 50 ppm. Thus, 

enlarging the general ventilation is a less effective way to enhance the “corona-proof” 

performance of the ventilation system in the medium-scale environment, compared with 

enlarging the distance between the supply and return opening.  

 

  
a. local CO2 concentration with no filter effect b. local CO2 concentration with 50% filter effect 

Figure10: CO2 concentrations in the breathing zone. The outside CO2-concentration is assumed to be 0 ppm. 
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5 DESIGN IDEA 

Based on the results from the simulations, a recirculation system with a large distance between 

the exhaust and the supply opening gives the best results. The new design has 4 return openings 

with a large distance between the return and the supply openings, see figure 11. Normally the 

supply openings are at the underside of the fan-coil near the ceiling and the return openings are 

in between both supply openings as shown in figure 3, which produces short-circuiting of air 

flows. 
 

.  
Figure 11: 2The draft ventilation renovation product model 

 

5.1 Test of the Design 

The new ventilation unit design is tested by CFD simulations, see Cai (2022), and 

measurements of CO2 and particles of 0.3 µm. The ventilation unit with the extended 

recirculation positions and the filter is compared with the ventilation unit without recirculation. 

The temperatures between the two different experiments where between 21.7 and 22.3 °C for 

both experiments and can be assumed to be constant. The air change rates of the room for both 

measurements is almost the same suggesting that the experiments are based on the same 

ventilation mode. The CO2-concentrations of the two experiments were within 50 ppm 

difference also supporting the assumption of a similar ventilation working mode, see figure 12.  

After the users entered the room, the CO2-concentration for the new design case is always lower 

that in original case without recirculation. Since the filter cannot remove CO2, particles, 

measurements were applied to see the impact of the design synergised with the rough filter. 

When the filter is applied for airborne particles (0.3 m),  the smart building system and indoor 

facilities started fully working on first day in the morning and until 11:20 am they are at the 

same start value for both days for both the CO2 and particle measurements. As long as the 

system works, the indoor particle count will drop until around 75,000. 

The local particle concentration in the new-design case is always lower than that in the case 

without recirculation case. The peak value difference can achieve 1/3rd of the particle 

concentration in the case without recirculation when users left the room.  

 
 

a. CO2-concentration b. 0.3 µm particles 

Figure 12: CO2 and 0.3 µm particle number changes WITH/WITHOUT ventilation design installed, shadow 

duration is when two users were indoors 
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6 CONCLUSIONS 

A new ventilation design using recirculation, a larger distance between supply and extract for 

recirculation and a 50 % filter reduces the amount of 0.3 µm particles to 33% with the same 

outside air change rate. A 5% indoor infection risk rate referring to the contaminant 

concentration decreasing rate in CFD analysis can be obtained in this way. 

Based on CFD-simulations an infection risk below 1 % should be possible, for instance with a 

low-pressure filter with an efficiency around 99 %. This could be realized with an electrostatic 

precipitator (filter), see Virus Free (virus-free.nl). 

 

7 ACKNOWLEDGEMENTS 

Kuijpers is a company with years of experience in technical installations in buildings whose 

service includes design, construction and maintenance. The company pays special attentions to 

a healthy working and living environment. As the clean room contractor for Johnson & 

Johnson's Dutch vaccine plant, Kuijpers actively responds to the Dutch epidemic prevention 

request and explored COVID-19 related epidemic prevention research. 

 

8 REFERENCES 
Cai Wenyan (2022) Graduation Thesis, http://resolver.tudelft.nl/uuid:674a3a82-d738-42d2-8f8e-

50c5992cba1e  

Dai, H., & Zhao, B. (2020). Association of the infection probability of COVID-19 with ventilation rates 

in confined spaces. Building Simulation, 13(6), 1321–1327 doi.org/10.1007/s12273-020-0703-5  
Ding, Er; Zhang, Dadi; Bluyssen, Philomena M. (2022) Ventilation regimes of school classrooms 

against airborne transmission of infectious respiratory droplets, A review, Building and Environment, 

Volume 207, Part A, doi.org/10.1016/j.buildenv.2021.108484 
Lipinski, T., Ahmad, D., Serey, N., & Jouhara, H. (2020). Review of ventilation strategies to reduce the 

risk of disease transmission in high occupancy buildings. International Journal of Thermofluids, 7–8, 

100045. https://doi.org/10.1016/j.ijft.2020.100045 
Mateescu, C. (2018). What is the CO2 generation (ppm/h) by a human at different levels of exercises? 

Morawska L., G.R. Johnson, Z.D. Ristovski, M. Hargreaves, K. Mengersen, S. Corbett, 

C.Y.H. Chao, Y. Li, D. Katoshevski (2009) Size distribution and sites of origin of droplets expelled from 

the human respiratory tract during expiratory activities, Aerosol Science 40, 256-269, 

doi:10.1016/j.jaerosci.2008.11.002 

Morawska, L et al. (2020). How can airborne transmission of COVID-19 indoors be minimised? 

Environment International, 142. https://doi.org/10.1016/j.envint.2020.10583  

Mundt M., H. M. Mathisen, M. Moser, P. V. Nielsen. (2004). Ventilation Effectiveness: Rehva 

Guidebook; Federation of European Heating and Ventilation Association, ISBN-10 2960046803  

Nafezarefi, F; Joosten, P. (2020). Oplossingen voor zuivere lucht in gesloten ruimtes. TVVL Magazine, 

05, 36–42. 

Randall K, Ewing ET, Marr LC, Jimenez JL, Bourouiba L. (2021) How did we get here: what are 

droplets and aerosols and how far do they go? A historical perspective on the transmission of 

respiratory infectious diseases. Interface Focus, vol. 11, 6,  https://doi.org/10.1098/rsfs.2021.0049 

Sze To, G. N., & Chao, C. Y. H. (2010). Review and comparison between the Wells-Riley and dose-

response approaches to risk assessment of infectious respiratory diseases. Indoor Air, 20(1), 2–16. 

https://doi.org/10.1111/j.1600-0668.2009.00621.x  

Villafruela JM, Olmedo I, San José. Influence of human breathing modes on airborne cross infection 

risk. Building and Environment 106 (2016) 340-351. 

 

 COVID-19 death rate by country | Statista. (2021). Retrieved 6 January 2021 and 24 November 

2021, from https://www.statista.com/statistics/1105914/coronavirus-death-rates-worldwide  

 Virus Free: https://virus-free.nl/ 

 www.co2.earth/daily-co2  

 www.nuffieldtrust.org.uk/resource/cancer-survival-rates#background 

468 | P a g e



 Relationship Between IAQ And Indoor Temperatures Of 

Different Dwellings In A Temperate Climate During A 

Pandemic Summer 
 

Aurora Monge Barrio*1, Ainhoa Arriazu1, Maira Bes-Rastrollo2, Juan B. 

Echeverria-Trueba1 and Ana Sánchez-Ostiz1  

 
1 School of Architecture 

Universidad de Navarra 

Campus universitario s.n. 

31190 Pamplona, Spain 

*Corresponding author: amongeb@unav.es 

2 Department of Preventive Medicine and Public 

Health 

Universidad de Navarra 

Campus universitario s.n. 

31190 Pamplona, Spain 

 

 

 

ABSTRACT 
 

This paper investigates the relationship between indoor air quality (IAQ) and overheating in a temperate climate 

in Spain (Cfb attending to Koppen-Ggeiger classification), in dwellings located in residential buildings and without 

cooling systems. Twelve dwellings were selected among different Spanish building regulatory periods and quality 

of construction (before the first regulatory period, 1979; between 1980-2006; and after 2006 with the Spanish 

Building Code following the European Directive, and with the Passivhaus standard), and located in an intermediate 

floor and a top floor of residential buildings. Two spaces of each dwelling (living room and main bedroom) were 

monitored during three months from June to September 2021 (temperature, relative humidity and CO2 

concentration). Analysis of monitored data shows dwellings´ performance during all summer where a heatwave 

took place and during the COVID pandemic, where ventilation was strongly recommended to the population to 

minimize infection risk at home. Results show a better IAQ in the newer dwellings built after 2006 (with vents or 

heat recovery ventilation systems) although less overheating was not observed in relation to the older ones, but 

with significant differences during the registered heatwave, and the relationship between IAQ and temperatures. 

More efforts are needed to improve the design of new and rehabilitated buildings for an optimal thermal and IAQ 

performance of dwellings, attending to warming conditions related to Climate Change.  

 

KEYWORDS 
 

Monitoring, IAQ, natural ventilation, heatwave, CO2 concentration 

  

1 INTRODUCTION 

 

Different standards of new and refurbished residential buildings are being developed to improve 

energy performance, but in cold and temperate climates they are mainly focused on the 

reduction of energy demand and consumption related to heating systems. As a consequence, 

buildings are being designed and refurbished with high levels of thermal insulation, high 

performance windows and high standards of airtightness. However, some studies have found 

that these high insulated and air tightened envelopes can turn on overheating if other design 

strategies are not provided (Psomas et al., 2016)(A. Monge-Barrio & Sánchez-Ostiz Gutiérrez, 

2018b). 

 

Among other impacts, Climate Change is increasing temperatures in all climates and the 

frequency, duration and severity of heatwaves (HW) (see IPCC reports, AR6) and yet these 

new climate conditions are not in general well collected on standards or energy regulations of 

buildings that use typical climate conditions for the specific location. So, there is a need to raise 
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awareness in order to design and refurbish buildings with a relatively long life span that should 

be adapted to these new conditions (see IPCC reports, AR6). 

 

On the other hand, the needed improvement of Indoor Air Quality (IAQ) on residential 

buildings is addressed in the new buildings mainly through mechanical systems, although 

standards as e.g. in Spain, allow in addition hybrid solutions with fixed vents on windows. 

Extent literature relates benefits of adequate IAQ with wellbeing and health, especially those 

more vulnerable. With the COVID pandemic, the need of air renovation has become a priority 

to reduce airborne infection risk transmission, mainly in overcrowded indoor spaces (Morawska 

et al., 2020) but also in all type of buildings even dwellings with lower occupation rates 

(Wargocki, 2021). Although there are some studies with recommendations of CO2 

concentration as an indicator of IAQ, ventilation performance and lower infection risk, they are 

still highly uncertain, and depend on different parameters to be studied including differences 

between pathogens (ASHRAE, 2022). 

 

This study is based in the indoor temperatures and IAQ monitoring of twelve dwellings selected 

within different constructive periods in Spain, and differentiating them between those built 

before and after Spanish Building Code, CTE by its acronym in Spanish (CTE 2006). This is 

derived from the first Energy Performance of Buildings Directive, EPBD in 2002, and include 

IAQ requirements for the residential stock (Gobierno de España, 2017a) (Gobierno de España, 

2017b). With these dwellings located in a temperate climate with traditionally mild summers 

and therefore with dwellings without cooling systems, the main objectives of this paper are to 

investigate: 

 

- Differences of indoor temperature and IAQ between dwellings built in both periods 

- Differences during heatwave events that harden outdoor conditions  

 

2 METHODS  

 

2.1 Context  

 

This study of temperatures and IAQ in the residential sector was performed in twelve selected 

dwelling in a temperate climate in a location in the north of Spain (Pamplona, Cfb). Dwellings 

were selected in multifamily buildings constructed in different regulatory periods, affecting 

mainly the level of thermal insulation and ventilation systems. Although some new dwellings 

have AC, these systems are not common in the location, and therefore, the sample was selected 

without cooling systems.  

In addition, the study was performed during the COVID pandemic (June-September 2021), 

were natural ventilation was encouraged in all kinds of buildings in order to reduce airborne 

infection transmission risk (Aurora Monge-Barrio et al., 2021). Outdoor conditions are 

normally temperate in the location of the case studies and make possible natural ventilation 

through windows, but heatwave events, that are unpredictable by definition can compromise 

this strategy. 

 

2.2 Climate and heatwave events 

 

Pamplona is a Spanish city with a Cfb climate according to Köppen-Geiger classification, that 

is a temperate “oceanic” climate (without a dry season) and D1 climate classification according 

to the Energy Saving document of the Spanish Technical Building Code (CTE, according to its 

acronym in Spanish). According to climate series 1980-2010 of Spanish State Meteorological 

Agency (AEMET, for its acronym in Spanish. See: www.aemet.es), mean, mean of maximum, 
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and mean of minimum of summer months (June, July, August and September) are: 19,85ºC, 

26,55ºC and 13,15ºC. The monitored exterior data of these months during the year 2021 are: 

19,88ºC, 26,32ºC and 14,85ºC; therefore, typical data for the location, except minimum that is 

on average more than 1,5ºC higher. 

 

A heatwave (HW) is defined by AEMET as an episode of at least three consecutive days where 

a minimum of 10% of the given weather stations register maximum temperatures over the 95% 

percentile of its 1971-2000 climate series during July and August. (AEMET, 2020), although 

there are other definitions (Zuo et al., 2015). Other authors have recently proposed to study 

heatwaves in relation to their impacts on buildings. (Ramallo-González et al., 2020). 

 

There were two heatwaves in Spain in 2021, and both of them affected the community of 

Navarre (21-23/7/2021 and 11-16/8/2021) (AEMET, 2021a). The second one stands out for its 

extension over 33 provinces, therefore affecting almost all the Iberian Peninsula and Balearic 

Islands, and its intensity (AEMET, 2021b) 

 

Only the second HW of 2021 affected Pamplona. In this case study, indoor environmental 

conditions of dwellings during the HW are studied only during the days with maximum 

temperatures above the thresholds of the HW definition for the location; therefore, those days 

in Pamplona with maximum daily temperature higher than 36ºC, that were specifically 12-

14/8/2021. Mean, mean of maximum, and mean of minimum of those three specific days are: 

25,65ºC, 38,13ºC and 17,87ºC. 

 

2.3 Selected Case Studies. Dwellings 

 

Twelve dwellings were selected according to different regulatory periods in Spain according to 

their energy performance: 

 

- Prior to 1979, without energy regulations in dwellings 

- After 1979 and before 2006, NBE-CT-79 (Ministerio de Obras Públicas y Urbanismo, 

1979), first energy regulation in Spain as in other countries after the 1970s energy crisis 

- After 2006, Spanish Building Code (CTE, according to its Spanish acronym). In 

addition to the fulfilment of the official regulations, some of the dwellings are labelled 

as Passivhaus 

 

The global transmission coefficient calculation of the building, “Kg”, in NBE-CT-79, had to be 

under a certain value, depending on its location and its compacity. The limitation of the energy 

demand, CTE-HE1 in 2006, asked for an envelope able to reach a thermal comfort as a function 

of the climate, the use and the building regime, as well as the characteristics of its insulation 

and inertia, air tightness and solar radiation. The main differences between both regulations are 

that the later includes the sun radiation and considers the internal load as a key parameter to 

define the thermal characteristics of the building envelope. 

 

The approval of CTE-HS3 in 2006 was a novelty in Spain, because it quantified air flow 

renovation in housing units, establishing inlet and outlet conditions, and considering either 

mechanical or hybrid systems. Previous regulations demanded only construction provisions, 

like providing windows in habitable spaces or vertical ducts in bathrooms and kitchens, but not 

offering a real number for air renovation. 

 

For the purpose of this study, dwellings were classified as two main periods, prior and after 

CTE (2006), since this normative follows Energy Performance of Buildings Directive (EPDB). 
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CTE has different updates, and it officially includes a Spanish nearly Zero Energy Building 

(nZEB) definition in 2017 with the 2013 version (Gobierno de España, 2017a). Two dwellings 

were selected in each same multifamily building (except 5&6 cases studies): one of them 

located in an intermediate floor and the other one in the upper floor, the latter studied for its 

higher risk of overheating as other studies have found (A. Monge-Barrio & Sánchez-Ostiz 

Gutiérrez, 2018a)(Sharifi et al., 2019).  

 

Ventilation in the different apartment units is also presented, but only as a descriptive 

characteristic. The situation before CTE  is difficult to quantify, as no mechanical ventilation 

was required. Air change was generated by manual windows opening, high level of infiltrations, 

and, in some cases, the existence of vertical ducts in bathrooms and kitchens.  

 

After the CTE-HS3 approval, hybrid or mechanical ventilation was compulsory, as explained 

previously. It consisted in air intake in bedrooms (5 l/s per person) and living rooms (3l/s per 

person) and outtake in bathrooms (15 l/s per unit) and kitchens (2 l/s per net surface). As a result 

of an equilibrium between intake and outtake, units 7, 8 and 9 have a total flow of 177,91 m3/h. 

 

Passivhaus standard requires a flow of 20-30 m3/h per person, but at least 0,30-fold air change 

(Passive House Institute, 2013). Considering the real number of occupants in units 10, 11 and 

12 and an average of 25 m3/h we obtain rates between 75-150 m3/h per unit, in all of them over 

the minimum of 0.30-fold air change. 

 

All these main parameters of the dwellings for the purposes of this study is summarized in Table 

1. 

 
Table 1. Main characteristics of the 12 selected dwellings for the purposes of this analysis 

Dwel

l 

ing 

Year 

of 

Const

. 

Construction 

Regulatory 

Period 

Area 

(m2) 

Real 

occup

ation 

(m2/ 

pers) 

Ventilation 

(*) 

Air Flow  

m3/h 

(**) 

Air Flow 

(CTE) 

per area 

m3/h m2 

Orientation

s of 

monitored 

rooms (LR-

BR)*** 

1 1964 pre-CT-79 58,25 29 NV_C  - - W-E 

2 1964 pre-CT-79 58,25 29 NV_C  - - W-E 

3 1967 pre-CT-79 63,85 32 NV_C+VD  - - SE-NW 

4 1967 pre-CT-79 54,5 9 NV_C+VD  - - E&W-N 

5 1990 CT-79 65,0 16 NV+VD  - - W 

6 1990 CT-79 82,5 28 NV_C+VD  - - E&SE-E 

7 2018 CTE 85,81 86 Vents +VD 177,91 2,07 SW-NE 

8 2018 CTE 85,81 29 Vents +VD 177,91 2,07 SE-NE 

9 2018 CTE 84,11 42 Vents +VD 177,91 2,12 NW-SW 

10 2018 CTE+passivha

us 

96,51 24 HRV 118,8/100*

* 

1,23 NW-NE 

11 2018 CTE+passivha

us 

87,49 29 HRV 118,8/100*

* 

1,36 SW-NE 

12 2021 CTE+passivha

us 

108,2

3 

18 HRV 118,8/100*

* 

1,10 SE-NE 

Legend:  

 (*) NV: natural ventilation; NV_C: natural and cross ventilation; Vents: fixed vents in addition to openable 

windows; VD, ventilation ducts in wet rooms (kitchen and bathrooms); and HRV: mechanical and heat recovery 

ventilation, in addition to openable windows 

(**) Air flow according to Passivhaus standard 

(***) All rooms have roller blinds and according to questionnaires they were used during all summer  
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2.4 Monitoring of indoor environmental parameters 

 

Dwellings were monitored with Mica Desk sensors of Inbiot that can be managed on line. These 

sensors were calibrated on purpose for this study by the company (Inbiot), to check the 

comparability of the sensors with the adequate range of accuracy. These sensors were located 

in the living room and in one bedroom located preferably in an opposite orientation (see Table 

1). Ten-minute data from June to September 2021 was registered for indoor temperature 

(accuracy ± 0,5ºC), relative humidity (accuracy ± 3%), CO2 concentration (accuracy ± (30 + 

3%) ppm), and formaldehyde and VOCs (these two parameters were not included in the study).  

 

Occupants fulfil some questionnaires about typical usage pattern of each dwelling throughout 

the summer (natural ventilation at night, shading systems, etc.) showing typical and comparable 

uses for the purpose of this study. Registered data of those days when there were no occupants 

at home during all day, were not studied in this analysis. In addition, dwellings 6 and 7 had no 

occupation during the HW, so their data is not included in the study of the HW period. 

 

2.5 Data analysis 

 

Hourly data per room (averaging ten-minute data) of the 12 dwellings were studied grouping 

them as mean values per group attending to their year of construction and regulatory period 

(pre and post CTE, according to paragraph 2.3). Box-plot graphs and statistics study analyse 

temperatures and CO2 concentration during all summer and during the HW event. 

 

3 RESULTS 

 

Temperature conditions of summer 2021 in Pamplona were in general temperate and similar to 

the 1980-2010 climate series (see paragraph 2.2) unlike previous years of the XXI century. 

However, the second HW affected the studied dwellings that registered indoor temperature 

differences of 5-7ºC among them, with indoor temperatures reaching more than 30ºC (Figure 

2).  

 

 
Figure 2. Indoor temperatures during HW that takes place during 12-14/8/2021. Ten-minute temperature per 

dwelling in blue, from the oldest ones (the darkest) to the newest ones (the clearest) 

 

Comparing indoor temperatures between both main constructive periods (pre and post CTE), 

through a TTest, differences between both samples were not found statistically significant. 

However, temperature difference was found significant (p < 0.001) during the HW event with 

473 | P a g e



a mean difference of 0,61ºC, the newest dwellings having the lower indoor temperature (see 

Figure 3 and Table 2). 

 

   

Figure 3. Box-plots showing differences of temperature (ºC) between rooms of dwellings built before and after 

CTE, during all the campaign (left) and during the heatwave event (right). Hourly mean temperature per group 

data 

 
Table 2. Differences in indoor temperatures (ºC) between rooms of dwellings constructed pre and post CTE, 

during a heatwave event (12-14/8/2021). Mean hourly data per group 

Group Observations Mean temperature (ºC) p value 

HW. D_Pre-CTE 73 26,46 (SD.0,97)  

HW. D_Post-CTE 73 25,85 (SD.0,68)  

HW. Diff.  0,61 (0,47-0,74) < 0,001 

 

Although there are not significant differences in indoor temperatures, Figure 4 shows in a 

descriptive way how new buildings present more stable indoor temperatures in relation to 

outdoor temperatures than older ones. 

 

   
Figure 4. Relation between daily mean outdoor temperatures (ºC) and mean indoor temperatures (ºC) 

considering all rooms of dwellings built before (T_Pre) and after (T_Post) CTE, during all the campaign (left) 

and during the heatwave event (right). Mean hourly data per group 

 

Differences between both periods of construction regarding CO2 concentration are statistically 

significant, considering both all summer period and only the HW event (Figure 5 and Table 3). 

Through the TTest, CO2 difference considering all summer were 76 ppm and considering the 

HW were 66 ppm, newer dwellings having the best performance. It is worth noting that average 

registered CO2 data of all dwellings was in general lower than recommended values: 1200ppm 

following EN-16798 for a medium or normal Category of IEQ (UNE-EN-16798-1, 2020); 

900ppm, following Spanish normative, CTE-HS3 (Gobierno de España, 2017b) and being the 

recommended values to minimize COVID transmission according to Kurnitski (Kurnitski et al., 

2021). These thresholds suppose an outdoor level of 400ppm, values suggested by CTE-HS 

when outdoor levels are not available. 
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Figure 5. Box-plots showing differences of CO2 concentration (ppm) between rooms of dwellings built before 

(D_Pre) and after (D_Post) CTE, during all the campaign (left) and during the heatwave event (right). Mean 

hourly data per group 

 
Table 3. Differences in CO2 concentration (ppm) between rooms of dwellings constructed pre and post CTE, 

during all summer (June to September 2021) and only considering a heatwave event (12-14/8/2021). Mean 

hourly data per group 

Group Observations Mean CO2 concentration (ppm) p value 

All summer. D_Pre-CTE 2233 576 (SD.119)  

All summer D_Post-CTE 2233 500 (SD.59)  

All summer. Diff.  76 (71-80) < 0,001 

HW. D_Pre-CTE 73 553 (SD.88)  

HW. D_Post-CTE 73 486 (SD.37)  

HW. Diff.  66 (44-89) < 0,001 

 

Finally, correlation between indoor temperature and CO2 concentration shows in both cases that 

when indoor temperature increases there is a slight decrease in CO2 concentration, that could 

suggest a higher level of ventilation (Figure 6). However, during HW events and in the oldest 

dwellings the trend is the opposite with an increase in CO2 concentration. 

 

   
Figure 6. Relation between mean indoor temperature (ºC) and average CO2 concentration (ppm) considering all 

rooms of dwellings built before ( and after CTE, during all the campaign (left) and during the heatwave event 

(right). Mean hourly data per group 

 

4 DISCUSSION 

 

Consecutive standards and normative related to reduction on energy heating consumption of 

residential buildings are having proven energy reductions that are being tested and collected at 

different levels (from literature based on energy simulations and/or post-occupational studies, 

to governmental reports, etc.). However, new and refurbished design are not proportionally 

having the expected or desirable same response on the reduction of cooling consumption or 

overheating risk in naturally ventilated dwellings. In general, cooling consumption in dwellings 
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is increasing also due to warming temperatures, increase on quality of life and expectations, or 

technological development of cooling systems. There are even studies that report an increase 

in the risk of overheating in these new residential buildings as e.g. (Psomas et al., 2016) (Hamdy 

et al., 2017).  

 

This study shows no significant difference on indoor temperatures between dwellings 

constructed prior and after CTE, when a better performance should be expected in new and 

refurbished buildings not only in winter conditions but throughout the year. However, during a 

heatwave event new dwellings show slightly lower temperatures.  

 

Further research should continue studying indicators and parameters that involve overheating 

in real case studies, clarifying parameters and strategies from design to occupants´ use that help 

improve thermal conditions throughout the year and adapt these buildings to the future. 

Overheating during night hours is especially relevant for its impact on wellbeing and health 

therefore further research based on monitoring data should include analysis differenciating day 

and night hours.  

 

CO2 concentration as an IAQ indicator shows a slightly better performance in new homes in 

both scenarios (all summer, or only considering the HW event), although it is worth noting in 

the sample of this study, both the low values of CO2 concentration and the low occupancy in 

dwellings. Natural ventilation especially at night is widely used by dwellers in Spain (although 

with some concerns in big cities due to unfavorable outdoor environmental conditions, 

especially those with more severe climate conditions), and its use has been checked in both old 

and new case studies of this sample (in addition to HRV or vents) through questionnaires. 

Finally, benefits and challenges of natural ventilation in addition to mechanical ventilation 

should be further studied in residential buildings. 

 

5 CONCLUSIONS 

 

This study analyses thermal and IAQ monitoring data of twelve dwellings during summer 2021 

therefore during the COVID pandemic, in a location in the north of Spain (Cfb climate). 

Summer conditions were temperate according to climate series but one heatwave was 

registered. The study compares mainly indoor temperature and CO2 concentration in these 

dwellings selected without cooling systems, and constructed prior and after the 2006 Spanish 

energy and IAQ regulations (CTE, Spanish Building Code; specifically CTE-HE: Energy 

Saving and CTE-HS: Indoor Air Quality) related to EPDB in Europe. CO2 concentration was 

studied as a common indicator of IAQ, ventilation performance, and increased risk of airborne 

virus transmission. Natural ventilation has been highly recommended to minimize risk on 

indoor ambient during the pandemic, but taking into consideration dwelling rates of occupation 

(m2/person) that are less crowed than other public spaces as classrooms or offices. 

 

Results show how considering data of all summer there are no significant differences on indoor 

temperatures between both groups of dwellings. However, and considering CO2 concentration 

was generally lower than recommended values for residential spaces, difference of values in 

dwellings constructed prior and after CTE is statistically significant, having the latter ones a 

better performance. On the other hand, during the heatwave (event being by definition 

unpredictable and being its higher severity and frequency related to Climate Change impacts), 

both indoor temperatures and CO2 concentration values were significantly lower on the new 

dwellings, with slight differences of 0,61ºC and 66ppm respectively. 
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Although results of this study reveal a slightly better thermal and IAQ performance of the post-

CTE dwellings, much more design efforts and research is needed to improve dwellings 

adaptation and liveability to warming conditions and heatwaves, specially taking into 

consideration the opportunity given by the Renovation Wave efforts in Europe and all over the 

world. 
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ABSTRACT 
 

Radon is one of the common contaminants inside buildings, with maximum presence in high potential areas 

classified as radon prone areas. This radioactive gas, which comes from the spontaneous disintegration of radium 

present in the earth's crust, can penetrate buildings and accumulate inside them. The spaces closest to the ground 

(basement and first floors) are the most affected. Its inhalation in high doses is associated with an increased risk 

of lung cancer. Several techniques are commonly used to mitigate its presence. One of them consists of blowing 

air from the outside to internal spaces, generating a double effect of interior pressurization and dilution of the gas. 

The effectiveness of this technique, and the implications on energy efficiency, depend on the constructive 

characteristics of the building, the volume, and the initial state of concentration.  

This paper presents the preliminary results of a study to characterize the effectiveness of the technique for three 

different types of buildings located in an area of high radon potential. The system applied consist in a commercial 

fan that blow air from outside to the indoor living spaces. Two types of fans have been used function of flow rate 

according to indoor volume of the three types of buildings. Several test have been carried out: envelope 

airtightness, indoor/outdoor and indoor/underground differential pressure measurements, flow rates, and 

continuous monitoring of radon levels for set ups analysis. The data show radon reductions between 47 and 96% 

for the different test sets. By adjusting the design variables, radon levels have been reduced to below 300 Bq/m3 

(European Directive) for all three buildings. 

 

 

KEYWORDS 
 

Radon, Mitigation technique, Pressurization, Ventilation  

  

1 INTRODUCTION 

 

Radon gas (isotope Rn-222) originates from the spontaneous decay of radium (isotope Ra-226) 

present in the earth's crust. It enters and accumulates inside buildings mainly through transport 

phenomena from the ground (Garbesi et al., 1993; Muñoz et al., 2017; Nazaroff et al., 1988; 

Sherman, 1992). Materials used in construction may have radium content in their raw materials 

(aggregates, ceramics, plasters, mortars, etc.) and also constitute a source of radon. However, 

their contribution to indoor concentration, compared to ground, is in most cases of little 

relevance (Frutos et al., 2021; Sabbarese et al., 2020).  

 

Considering radon from the ground as the main source, its transport into buildings can be 

explained by the two mechanisms of gas movement: advection and diffusion. (Vasilyev and 

Zhukovsky, 2013).  Advection refers to the gas movement driven by pressure difference 

between the soil pores and the interior space. It is the one with the greater contribution to 

concentration, but it requires communication between both spaces. It occurs through cracks or 

open joints in the building envelope in contact with the soil (walls, floors and slabs). The 
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diffusive mechanism appears due to the difference in concentrations between the two 

environments (soil pores and indoor air). Its flow is produced through the structure of the 

building envelope materials. It is a slow movement and in most cases less relevant than the 

advective one.  

 

Radon accumulated in high concentrations inside buildings increases health risk to inhabitants. 

WHO warns of lung cancer risks from inhaling the gas (WHO, 2009). The European Directive 

(Directive 59/2013 EURATOM) requires corrective measures to be taken when levels exceed 

300 Bq/m3. 

 

To reduce the presence of this gas inside buildings, several mitigation techniques are applied: 

a) soil depressurization; b) radon barriers placed on envelopes in contact with the soil; c) 

ventilation systems. Of those mentioned, soil depressurization is considered of most effective 

technique (Frutos et al., 2020, 2011; Hung et al., 2018). But its application requires advanced 

knowledge in fluid mechanics and the control of parameters such as substrate permeability 

(Fuente et al., 2019). The radon barrier option is an attractive technique as it does not require 

active systems or electricity supply for its operation. However, in existing houses, its 

application implies works in building floor slabs, which are not always feasible (Jiranek, 2004). 

Finally, the ventilation technique may be suitable for the treatment of indoor contaminants 

without requiring excessive intervention. It is based on dilution of the indoor gas by air 

exchange with the outside. It can work in several ways (Figure 1): a) in a balanced air exchange 

between the inlet and outlet flow; b) extracting air from the interior and allowing the outside 

air to filter through grids in the enclosure and c) blowing air from the outside into the interior. 

 

 

  

Figure 1: a) balanced flow ventilation; b) exhaust ventilation; c) supply ventilation 

 

In all three variants, the calculation of ventilation rates must satisfy the reduction of pollutants 

by dilution. However, there are differences in effectiveness between the 3 techniques. While 

the balanced flow solution maintains a neutral state of pressures inside, in the extraction and 

impulsion solutions, the state of pressures inside is slightly modified. The extraction solution 

causes a depressurization in indoor air that can be negative by suctioning radon from the ground. 

The supply solution would act in the opposite way, slightly pressurizing the interior space and 

attenuating the radon flux from the ground (Figure 1c). This effect has been studied by several 

authors who confirm the increased effectiveness of pressurization (Collignan et al., 2012; 

Collignan and Powaga, 2019; Diallo et al., 2013). 

 

This paper presents the studies carried out with this technique to characterize its effectiveness 

in three different types of buildings in terms of indoor radon concentrations and volumes to be 

treated.  
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2 FUNDAMENTALS OF TECHNIQUE 

 

The pressurization ventilation technique is based on a double effect:  

- Dilution. The mixing of the outside fresh air with the inside air causes a dilution of the 

gas. The rates are calculated according to the indoor concentration, the gas exhalation 

rate, and the natural infiltration rate of the building (also called airtightness).  

- Pressurization. The air that is pushed inward causes a slight pressurization inside the 

space that attenuates the advective mechanism of gas ingress. The degree of 

pressurization will depend on the flow rate of the fan, the degree of airtightness of the 

building and its interior volume.  

 

3 METHODS AND MATERIALS  

 

The following tests and studies have been carried out to analyse these aspects:  

 

- Airtightness of the envelope. It is performed according to UNE-EN ISO 9972:2019 

(Thermal performance of buildings. Determination of air permeability of buildings. Fan 

pressurization method).  A blower door equipment (The Energy Conservatory, 

Minneapolis model) has been used. The parameter n50 (h-1) is obtained as an indicator 

of infiltration renewal rates at 50 Pa.  

- Pressurization capacity provided by the fan installed in the building. Differential 

pressure between the interior space and the subsoil, and between the interior space and 

the exterior, at different flow rates, are measured (PCE-VA 20 anemometer equipment).  

- Radon concentration monitoring during the study phases. The air flow of the fan is 

programmed with different discharge powers and the evolution of the radon 

concentration is monitored. Radon Eye+2 (FTLab) with ionization chamber and 

recording at 1h intervals is used. 

 

     

Figure 2: a) Airtightness test with blower door equipment; b) Differential pressure measurements between the 

internal environment and the ground; c) Continuous radon monitoring equipment 
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3.1 Buildings analyzed 

 

For the selection of the buildings, the following characteristics were proposed: radon 

concentrations above 300 Bq/m3 and different volume and airtightness characteristics. All of 

them were located in the municipality of Torrelodones, Madrid, Spain.  

- Building A. Security guardhouse (Figure 3a). 

Floor area: 27 m2; interior volume: 69 m3; envelope area: 109 m2.  

- Building B. Public school (Figure 3b). 

Floor area: 160 m2; interior volume: 528 m3; envelope area: 493 m2.  

- Building C. Coworking space in historic palace (Figure 3c). 

Floor area: 58 m2; interior volume: 205 m3; envelope area: 244 m2. 

 

     
 

 

Figure 3: a) Building A. Security guardhouse; b) Building B. Public school; c) Building C. Coworking space in 

historic palace 

3.2 Ventilation fans 

 

For the studies in the buildings, air supply fans were installed. These take air from the outside 

and blow it into the inside. They have an electrical resistance that enables the air to be preheated.  

For buildings A and C, the machine was installed directly on the facade wall with the following 

characteristics: Model (CTA1502365); Maximum fan power (47 W); Maximum flow rate (150 

m3/h); Maximum pressure (31 Pa).  

For building C, the machine was installed in the ceiling with an intake duct on the facade and 

3 discharge ducts distributed in different rooms. The system has the following characteristics: 

Model (500 V1); Maximum fan power (61 W); Maximum flow: (500 m3/h); Maximum pressure 

(580 Pa).  
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Figure 4: a) Model CTA1502365 installed in buildings A and C; b) Equipment 500 V1 installed in Building B.  

 

4 RESULTS 

 

4.1 Airtightness of the buildings 

 

Airtightness tests were performed on the 3 buildings. Air exchange rate by natural infiltration 

was obtained. The test is performed according to method B of the UNE-EN ISO 9972:2019 

standard, with the building's grids and openings closed. The blower door is fitted to the frame 

of the access door and the fan is activated in the depressurization position. Table 1, below, 

shows the results obtained for building A.  

Table 1: Results of the airtightness test performed in building A  

Parámetro y unidad Indicador Valor 

n50 (h-1) Air exchange rate (50 Pa) 20.50  

n0 (h-1) Air exchange rate (0 Pa) 1.03 

V50 (m³/h) Flow rate (50 Pa) 1414 ( +/- 0.4 %) 

W50 (m3/h.m2) Air leakage rate at 50 Pa (floor surface)   52.38 

q50 (m3/h.m2) Air leakage rate at 50 Pa (envelope surface)   12.98 

CL Air leakage coefficient  m³/(h∙Paⁿ) 144.1 ( +/- 2.4 %) 

n Exponent (n)  0.584 

EqLA 10Pa (cm2) Effective leakage area at 10 Pa 616.6 cm² ( +/- 0.9 %) 

LBL ELA 4Pa (cm2) Effective leakage area at 4 Pa 348.8 cm² ( +/- 1.5 %) 

 

The n50 value represents the airtightness level of the building at 50 Pa pressure. It is a parameter 

that allows intercomparing different buildings regardless of the specific climatic conditions of 

the test, especially with regard to wind. However, for the purposes of this study, the level of 

airtightness (air exchange by natural infiltration) under normal conditions of pressure n0 (close 

to 0Pa between inside and outside) is of interest. For this purpose, the simplified method has 

been used, dividing by 20 the parameter n50 to obtain n0 (Prignon and Van Moeseke, 2017). 

The results obtained for the 3 buildings are shown in table 2.  
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Table 2: Results of parameters n50 and n0 for the 3 buildings  

Building Volume (m3) Parameter n50  (h-1) Parameter n0 (h-1) 

Building A 69 20.50 1.03 

Building B 528 4.55 0.23 

Building C 205 10.09 0.50 

 

It can be seen that the building with the highest airtightness is building B, while building A has 

the lowest. According to the ISO 13790 classification, building A has a low level of airtightness, 

building B a high level, and building C a medium level.   

 

4.2 Capacity of pressurization of spaces by activation of the air supply fan  

 

The pressure level inside the building, at different activation powers, were measured (table 3).   

Table 3: Indoor pressurization results achieved with supply air equipment at different powers  

Power scale Flow rate (m3/h) Dif. pressure 

Indoor-Outdoor (Pa) 

Dif. pressure 

Indoor-soil (Pa) 

Building A    

Initial 0% 0 - 0.3 0.0 

25% 42  0.6 0.0 

50% 54  0.8 0.0 

75% 66 1.1 0.0 

100% 114 1.5 0.5 

Building B    

Initial 0% 0 - 0.6 0.0 

25% 156 0.4 0.0 

50% 210 0.7 0.0 

75% 306 0.7 0.0 

100% 324 0.8 0.0 

Building C    

Initial 0% 0 - 0.5 0.0 

25% 60  0.6 0.0 

50% 78  0.8 0.0 

75% 96 1.1 1.0 

100% 120 1.4 1.0 

 

The maximum indoor pressurization level in building A is 1.5 Pa at maximum machine power, 

0.8 Pa in building B, and 1.4 Pa in building C. Results for pressure difference between indoor 

and soil under the building are lower, possibly due to connection through cracks in floor slabs. 

 

4.3 Indoor radon concentration monitoring at different supply air power levels 

 

The indoor radon concentration curves are analysed as a function of the different flow rates 

programmed in the fans. In building A and C, outlet air grids were installed in the facades. For 

buildings A and C, the analysed phases contemplate different flow rates, and the condition of 

open or closed grids. Figure 5 shows an example of the evolution of radon concentration in 

building A.  
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Figure 5: Radon monitoring in building A. Set ups as a function of the supply flow rate and the open or closed 

exhaust grid condition 

Effectiveness is obtained by comparing the levels at each set up with the radon levels in the 

initial state without the machine operating. Table 4 shows the effectiveness data achieved in 

building A.  

Table 4: Effectiveness achieved at each set up  

Building A. (Vol: 69 m3) 

Fan power: 47 W – max flow:150 m3/h – max pressure: 31 Pa 

Grid Power Fan flow rate 

Total ACH (natural infiltration 

+ fan flow) Rn Efect. 

(ON/OFF) (%) (m3/h) (h-1) (h-1) (Bq/m3) (%) 

  
INITIAL (0%) - - 1.03 (natural infiltration) 1423 0% 

OFF 
25 42 0.61 1.64 

400 72% 

ON 323 77% 

OFF 
50 54 0.78 1.81 

384 73% 

ON 360 75% 

OFF 
75 66 0.96 1.99 

307 78% 

ON - - 

OFF 
100 114 1.65 2.68 

162 89% 

ON 152 89% 

 

 

5 DISCUSION 

 

The reduction of pollutant concentration can be studied according to the expression (1):  

 

                                                         �Rn =
�

(�Rn��ACH)×	
                                                            (1) 

 

Where: CRn = radon activity concentration (Bq/m3); Φ = total radon surfaces exhalation rate 

(Bq/h); λRn =radon decay constant (0,00756 h-1); λACH = ACH due to fan + ACH natural 

infiltration (h-1); V = Building volume (m3). For the 3 buildings, the simulated dilution curves 

are shown compared to the real radon reduction curves achieved by the flow rates (figure 6).  

485 | P a g e



 
 

 
 

 
 

Figure 6: Radon evolution curves function of ACH rates vs. simulated dilution model. Building A, B and C 

 

For buildings A and B, it is observed that simulated curves, obtained from the theoretical 

expression of pollutant reduction, shows slightly lower reduction than those achieved in the real 

field tests. This could be due to the effect of the pressurization achieved by the fan, which would 

be an improvement compared to a balanced ventilation by blocking the radon flow by positive 

pressure of the space. In building C, this phenomenon is not observed and both the model and 

the monitored data show the same behaviour.  

 

As a summary, the following table 5 shows the effectiveness achieved by the supply air 

ventilation technique in the 3 buildings analysed. 
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Table 5: Effectiveness achieved by the possitive pressurization ventilation technique in the 3 buildings and 

building parameters asscociated.  

Building Volume 
Initial Rn 

concentration 

Natural 

infiltration 
Fan flow rate  Pressurization  Effectiveness 

  (m3) Bq/m3 h-1 h-1 (Pa) (%) 

Building A  69 1423 1.03 0.61-1.65 0.6-1.5 72%-89% 

Building B 528 340 0.5 0.30-0.61 0.4-0.8 66%-96% 

Building C 205 390 0.23 0.29-0.58 0.6-1.4 47%-72% 

 

 

6 CONCLUSION 

 

This paper presents a study on the positive pressurization ventilation technique as a radon 

mitigation solution. This technique constitutes a possible solution with a relatively low initial 

investment. Its effectiveness has been analyzed and its dependence on parameters such as the 

volume to be treated, the airtightness of the building or the initial radon concentration in its 

effectiveness has been proved. These would be the aspects to be taken into account in the 

dimensioning in terms of power and flow rate needed. For the specific cases studied, the results 

have shown an effectiveness range from 47% to 96%.   

 

It has been observed that the radon reduction achieved improves the predictions of the dilution 

decontamination models. This behaviour may be related to the effect of pressurization as a 

mechanism to block radon exhalation from the sources. However, it has not yet been possible 

to determine the degree of influence of both effects and will be studied in future work with 

more controlled laboratory models. It will also be necessary to test the technique on a larger 

sample of buildings with different characteristics.  

 

Regarding the feasibility of the technique, it should be taken into account that, in severe 

climates, the flow rate introduced may cause a decrease in comfort conditions, temperature and 

humidity, and energy efficiency. Its application should be evaluated on a case-by-case basis so 

as not to compromise other building requirements. The inclusion of air pre-treatment systems, 

in terms of temperature and humidity, may be necessary in certain climates. 
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ABSTRACT 
 
The present paper describes an experimental test to identify the possible influences that the presence of plant 
species may have on the environmental quality of indoor spaces. For this purpose, a selection of houseplants with 
high air purification capacities was made based on existing literature (Sansevieria, Poto, Spathiphyllum, Ficus 
Benjamina, Kentia and Areca). Two adjacent rooms within an experimental building were used as test cells. The 
two rooms have similar characteristics. One room was occupied with the plants and the other was left empty. The 
test was conducted without human presence, except for maintenance tasks. Indoor environmental quality variables 
(T, RH and CO2) were recorded every 10 minutes during the whole period of the experiment. In addition, spot 
measurements of formaldehyde and volatile organic compounds were also included. From the analysis of the 
results recorded by the sensors it is concluded that the presence of houseplants can reduce the concentration of 
VOCs. The conclusions are less clear for the CO2 measurements, due to the uncertainties identified. Nevertheless, 
it was detected that factors such as plant density, irrigation, ventilation, sun exposure and the type of substrate and 
specimen, influenced the test. The results such as the increase in CO2 when placing a high number of plants with 
organic substrate or the good performance of most species to reduce this pollutant, allow the design of a new 
detailed experiment with specific conditions on the number and type of plants, the type of substrate and the 
possibility of introducing pollutants in a controlled way. 
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1 INTRODUCTION 

 
In the current scenario of energy emergency caused in part by excessive consumption of 
buildings (European Parliament and UE Council, 2018), retrofitting operations aimed at 
improving their efficiency are being promoted across Europe (European Commission, 2020). 
These operations are proving beneficial in terms of reduced consumption and improved 
comfort, but negative impacts on indoor air quality correlated with lower building air exchange 
rates after retrofitting have been identified (Broderick et al., 2017; Dovjak et al., 2020).  
The accumulation of some contaminants indoors can pose a health risk. Some wood 
construction materials, disinfectants, combustion gases and tobacco release components such 
as formaldehyde. This compound can remain for months in hot spaces with high relative 
humidity (Armijos Moya et al., 2021). It has been proven that certain potted plants can retain, 
metabolize, evaporate, or implement some action to reduce contaminants, this type of 
decontamination is known as phytoremediation. In Delgadillo-López paper is specified which 
plant species can reduce certain pollutants and by which specific mechanism (Delgadillo-López 
et al., 2011). There are several studies in this regard, in (Wolverton et al., 1989) the capacity of 
different domestic plants to reduce formaldehyde, benzene and trichlorethylene is quantified. 
In (Armijos Moya et al., 2021) the results indicate that the substrates have a greater capacity to 
reduce formaldehyde while the plants have a greater capacity to reduce CO2. 
 
A preliminary study to monitor the influence of plant species on indoor air quality is presented 
here as a supplement to be considered for incorporation into ventilation strategies. The results 
provide guidelines for the design of a future, more in-depth experiment to quantify the potential 
for pollutant reduction in the indoor environment using plants.  
 
 
2 METHODOLOGY 

 
Indoor Environmental Quality (IEQ) of two adjacent rooms was monitored by recording 
comfort conditions (humidity and temperature) and air quality (concentration of CO2, 
formaldehyde and Volatile Organic Compounds). The study covers three recording periods, the 
first one allows to know the initial conditions of both rooms, the second one determines the 
effect in terms of CO2 and temperature when adding a group of plants to the interior of one of 
the rooms. During the third period, the individual performance of the included plant species has 
been studied, analyzing their impact on the presence of CO2, formaldehyde and VOCs (Table 
1). 
 

Table 1: Monitoring Periods 

Stage Period Plants Irrigation Ventilation 

1.- Equality determination 29/06(19:00) - 06/07(17:00) / 2020 No No No 
2.- Plants presence 23/07(00:00) - 05/08 (19:00) / 2020 In PR-01 1 Both rooms 
3.- Species analysis 18/11(12:00) -23/12 (13:00) / 2020 In PR-01 4 Both rooms 

 
The two rooms (PR-01 and NR-02) selected as case studies are located in an experimental house 
within the facilities of the Eduardo Torroja Institute for Construction Science (IETcc) in the 
city of Madrid. The city has a Continental Mediterranean Climate. The rooms have been kept 
without human presence during monitoring, except for maintenance periods that last from 5 to 
42 min and may include watering, data downloading and window opening. These periods can 
be inferred from Table 1.   
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In terms of geometry, PR-01has a surface area of 6.46m² and an air volume of 16.15m³. The 
surface area of NR-02 is 7.68m2 with an air volume of 19.20m³. PR-01 has facades to the south 
and east and NR-02 has facades to the north and east. The east facades of both rooms contain a 
0.90 x 1.20m window. The north façade of the second room has a 0.60 x 1.66m window which 
has been kept closed and covered by a blind to reduce its thermal transmittance. Both spaces 
are connected to a living room located to the west (Fig.1).  
 

 
Fig. 1. Architectural plan and photograph of the east façade of the selected rooms 

 
The instrumentation used for IEQ monitoring consists of two Wöhler CDL 210 sensors 
measuring CO₂, temperature and relative humidity with an accuracy of ±50ppm (range 0-
2.000ppm), ±0.6ºC (range -10 a +60ºC) and ±3.0%(5-95%), respectively (Wöhler, 2020). in In 
the second phase of the study monitoring of pollutants was also carried out by using passive 
tubes for the measurement of total VOCs (passive activated carbon tubes), and specifically 
formaldehydes (silica gel tubes impregnated with 2,4-dinitrophénylhydrazine). In the last phase 
of the study, two MICA Desk sensors have been used to measure the presence of VOCs with 
an accuracy of ±15 % and formaldehyde with an accuracy < 200 μg/m3 :±30μg/m3 ; > 200 
μg/m3 :±20% of the measurement (Inbiot, n.d.).  
 
An initial week of monitoring has been established to check whether the indoor conditions of 
the proposed rooms were similar in terms of comfort and CO₂ concentrations. During this 
period, no vegetation was included in any of the rooms. The existing equality in the preliminary 
conditions allows to create a starting point for estimating the influence of the incorporation of 
houseplants during the second stage.  
 
In the second stage of this study, plants were placed inside room PR-01 and the CO₂, 
temperature and humidity of the indoor environment of both spaces were monitored. Thus, the 
role of vegetation on air quality and thermal environment was estimated (Fig.2). Additionally, 
monitoring of pollutants (VOCs and formaldehydes) was carried our using passive tubes. 
 

   

Tree 
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Fig. 2. Placement of plants in PR-01 during stage 2.  

 
The plants were selected for their capacity to absorb pollutants, according to the study held by 
(Wolverton et al., 1989). The Real Jardín Botánico from Madrid provided 30 houseplants 
through the LIFE2017 project My Building is Green (Consejo Superior de Investigaciones 
Científicas et al., 2018). The species selected were 6 Sansevieria, 6 Poto, 6 Spathiphyllum, 6 
Ficus Benjamina, 3 Kentia and 3 Areca plants, 70-90 cm high (Fig.3). All pots contain an 
organic vegetable substrate (volume around 0.0026 m³). 
 
 

Sansevieria Poto Spathiphyllum Ficus 

Benjamina 

Kentia Areca 

 

    

Figure 3: Vegetable species included in the study 

 
In the third stage, the number of plants within PR-01 is reduced (six per test) in order to carry 
out an individual analysis of the plant species. The temperature and the prescence of CO₂, 
VOCs and formaldehyde in the indoor air are recorded in continuous monitoring every 10 
minutes.  
 
3 RESULTS AND DISCUSSION 

 
3.1 Equality determination 

 
The interior of the rooms shows an acceptable equality in terms of CO₂ and temperature. Fig. 
4 shows that the CO₂ concentrations in the rooms are very similar, with booth showing figures 
close to 400ppm practically during the whole monitoring period. 
 
The temperatures present important differences in the schedule from 8:00 to 10:00, these can 
be attributed to the presence of a tree next to room PR-01 (See Fig.1), which casts a shadow 
that prevents the same temperature rise as room NR-02. Without considering these time slots, 
the average temperature difference between both spaces is 0.6ºC. 
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Figure 4. Stage 1, Comparison of preliminary conditions 

 
3.2 Plants presence 

 
The second stage of the analysis shows a higher CO₂ concentration in the room where the 30 
plants were introduced. The maximum record of CO₂ in both rooms can be disregarded, due to 
the human presence of the preceding period (irrigation, window opening, preparation of the 
area or introduction of plants). Outside of these records, the inclusion of many plants means 
that PR-01 registers up to 129ppm, while NR-02 registers 31ppm at that time. Practically during 
the whole period, PR-01 registers its highest figures between 22:00 and 24:00 h. The increase 
could be due to the nocturnal release of CO₂ by vegetation and microbial activity due to the 
decomposition of organic matter present in the substrates. This result indicates the need to carry 
out tests using different types of substrates as in (Armijos Moya et al., 2021).  
 
In addition, passive tubes monitoring showed a significant difference between the 
formaldehyde concentrations in both rooms. Room PR01 showed an average value of 14.45 
microgr/m3, while room NR-02 showed an average value of 30.14 microgr/m3. The values 
obtained for VOC were below the detection limit, so differences between the two rooms were 
not detected. 
 
The date of irrigation was the 29th at 14:00h, according to figure 5, the previous entry of the 
staff in charge has caused a peak in the CO₂ records within the PR-01 and a lower one in NR-
02. As of this day, no more temperature peaks were recorded in NR-02, although a relationship 
with this action is not attributable. According to the figures, the humidity increases considerably 
on the day of irrigation in PR-01 although later it presents lower peaks than in the first six days. 
In NR-02, the pronounced drops in humidity that occurred during temperature peaks disappear. 
During the rest of the week there is also a lower CO₂ concentration attributable to the reduction 
in temperature over the last few days. In PR-01 there is a correlation between humidity and 
CO₂, both present their maximum figures at similar times. 
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Figure 5. Analysis of the influence of the presence of plants in temperature, humidity and CO₂ concentration in 

the rooms during stage 2 

 
The third stage, each plant species is studied individually. Every time a plant species was 
changed within PR-01 it was watered, with the exception of the entry of the kentias and arecas, 
because these plants were previously wet. In general, reducing the number of plants reduces 
CO₂ in the room. On average the decrease of this gas is only 1.6%, however, Fig. 6 shows that 
some species seem to have a higher reduction capacity. Despite its low initial impact at the end 
of the analysis period Sansevieria shows the highest CO₂ reductions, reaching reductions of up 
to 32ppm. Other species such as Poto and Ficus benjamina show smaller but more continued 
reductions. However, the results cannot be considered conclusive due to the precision of the 
equipment (±50ppm). In future tests it will be necessary to use more accurate sensors. 
 

 
Figure 6. CO₂ and temperature analysis by plant species (Stage 3) 

 
In terms of temperature, there is no variation between rooms. The reduced number of introduced 
species does not generate a significant variation in the degrees within the PR-01 environment.  
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Figure 7.- VOCs and formaldehydes presence analysis by plant species 

 
The third stage includes analysis of the concentration of formaldehyde and VOCs. Regarding 
the first one, during the presence of the Poto specie, the greatest reduction of the compound and 
the longest period where the NR-02 curve is above PR-01 curve were recorded. Most of the 
time, the room with plants has a higher concentration of formaldehydes. During the week of 
analysis of the Spathiphylum species, while the lowest indoor temperatures are present, the 
greatest average decrease in formaldehydes and the wider differences in the curves of the two 
rooms are recorded. For the new experiment it is proposed to incorporate mechanical systems 
to keep the temperature constant within the two rooms to eliminate this variable from the 
analysis. 
 
Regarding VOCs, all plant species managed to reduce them. Kentia and Areca show the most 
favorable figures especially at the end of the week, while Sansevieria has the lowest reduction 
during the whole phase. However, the general reduction presented during the 5 weeks makes it 
necessary to consider a cumulative environmental improvement, where Sansevieria was the 
most disadvantage species as it was studied at the beginning of this stage.  
 
It is important to note that in the monitoring of VOCs and formaldehyde there has been a loss 
of records, especially in the week where the Ficus benjamina species has been placed, as can 
be seen in Fig.7. Despite this, the trend of the records has allowed us to see the behavior of 
the pollutants.  
 
4 CONCLUSIONS 

 
This analysis allows the design of an experiment to perform a detailed analysis to determine the 
role of plants in improving air quality within a space. Equality in the preliminary experimental 
conditions is necessary for an efficient comparative analysis. The peak in temperature that 
occurs between 8:00 and 10:00 can easily be avoided by using a sunshade for the room exposed 
to solar radiation during that time or by eliminating this period of the comparative analysis, 
considering that the curves are subsequently equalized. It is also proposed to use active systems 
to maintain constant temperature within the rooms to eliminate this variable from the analysis. 
In the new experiment, door blower tests can be added to determine if air infiltration caused by 
the difference in the number and area of windows in the two rooms is involved in the recorded 
indoor temperature difference and determine if there is a fresh air intake that may be reducing 
CO₂. 
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The results of stage 2 show that including a large number of plants causes an increase in CO₂ 
during the night, while stage 3 showed that reducing vegetation can have positive results on the 
air quality inside the room. Although the case study shows acceptable levels of CO₂, it is 
assumed that the vegetation can behave positively in scenarios with high levels of this 
compound, which will be required for the new experiment. Furthermore, to counteract the 
increase in CO₂ during the night, ventilation can be added at that time. Regarding emissions 
originating from substrates, it is planned to use non-organic (inert) substrates, or to perform 
specific CO₂ emission measurements for substrates so that it can be differentiated from the 
share of plant species.  
 
The results of stage 3 suggest that Ficus benjamina and Poto have the greatest capacity to 
reduce CO₂ within the room of the species used. Poto also performed best in formaldehyde 
reduction and recorded higher VOCs reduction than Sansevieria. In contrast, Spathiphyllum 
had the lowest performance in improving air quality with a low CO₂ and formaldehyde 
reduction. 
 
It is necessary to establish characteristics such as leaf area index, stomatal resistance and growth 
of each species of houseplant in order to deepen and substantiate the results obtained in this 
study. Regarding the number of plants needed to obtain favorable overall results, monitoring 
days with low, medium, and high plant density can be carried out in the new experiment. The 
monitoring will be carried out before and after the incorporation of the plants during an annual 
period in order to evaluate the effect of the vegetation in the different seasonal conditions 
(summer, winter and temperate seasons). In this way, it will also be possible to discriminate the 
emitting effect of pollutants inherent in the room (furniture, paint, etc.). Additionally, 
continuous monitoring of VOCs will be carried out with contamination injections in both 
rooms. Under these conditions, the concentration will exceed the detection limits of the 
equipment and will permit to evaluate the air cleaning capacity of vegetation, in addition to the 
influence of temperature and VOC emissions. 
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ABSTRACT 
 

Residential ventilation systems target in an energy efficient manner an indoor atmosphere fulfilling people’s 

desired comfort requirements with regard to CO2, temperature, and RH. However, the reach of an indoor 

atmosphere is not limited to comfort only. Ensuring a healthy indoor atmosphere reducing the risk of acute and 

chronic diseases caused by the inhaled air is also of importance. A number of elements contribute to indoor air 

pollution, such as: Volatile Organic Compounds (VOCs), infectious aerosols, and Particulate Matter (PM). These 

elements combined with the larger proportion of time spent indoors by humans put an emphasis on creating healthy 

spaces indoors. This investigation treats and discusses in-situ indoor measurements with the Renson Sense of 

PM1, 2.5, 4, 10, and VOCs caused during the following activities: induction cooking of a typical European meal, 

vacuuming, and burning of regular and scented candles. All activities were carried out according to a fixed 

schedule. Both PM and VOC were measured in several rooms of a single, airtight dwelling in Belgium while the 

following ventilation options were considered: no ventilation, window ventilation, intensive ventilation via a 

cooker hood, Mechanical Extract Ventilation (MEV = natural supply, mechanical exhaust), and Mechanical 

Ventilation with Heat Recovery (MVHR = mechanical supply and exhaust). The exhaust flow rate of both MEV 

and MVHR was set identical to avoid the impact of different air exchange rates on building level. The following 

main findings were derived from the results. Particle diameters <1 µm (PM1) were dominantly present during all 

activities and for all considered ventilation options, possibly due to the sensor technology. The spread of cooking-

related PM was confined to the floor where the activity took place, and a cooking hood was most effective in 

reducing PM, as could be expected. Furthermore, no ventilation exhibited logically the slowest decay of PM1, 

whereas this was most pronounced for window ventilation followed by an equal decay for MEV and MVHR. 

Burning scented candles led to higher PM levels compared to regular candles, while the PM peak was observed 

for both when extinguishing the candle. The spread of PM from burning candles was also restricted to the floor 

where the activity took place, window ventilation clearly reduced the spreading throughout the floor compared to 

the other ventilation options. Vacuuming activity created much lower PM levels compared to induction cooking 

and burning candles and therefore the spread of this PM throughout the dwelling was generally non-significant. 

Regarding VOC, the impact from induction cooking and burning candles was apparent in contrast to vacuuming 

for all considered ventilation conditions. Next to this, the spread of VOC throughout the building was more limited 

compared to PM. 

 

KEYWORDS 
 

Activities, indoor PM, indoor VOC, MEV, MVHR 

 

1 INTRODUCTION 

 

Indoor Air Quality (IAQ) is affected by among others Particulate Matter (PM) and Volatile 

Organic Compounds (VOC). Their presence is influenced by elements such as the outdoor air 

conditions, the built environment, the ventilation rate, the furniture, and the activities taking 

place in and near a dwelling. Humans spend the majority of their time indoors and therefore a 

good IAQ is required to preserve the occupants’ health. Moreover, inhabitants execute various 
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indoor activities during the day, exposing themselves to indoor PM and VOC emissions related 

to the activities (Borsboom, De Gids, Logue, Sherman, & Wargocki, 2016). 

 

Xiang et al. (Xiang, Hae, Austin, Shirai, & Seto, 2021) measured PM2.5 emissions during and 

after cooking to analyse the decay and dispersion of PM2.5 in a naturally ventilated apartment. 

They considered also the use of either window ventilation in the kitchen, a cooking hood, or 

Portable Air Cleaners (PAC). PM2.5 levels were significant in the kitchen and living room while 

lower levels were observed in the bedrooms located upstairs. The use of either PAC or a range 

hood effectively reduced the amount of PM2.5 in the apartment. 

 

O’Leary et al. (O'Leary, et al., 2019) investigated in a kitchen laboratory the PM2.5 emissions 

when cooking various meals containing a multitude of ingredients. The effect of a range hood 

and the use of different cookware were examined. PM2.5 emissions were highly variable 

between the different meals, even when the same meal was prepared several times. Many 

parameters like frying, pan type, presence of oil or fat in the food, and so on affect the PM2.5 

emissions. The use of a range hood diminished the PM2.5 in the indoor air. 

 

Walker et al. (Walker, Jones, & Borsboom, 2021) mentioned that the heat source for cooking 

plays a substantial role in the type and amount of contaminants released into the air. Gas 

cooking emits substances such as CO2, H2O, and NO2, whereas this is not the case for electric 

and inductive cooking. Fine particles (PM2.5) are hardly generated by a gas hob, while ultrafine 

particles (PM0.1) are produced considerably. Electric cooktops can cause a large quantity of 

PM, while this is less the case with inductive cooktops due to their lower operating temperature. 

 

Hussein et al. (Hussein, et al., 2006) studied the PM size distribution and emission rates of 

different indoor activities in a naturally ventilated apartment in Prague. They concluded that 

cooking and tobacco smoking were a dominant cause of indoor air pollution followed by the 

burning of incense sticks and to a lesser extent candles. 

 

Vicente et al. (Vicente, et al., 2020) scrutinized the PM generation of four different vacuum 

cleaners. The bagged type had the largest increase in PM10 whereas no change was observed 

for the HEPA type. For all types except the HEPA, the PM10 mass was dominated by finer 

particles, especially PM1, while larger particles were probably due to resuspension caused by 

movement. 

 

Patel et al. (Patel, et al., 2020) and Arata et al. (Arata, et al., 2021) each reported a paper on the 

results of the HOMEChem campaign where multiple activities such as cooking and cleaning 

took place in a fabricated test house that was mechanically ventilated at an air change rate of 

0.5 h-1. The first paper discusses PM, while the second paper deals with VOC. Regarding PM, 

cooking produced the highest PM levels which remained considerably high for a while after the 

cooking had finished. Similar as in the study of O’Leary et al. (O'Leary, et al., 2019), a clear 

difference in PM levels was observed when preparing the different meals. Cleaning did not 

result in a noticeable change in PM1 and smaller fractions, whereas an increase was observed 

for coarse particles that may result from resuspension due to the movements made during 

cleaning. With regard to VOC, higher emissions were observed during cooking compared to 

cleaning. However, the building and its static content were the dominant VOC sources as they 

accounted for nearly half of the total indoor VOC emissions. VOC released during the activities 

depend on the utilized materials, ingredients, and so on. 

 

This paper provides an analysis of PM and VOC levels measured indoors when a few activities 

occurred multiple times under different ventilation conditions. The Research Methodology 
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section encompasses an overview of the house, a detailed description of the conducted 

activities, and information about the applied ventilation options. The Results and Discussion 

section contains the indoor PM and VOC measurements along with the derived findings. 

Finally, the notable features of this research are summarized in the conclusion. 

 

2 RESEARCH METHODOLOGY 

 

2.1 Properties of the dwelling and measuring devices 

 

The detached residence was built in 2019 and is located along a busy road in a low urban region 

of Waregem, Belgium. The house is furnished but uninhabited as it is used for both research 

and marketing purposes regarding indoor living characterization and experience. Figure 1 

depicts the dwelling layout and location of the measuring devices. The ground floor consists of 

a living room, an open kitchen, a toilet, and a technical room. The first floor contains a 

polyvalent room, a toilet, two bedrooms, and a bathroom. The dwelling has a total floor area of 

184 m², a building airtightness of 2.20 m³/(h.m²) at 50 Pa, and according to the Belgian energy 

performance regulations an energy rating of 24 kWh/m²/year, which corresponds to an A label. 

 

  

Figure 1: Dwelling layout: ground floor (left) and upper floor (right). The coloured dots and names indicate the 

measuring devices’ location. 

 

The house is equipped with two commercial ventilation systems: the Healthbox 3.0 Smartzone 

(Renson, 2021) and the Endura Delta (Renson, 2019). The first system is Mechanical Extract 

Ventilation (MEV), i.e., natural air supply in the dry rooms and mechanical air extraction in the 

wet rooms. ‘Smartzone’ indicates that an additional air extraction takes place in the bedrooms 

based on CO2, which is not common. The second system is Mechanical Ventilation with Heat 

Recovery (MVHR), i.e., mechanical air supply in the dry rooms and mechanical air extraction 

in the wet rooms. Both ventilation systems share some air extract points (see Figure 1). The 

aggregate exhaust flow rate was set to 300 m³/h. Unfortunately, the individual air extract flow 

rates were not measured due to a defect monitoring system. The dimensioned air extract flow 

rates in the rooms of interest are 30 (bedrooms), 50 (bathroom), and 75 m³/h (open kitchen). 

Figure 1 also shows the air supply of MEV and MVHR, as well as the location of the windows 

used. 
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Indoor PM and VOC were measured at six locations in the dwelling: near the stove, in the 

kitchen, in the living room (floor), in both bedrooms, and in the bathroom (see Figure 1). The 

Renson Sense was used as an autonomous measuring device with internet connection to obtain 

the data online about PM, VOC, temperature, humidity, CO2, etc. (Renson, 2021). For PM, the 

Sense contains the Sensirion SPS30 optical sensor to measure the following mass 

concentrations: PM1, PM2.5, PM4, and PM10 (Sensirion, 2021). For VOC, the Sense includes the 

CCS801 multi-gas sensor which reacts simultaneously to, among others, acetone, ethanol, 

aldehyde, and methane (ScioSense, 2021). This VOC sensor consists of a metal oxide sensing 

layer whose resistance correlates with the concentration of the gases present. For this reason, 

the VOC results will be expressed in terms of sensor resistance representing the raw 

measurement signal. This resistance is between 10 kΩ and 1600 kΩ in clean air, so each 

CCS801 sensor has a standard resistance that can differ from other CCS801 sensors. 

 

2.2 Scheduled activities and ventilation 

 

Table 1 shows the timing schedule of the activities performed in the house, along with the 

ventilation conditions. Internal doors were closed during the experiments. 

Table 1: Conducted activities and ventilation conditions in the house 

Activity Ventilation Date 

Cooking (12h30-13h00) No ventilation September 22nd, 2021 

Reference meal from study Cooking hood (+2 min. post-ventilation) September 24th, 2021 

O’Leary et al., Window ventilation (entire afternoon) September 27th, 2021 

(O'Leary, et al., 2019) MEV September 29th, 2021 

 MVHR September 30th, 2021 

Vacuuming (16h00-16h10) No ventilation September 22nd, 2021 

Downstairs Window ventilation (entire afternoon) September 27th, 2021 

 MEV September 29th, 2021 

 MVHR September 30th, 2021 

Burning candles (16h00-17h00) No ventilation September 22nd, 2021 

Upstairs: Window ventilation (entire afternoon) September 27th, 2021 

2 scented candles in bedroom back, MEV September 29th, 2021 

2 regular candles in bedroom front MVHR September 30th, 2021 

 

The first activity was cooking where the reference meal from the study by O’Leary et al. 

(O'Leary, et al., 2019) was reproduced. However, they used gas cooking instead of  induction 

in this paper. For this reason, Table 2 shows the cooking procedure with cooktop intensities 

rather than gas flow rates. The induction stove was a Miele KM6367-1 containing six cooking 

zones. The non-stick frying pans (28 cm and 24 cm) and the cooking pot were Tefal. After 

cooking, three hours of inactivity was foreseen to investigate the decreasing trend of cooking-

related PM and VOC. 

Table 2: Cooking procedure (stir regularly) 

Timing Action Cooktop intensity 

00 min 00 sec Heat olive oil (10 mL) in non-stick frying pan (28 cm) 6 

00 min 30 sec Add chicken (200 gr) in non-stick frying pan (28 cm) 6 

03 min 30 sec Add green beans (280 gr) and water (750 mL) in cooking pot 9 

05 min 30 sec Reduce cooktop intensity of cooking pot 7 

08 min 30 sec Heat olive oil in non-stick frying pan (24 cm) 6 

09 min 00 sec Add pre-sliced and -cooked potatoes in non-stick frying pan (24 cm) 7 

24 min 00 sec Switch off the stove 0 

 

After the waiting time of three hours, the vacuuming and burning of candles were started 

simultaneously. The vacuuming was carried out on the ground floor and took about 10 minutes. 

The vacuum cleaner was a Primo VC3-CB fitted with a HEPA filter and also needed a dust bag. 
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Note, there were no carpets in the house. The burning of candles took place on the first floor 

and lasted about an hour, after which all the candles were extinguished. Two regular candles 

(novena vegetable candle, SPAAS) were placed in the bedroom at the front and two scented 

candles (turquoise water, Bougies-Denis) in the bedroom at the back. In this way, the impact of 

different candle types could be investigated. 

 

During the activities, four ventilation options were examined except for cooking where the use 

of a cooking hood was also investigated (see Table 1). The case ‘no ventilation’ means that the 

cooking hood, MEV, and MVHR were inactive while all windows were closed. The case 

‘cooking hood’ indicates that only the hood was activated at the beginning of cooking and 

turned off 2 minutes after the end of cooking, no other ventilation options were active. The 

cooking hood was a ATAG ES1092SAM and the extract ventilation rate was set to level 2 

which corresponds to an airflow of 358 m³/h according to the datasheet. The case ‘Window 

ventilation’ implies that all windows were open all afternoon while no other ventilation option 

was active. During window ventilation it was sunny weather with a fairly strong wind. The 

cases ‘MEV’ and ‘MVHR’ specify the activated mechanical ventilation system during the 

activities without using the cooking hood or opening windows. The relative differences between 

the different ventilation strategies were of great importance. 

 

3 RESULTS AND DISCUSSION 

 

3.1 PM mass concentration 

 

The indoor measurements demonstrated a dominant influence of PM1 (particle diameter 

≤ 1 µm) on the PM mass concentration. This is visualized in Figure 2 showing the PM time 

series for different fractions when MEV was active. For all measurement locations and 

activities, the contribution of particles belonging to PM1 was higher than particles belonging to 

other PM fractions. For this reason, the analysis below is limited to PM1. 

 

 

Figure 2: Contribution of the PM fractions during the activities at the measurement locations while MEV was 

active. 
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Figure 3 shows the indoor PM1 mass concentration at the six measurement locations when the 

activities took place under the investigated ventilation options. Focusing on the results ‘Stove’, 

the highest PM1 peak for all ventilation scenarios occurs at the end of cooking, which was 

around 13:00. The increase of PM1 becomes apparent during the later cooking phase. Similar 

observations based on PM2.5 were mentioned by O’Leary et al. (O'Leary, et al., 2019) when 

cooking the same meal. The PM1 peak for ‘Stove’ in Figure 2 is several tens of µg/m³, which 

is significantly lower than the several hundred µg/m³ for PM2.5 reported by O’Leary et al. 

(O'Leary, et al., 2019). First of all, the volume of the open kitchen/living room in the house is 

several times larger than the test chamber of 26 m³, resulting in an expected lower 

PM concentration for the same meal. Next to this, no gravimetric correction factor was applied 

here because there was no concurrent gravimetric sampling during the experiments in contrast 

to O’Leary et al. (O'Leary, et al., 2019). Additional influences are: induction cooking versus 

gas and therefore a slightly modified cooking procedure, the measuring device used, the 

ventilation rate in the room. Moreover, O’Leary et al. (O'Leary, et al., 2019) and 

Xiang et al. (Xiang, Hae, Austin, Shirai, & Seto, 2021) pointed out that meal reproduction may 

show a significant discrepancy in PM emission. Regarding the ventilation options, a cooking 

hood offers the most effective reduction of PM, as is already apparent from the literature. 

Window ventilation, MEV and MVHR exhibit a similar or slightly higher PM1 peak compared 

to the case of ‘no ventilation’. The small differences between these ventilation modes can be 

caused by several factors. For example, each ventilation scenario took place on a different day, 

which can lead to differences in outdoor conditions. Unfortunately, no outdoor PM 

measurements were conducted and therefore the amount of infiltrated outdoor PM mixing with 

cooking-related PM is unknown. Another possible cause is the different airflow path throughout 

the house due to the open windows or the MEV and MVHR air supply and extract. The airflow 

path could introduce more particles near the measuring device and as a result a higher number 

of particles could be captured by the sensor. Accordingly, the sensor location could also play a 

role. The PM1 decay is slowest for ‘no ventilation’, as expected, while window ventilation, 

MEV and MVHR show a faster decay due to higher air exchange rates. The measuring device 

‘Kitchen’ was located near the stove and therefore the results show similar trends to those of 

the ‘Stove’ measuring instrument. In the living room, connected to the open kitchen, PM1 peaks 

due to cooking are observed in all ventilation options except cooking hood ventilation. Window 

ventilation, MEV and MVHR now show slightly lower PM1 peaks compared to the case of ‘no 

ventilation’. The upstairs monitored rooms had no PM1 peak during and after cooking. 

 

Vacuuming took place on the ground floor around 16:00. In all ventilation options, small PM1 

peaks were detected by the device ‘Living’ because the device was placed on the floor. The 

‘Stove’ and ‘Kitchen’ devices were at table height and showed no similar change in PM1 

compared to the ‘Living’ device. However, when MVHR was activated,  a slight change in PM1 

occurs, but this may be a coincidence due to the movements made during vacuuming. The 

vacuum cleaner was equipped with a HEPA filter which could also explain the smaller 

contribution of vacuuming to PM1 compared to cooking. 

 

Candle burning took place upstairs from 16:00 to 17:00. Increased PM1 levels did not occur 

during the burn phase, while they did occur with candle extinguishing, which was also reported 

in the study by Afshari et al. (Afshari, Matson, & Ekberg, 2005). Window ventilation, MEV 

and MVHR showed similar and slightly lower PM1 peaks compared to the ‘no ventilation’ case, 

which could be due to the higher air exchange rates in the rooms. Two regular candles were lit 

in the bedroom at the front and two scented candles in the bedroom at the back. The latter 

exhibited higher PM1 peaks compared to the former. This could be due to the location of both 

the measuring device and the candles in the room. Also, the airflow path in the room can play 

a role in this observation. ‘No ventilation’ had the slowest PM1 decay while faster decay rates 
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are true for window ventilation, MEV, and MVHR. Note, for window ventilation, the windows 

were closed shortly after the candles were blown out, hence the reason for a slightly lower decay 

rate than MEV and MVHR. The bathroom is adjacent to the back bedroom and for MEV and 

MVHR a small increase of PM1 occurred. With MVHR there is no extraction in the bedroom 

and therefore the air moves from the back bedroom through the bathroom and the hallway 

towards the extraction points. With MEV there is direct extraction in the bedroom that is 

dimensioned at 30 m³/h, while the extraction rate in the bathroom is 50 m³/h. This may be the 

reason why the ‘Bathroom’ device measures a small increase in PM1. 

 

 

Figure 3: PM1 mass concentration during the activities at the measured indoor locations under different 

ventilation conditions. 

 

3.2 VOC 

 

Figure 4 shows the measured VOC concentration by means of the series resistance of the 

CCS801 sensor. The concentration of the gases present in the house varies from day to day, and 

so does the sensor resistance. Therefore, only the relative change in series resistance due to the 

activities is important in Figure 4 and not the absolute values. 

 

Focusing on the results ‘Stove’, a small increase of the series resistance and accordingly the 

VOC level occurs for all ventilation options during cooking. The increase is happening at a 

steady pace, reaching a peak at the end of cooking, which was around 13:00. The cooking hood 

showed the smallest change in VOC as most of the generated gases were extracted directly 

above the stove. The series resistance increase with other ventilation options is the same. After 
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cooking, the series resistance decreased for MEV, MVHR, and window ventilation due to a 

sufficient airflow rate that removes the cooking-related VOC. This is not the case for both ‘no 

ventilation’ and ‘cooking hood’, however, in the latter case there was only a 2-minute post-

ventilation which is insufficient to reduce the VOC level. The results from the device ‘Kitchen’, 

which was located a little further from the stove, showed no change in series resistance due to 

cooking. The same findings are derived from the results of the device ‘Living’ which was placed 

a few meters from the stove. These results indicate that cooking-related VOC are not 

substantially distributed over the ground floor compared to PM. 

 

 

Figure 4: VOC (represented by the sensor resistance) during the activities at the measured indoor locations under 

different ventilation conditions. 

 

Vacuuming, which lasted from 16:00 until 16:10, was performed on the ground floor and all 

devices downstairs had no change in series resistance as shown in Figure 4. These results imply 

that vacuuming cannot be associated with increasing indoor VOC levels. Note, window 

ventilation exhibits an erratic series resistance trend but this appears to be the outdoor air 

affecting the indoor VOC concentration. At 17:00, the windows were closed and soon after, the 

indoor VOC concentration increased. 

 

Candle burning took place upstairs from 16:00 until 17:00, two regular candles were lit in the 

bedroom at the front, two scented candles in the bedroom at the back. According to Figure 4, 

MEV and MVHR show a similar VOC increase in both rooms shortly after the candles were 

lit. After the candles were extinguished, there is a steady decrease in VOC due to the airflow 

provided by both MEV and MVHR. The case ‘no ventilation’ had no change in series resistance 
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which could be due to the lack of an airflow path in the room and as a result less gas being 

captured by the sensor. For window ventilation, the series resistance of the device ‘Bedroom 

front’ shows a similar erratic trend compared to the devices downstairs. A small local VOC 

peak occurs around 16:20 in the front bedroom, but this small peak is more or less also sensed 

by the devices downstairs. It seems reasonable to assume that a source other than the regular 

candles introduced the VOC peak around 16:20. Regarding the back bedroom and the case 

window ventilation, the series resistance demonstrated no significant change during candle 

burning. The results from the device ‘Bathroom’ exhibit no clear change in series resistance 

due to the burning of candles on the upper floor. 

 

4 CONCLUSIONS 

 

PM and VOC were measured indoors during the activities: cooking, vacuuming, and burning 

of candles; while one of the following ventilation options was applied: no ventilation, cooking 

hood, window ventilation, MEV, and MVHR. For all PM fractions measured with the described 

sensor, particles belonging to PM1 showed a dominant impact during all activities and 

ventilation options. PM spread over the floor where the activity took place, this spread can be 

more or less significant depending on the obstacles present. Cooking and extinguishing candles, 

especially scented ones, produced substantial PM, while the contribution of vacuuming was 

rather limited. For both cooking and burning candles, the PM peak appeared at the end of the 

activity. Ensuring ventilation during and especially after the activities benefited the PM decay 

over time, improving at higher air exchange rates. Concerning cooking, intensive ventilation 

using a cooking hood was the most effective in reducing indoor PM compared to the other 

ventilation options. The results for window ventilation, MEV, and MVHR were more or less 

similar, minor differences between these ventilation options can be explained by: the different 

airflow path through the house when either window ventilation, MEV, or MVHR is used; the 

prevailing outdoor conditions at the time the measurements were taken; and the location of the 

sensors in the dwelling. The case ‘no ventilation’ exhibited the worst degree of PM decay. 

 

Elevated VOC levels due to the indoor activities emerged more locally compared to PM. 

Vacuuming had no effect unlike cooking and burning candles. A steady increase in VOC 

occurred after cooking started for a while, while peaking at the end of the cooking process. 

Maintaining adequate ventilation after cooking resulted in a marked reduction in indoor VOC 

levels. Like PM, a cooking hood was most effective at reducing indoor VOC levels while 

cooking. The results for window ventilation, MEV, and MVHR were again comparable. When 

burning candles, a steady increase in VOC was observed for both scented and regular candles 

when MEV and MVHR were applied. The case ‘no ventilation’ showed no change in VOC 

level that could be due to lack of adequate airflow path, location of both sensors and candles, 

etc. The results for window ventilation seem to indicate that there is no apparent influence on 

the indoor VOC level when burning candles, but this observation may be due to the outdoor 

conditions, the location of the sensors and candles in the rooms, the airflow path in the room. 

As with PM, maintaining an adequate airflow rate after an activity results in a significant 

reduction in indoor VOC levels. 
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ABSTRACT 
 

This paper shows the results of a survey conducted among 10 AIVC members countries about air quality in garages 

and current requirements and regulations in this regard. Large differences were found among countries, not only 

in terms of the scope of the regulations, but also in relation to the parameters that are considered.  

Natural ventilation is allowed under certain conditions. Mechanical ventilation rates are heterogeneous and when 

pollutants are monitored, CO stands out as the most commonly used, but it is not the only one taken into account. 

Reviews like this can show us where regulation is heading towards and what issues still need to be addressed to 

achieve the most adequate protection. 

 

 

KEYWORDS 
 

IAQ, air quality, parking, garage, Building code, regulation, CO, NO2, survey. 

  

1 INTRODUCTION 

 

Air quality and ventilation of garages is an important issue that is addressed in most national 

regulations in order to protect users from the health and safety threat that pollutants generated 

by fuel vehicles pose. However, there is not a common set standard for air quality in garages 

and consequently many differences exist among the different national requirements and 

regulations.  

In order to review the state of the art on regulations, information on requirements and 

regulations in different countries was collected and analysed, and general recommendations 

were extracted based on the findings. 

Therefore, questionnaire was developed and sent in 2020 to the 17 national representatives of 

AIVC members. 10 members responded providing information: Australia, Belgium, England, 

Korea, Netherlands, New Zealand, Scotland, Spain, Sweden and USA. 

This paper shows the results of the survey. Large differences were found among countries, not 

only in terms of the scope of the regulations, but also in relation to the parameters that are 

considered.  
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2 COMPARISON OF REQUERIMENTS AND REGULATIONS  

 

2.1 Scope 

 

The first question of the questionnaire was about the scope of the regulations. 60% of the 

countries regulate all car parks in all kind of buildings. The rest 40 %, just regulate enclosed 

car parks or garages: 10% in all kind of buildings, 10% in all non-residential buildings, 10% 

in parking lots buildings, and 10 % in offices. (See  

Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Scope of national regulations 

 

In none of the national regulations, the fact that the garage is underground is used as a parameter 

for determining the scope.  

40 % of national regulations only apply to car parks bigger than a minimum size, which varies 

from 30 to 50 m2. 

 

2.2 What are the main requirements? 

 

The variety of requirements is small, although their quantification varies quite a bit. 

Establishing minimum ventilation rates or air changes per hour and limiting CO concentrations 

stand out as the most frequent requirements. Other requirements based on limiting other 

contaminants, such as NOx, or based on opening size are seldom used.  

 

2.3 Ventilation requirements 

 

90 % of national regulations establish some kind of minimum ventilation requirement during 

operation period. These requirements can be found at Table 1. 

  

Enclosed car parks 
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Table 1: Ventilation requirements 

Country Ventilation requirements Comments 

 

Australia 

 

It varies given the geometry of building (1) 

 

Calculation according to 

AS1668.2 

 

Belgium 

 

200 m3/h (55.55 l/s) (2) 

 

Brussels Region legislation 

 

England 

 

3 ach in basement carparks 

10 ach in traffic concentration zones (3) 

 

Korea 

 

27 m3/h (7.5 l/s) per m2 floor area 
 

 

Netherland 

 

3 dm3/s (3 l/s) per m2 floor area 
 

 

New 

Zealand 

 

It varies given the geometry of building 

Scotland 
2 ach for floor area of at least 30 m2 but not more than 60 m2  

6 ach and at least 10 ach in traffic concentration zones (3), for floor area more than 60 m2 

 

Spain 

 

120 l/s per parking place  

Sweden No ventilation rates 

 

USA 

 

3.7 l/s per m2 exhaust 
 

  

(1) A minimum of 1 air change per 24 hours that can increase as a function of CO concentration up to a full 

ventilation rate according to AS1668.2. 

(2) During 15 min when instantaneous detection of 50 ppm CO. 

(3) Traffic concentration zones: zones where peaks of CO concentration are usual, like ramps and exits. 

 

Ventilation rates are difficult to compare because they are expressed in different ways. In order 

to be able to compare them some assumptions have been made about car parks headroom, size 

of parking places and rate between common circulation areas to parking places, such as: 

- car park headroom: 3 m; 

- parking place size: 12.5 m2; 

- rate between common circulation areas and parking places: 12.5 m2/parking place.  

Taking into account the previous assumptions, ventilation rates in l/s·m2 are displayed in Figure 

2. 
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Figure 2 Minimum ventilation rates in l/s·m2 

 

2.4 Contaminants control 

 

70 % of national regulations set a contaminant control or limit. All of them control CO 

concentration, and 20 % include CO, NO2 and other contaminants. 

CO concentration threshold varies from an average of 25 ppm in Korea regulations to a 

maximum concentration of 100 ppm for non-staffed carparks in Spain regulations (see Table 

2). 

Table 2: CO concentration thresholds 

Country CO threshold  Time Type Comments 

Australia 
30 ppm for staffed carparks 

60 ppm for non-staffed carparks 

- 

- 

Peak 

Peak 

 

- 

Belgium 90 ppm 15 min Average 

Large car parks with more than 50 

parking places. When 50 ppm for 

15 minutes, full ventilation rate is 

activated 

England 
30 ppm 

90 ppm 

8 h 

15 min 

Average 

Average 
Traffic concentration zones (1) 

Korea 25 ppm 

 

Not 

specified 

Average Traffic concentration zones (1) 

Netherland No CO threshold - - - 

 

New 

Zealand 

 

30 ppm for staffed carparks 

60 ppm for non-staffed carparks 

- 

- 

 

Peak 

Peak 

- 

 

Scotland 

 

30 ppm 

90 ppm 

 

8 h 

15 min 

 

Average 

Average 

 

Traffic concentration zones (1) 

Spain 
50 ppm for staffed carparks 

100 ppm for non-staffed carparks 

- 

- 

Peak  

Peak 

 

Car parks with more than 5 

parking places or bigger than100 

m2 

Sweden No CO threshold - - - 

 

USA 

 

 

No CO threshold 

 

 

- 

 

 

- 

 

 

- 

 

(1) Traffic concentration zones: zones where peaks of CO concentration are usual, like ramps and exits. 
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Regulations of Australia, New Zealand and Spain opt for setting two thresholds depending on 

whether the car park is staffed or not, but the thresholds themselves are different.  

Regulations of England and Scotland establish two thresholds as well but regarding time 

exposition. 

Regulations of England, Korea and Scotland take into account traffic concentration zones with 

peak CO concentration, such as ramps and exits. 

 

NO2 is only included in two national regulations: Korea and New Zealand. Table 3 shows the 

data for NO2. 

Table 3: NO2 concentration thresholds 

Country NO2 threshold 
Type of 

concentration 
Scope 

 

Korea 
0.30 ppm Average Traffic concentration zones (1) 

 

New 

Zealand 

0.12 ppm  Peak  

(1) Traffic concentration zones: zones where peaks of CO concentration are usual, like ramps and exits. 

 

Regulations of New Zealand control other contaminants in addition to CO and NO2: 

- photochemical oxidants (as ozone) < 0.10 ppm,  

- SO2 < 0.20 ppm,  

- PM10 < 50 µg/m3. 

 

Regulations of Korea control the following contaminants in addition to CO and NO2: 

- radon < 148 Bq/m3,  

- TVOC < 1000 µg/m3,  

- HCHO < 100 µg/m3,  

- PM10 < 200 µg/m3. 

 

The installation of a contaminant detection system is compulsory only under some conditions 

in 40% of national regulations. For example: 

- In Australia, CO detection is required when air flow is variable. 

- In Belgium, CO detection is required in large car parks of more than 50 parking places.  

- In Spain, CO detection is required in car parks with more than 5 parking places or bigger 

than100 m2. 

 

2.5 Ventilation strategies 

 

The use of both natural and mechanical ventilation systems is allowed in 90 % of national 

regulations. Only Korea regulations establishes that ventilation must be mechanical in any case.  

Natural ventilation is regulated in terms of opening distribution and opening size. 

Mechanical ventilation is based on mechanical extraction and supply in 50 % of national 

regulations, only mechanical extraction in 30 %, mechanical extraction or supply in 10 % and 

normally both mechanical extraction and supply with circumstances where each can be omitted 

in 10 %. 

In 60 % of national regulations, mechanical ventilation for the car park must be independent 

from other areas of the building. 

In 30 % of cases prevention of fan failure is regulated. 

30 % of the national regulations include in their strategies the use of automatically operated jet 

fans, and 10 % manual ones. 
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3 CONCLUSIONS 

 

Despite national regulations on air quality in car parks vary enormously some common trends 

can be extracted such as allowing: 

- natural ventilation in small to medium size car parks as long as airing openings are big 

enough and are correctly placed; 

- constant flow ventilation systems. 

 

In most of the regulations, the compulsory requirement is a minimum ventilation rate, or a 

combination between ventilation rate and contaminants threshold. 

 

Although 3 national regulations do not regulate contaminants, among the 7 regulations that do, 

CO stands out as the most commonly used contaminant, exclusively and setting two thresholds 

according to time exposition in some cases or to whether the car park is staffed, in other cases. 

Although nitrogen oxides (NOx) have been recognized as one of the main pollutants to be taken 

into account (Moncef, 2001), their health thresholds have not been included in national 

regulations according to the results of this survey. The reason behind this fact could be that 

when NOx health thresholds are reached, CO health threshold have already been reached and 

far beyond exceeded. 

 

Several regulations specify particular provisions that take into account differences in pollutant 

exposition such as high pollutant concentration areas and staffed car parks. High pollutant 

concentration risk areas are areas in which traffic congestion may occur producing a high 

generation of pollutants. Staffed carparks hold security employers that may be exposed to long 

pollutants exposures. These regulations explicitly refer to the control of pollutants in the high 

pollutant concentration areas, or set reference concentration thresholds depending either on 

whether workers are present or on a length of time. This way, the threshold for long exposure 

varies from 30 to 50 ppm CO and the one for short exposure vary from 60 to 100 ppm CO. 

 

 EU promoted decarbonisation policies as well as the growing green awareness of people are 

leading towards the replacement of traditional fuel vehicles by electrical or hybrid ones as well 

as the anticipated withdrawal from service of the oldest or most pollutant vehicles. It is therefore 

foreseeable that ventilation systems based only on constant flow rates might become over-

dimensioned. Oversizing ventilation systems is not desirable because of larger associated costs 

and energy demand Therefore, for the future, we believe that new regulations should take into 

account this trend: 

- specifying ventilation rates or air changes related to number of fuel vehicles places 

instead of the total parking places or garage surface; 

- set a base-line ventilation flow rate based on the surface area of the car park to remove 

other non-combustion related pollutants, such us particles, oil leaks or common indoor 

contaminants and 

- including provisions on monitoring of contaminants that would accordingly activate 

ventilation, particularly in big to medium size and in staffed car parks. 
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ABSTRACT 
 

Humidity-controlled mechanical exhaust ventilation (RH-MEV) has been widely used in France for over 35 years, 

demonstrating high durability and robustness. This exhaust-only ventilation strategy is widely used as an energy-

saving measure, replacing constant mechanical exhaust ventilation (Constant-MEV) systems in residential 

buildings. It demonstrates energy savings due to the restricted airflows, but as a downside, the building's indoor 

air quality (IAQ) often deteriorates. Moreover, it is impossible to recover heat with exhaust-only ventilation 

systems, which means that energy consumption for space heating is still quite significant and cold supply air 

temperatures are frequently introduced to the heated spaces. Room ventilation units (RVUs) with heat recovery 

represent an alternative ventilation solution allowing simple installation through the façade and providing fresh 

outdoor air and exhaust ventilation to each room. This study investigates these units' energy saving potential and 

indoor environmental quality performance as an alternative solution to centralized exhaust-only ventilation 

systems. The dynamic simulations are performed for a reference residential building under various French climatic 

conditions for a heating season. The three ventilation strategies investigated are Constant-MEV, RH-MEV and 

room-based ventilation with RVUs. The results demonstrate 61-85% savings in space heating demand with the 

RVUs, compared to Constant-MEV under all climatic conditions. Compared to RH-MEV, the RVUs saved 44-

75% energy for space heating while the CO2 concentration and relative humidity levels were decreased due to 

RVUs’ constant air exchange rate. In all cases, RVUs provided considerably higher supply air temperatures due 

to the implemented heat recovery which can potentially improve indoor thermal comfort. 

 

KEYWORDS 
 

Room-based ventilation, room ventilation units, exhaust-only ventilation, humidity-controlled ventilation 

  

1 INTRODUCTION 

 

Humidity-controlled mechanical exhaust ventilation (RH-MEV) systems have been widely 

used in France for 35 years and are considered as a reference system in low-energy residential 

buildings, demonstrating high durability and robustness (Guyot, 2019). This type of demand 

control ventilation strategy is slowly replacing constant mechanical exhaust ventilation 

(Constant-MEV) systems in France over the past years (Guyot, 2018). With RH-MEV systems 

the energy needed to heat the ventilation air is reduced due to the restricted supply airflows. 

When compared to Constant-MEV, the total energy savings have been estimated about 30% to 

50% (Savin & Bernard, 2009). However, the reduced energy consumption is accompanied by 

deterioration of air quality in the building (Sowa & Mijakowski, 2020). Another downside of 

both these types of exhaust-only ventilation strategies is that they do not recover heat from the 
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exhaust air to preheat the supplied air, which means that energy consumption for space heating 

is still quite significant. Additionally, in situations where there is a central fan malfunction, the 

occupants are often unaware of the poor ventilation in their dwelling and do not compensate 

for instance by window opening (Savin & Bernard, 2009). A different issue that typically affect 

the indoor air quality (IAQ) performance in dwellings with a single exhaust-only ventilation 

fan, is the non-uniformly distributed air leakage through internal partitions and through the 

various supply air inlets on the building envelope, demonstrated by (Guyot et al., 2016). For 

example, if a room shows substantial air leakage due to infiltration through the building 

envelope and open internal doors, the airflow will be short-circuited between that room and the 

exhaust rooms, like kitchen and bathrooms, leaving the other rooms of the house under-

ventilated (Carrie et al., 2006), (Du et al., 2012). Room-based ventilation units with heat 

recovery (RVUs) represent an alternative ventilation solution with the potential to tackle such 

issues mentioned above. Due to their compact size, they can be integrated into the façade wall 

in each room. Since no further ductwork is needed, they are ideal for renovation purposes in 

existing buildings where there is no available infrastructure to install a central ventilation 

system. These units are designed to perform optimally under balanced pressure conditions 

between indoors and outdoors. However, several studies have shown that in areas with high 

wind velocities, or in multi-storey buildings with high underpressure conditions due to stack 

effect, the performance of the units can be negatively affected (Mikola et al., 2019), (Filis et 

al., 2021). There are several types of RVUs found in the market with different configurations 

based on the design, type of heat exchanger and the type and number of fans they are equipped 

with (Smith & Svendsen, 2016), (Carbonare et al., 2020), (Bonato et al., 2020). This study 

considers RVUs that are equipped with a flat-plate or a rotary heat exchanger, as well as a 

supply and an exhaust centrifugal fan. Both fans operate with balanced supply and exhaust 

ventilation airflows, providing a constant air exchange rate to each room individually. The aim 

is to investigate the energy savings and IAQ performance potential of these units in single 

family houses under various climatic conditions, and how their performance is compared with 

the exhaust-only ventilation systems typically used in France. 

 

2 METHODOLOGY 

 

2.1 The software 

 

The simulation software used was IDA indoor Climate and Energy (IDA-ICE 4.8 SP2) by 

EQUA. It is a whole-year dynamic multi-zone simulation software, allowing the modelling of 

HVAC systems, internal loads and indoor climate and provides simultaneous dynamic 

simulation of heat transfer and air flows. It implements detailed one-dimensional coupled heat 

and mass transfer models in the envelope, and includes the main elements of moisture balance, 

like vapor sources (occupants, equipment, etc.), airborne transport (air handling units, leaks, 

inter-zone flow) and sorption by materials in contact with the indoor air (Woloszyn et al., 2009). 

 

2.2 Description of the building model 

 

The simulations assumed a typical residential building that characterizes a newly constructed 

French single-family house for 4 people (CSTB), complying with the French Thermal 

Regulation 2012 (RT 2012). It represents realistic building characteristics and construction 

practices in France. It includes a living room, a kitchen, two child-bedrooms, one master 

bedroom and a bathroom with WC. The floor plan is presented in Figure 1 and the total U-

values of the construction are summarized in Table 1. The heat gains from the equipment and 

lighting are presented in Table 2. The model assumes no additional heat losses from thermal 

bridges. 
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Figure 1. Floorplan of the simulated single-family house with interior dimensions. 

 

Table 1: Construction – Total U-values (W/m2K) 

Construction External walls Ceiling Pitched roof Ground floor Windows [*] Front door 

Total U-value 0.22 0.21 3.49 0.22 2.18 0.83 
[*] with 30% frame fraction 

 

Table 2: Heat gains from equipment and lighting 

Equipment Power [W] Period Lighting Power [W/m²] h/day 

Refrigerator  20 Always Corridor 6 1 

Freezer 25 Always WC 6 1 

Television 130 (4 sleep mode) 4h/day Living room 15 4 

DVD player 130 (4 sleep mode) 1h/day Kitchen 15 2 

PC + printer 250 1h/day Rooms 15 1.5 

Cooking 2000 1h/day Bathroom 6 2 

 

Occupancy schedules and moisture production values for occupancy activities are based on the 

French design recommendations (CCFAT, 2017) presented in Figure 2 and Table 3. There are 

always 4 occupants at the house at any given time, except 09:00-17:00 on weekdays when the 

house is empty. The average activity level of each occupant was set at 1.0 MET, corresponding 

to a seated adult person at rest with heat emissions at 105W including both sensible and latent 

heat. IDA-ICE calculates the CO2 emissions from an occupant with activity level 1.0 MET, at 

8.5 mg/s and the moisture production at 40-45 gr/h.  

 

 

Figure 2. Occupancy schedule showing the number of occupants in each room. Based on French design 

recommendations (CCFAT, 2017). There are no occupants in the house on weekdays 09:00-17:00. 
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Table 3: Moisture production 

Room Source Moisture production Duration 

 Breakfast 50 gr/person 0.5 hours (06:00-06:30) 

Kitchen Lunch 150 gr/person 1 hour - weekends (13:00-14:00) 

 Dinner 300 gr/person 1 hour (17:00-18:00) 

 Shower 300 gr/shower/person 
0.5 hours/shower 

(7-7:30) (8-8:30) (19-19:30) (20-20:30) 

Bathroom Laundry 200 gr/laundry 
2 hours (08:00-10:00) 

(Monday/Wednesday/Saturday/Sunday) 

 Drying 1000 gr/drying 20 hours starting directly after laundry 

 

The heating set-point temperature is 20°C. There is also a set-back temperature at 18°C every 

night (00:00-05:00) and weekdays (09:00-17:00). The heating is provided by ideal heating 

devices, able to meet the required indoor temperature set point under all weather conditions. 

The simulations assumed airtightness of 0.5 ACH at 50Pa. The infiltration flow is wind 

dependent, with zone distribution proportional to the external surface area.  

 

The simulations were performed under the French climatic conditions which according to 

(ASHRAE Standard 169, 2013) are categorized as either 5A (cold humid), 4A (mixed humid) 

or 3A (warm humid). The three locations chosen to represent these specific climatic conditions 

were Metz (cold humid), Lyon (mixed humid) and Marseille (warm humid) shown in (Figure 

3). The weather files used, are the ASHRAE IWEC 2 which are derived from Integrated Surface 

Hourly (ISH) weather data originally archived at the National Climatic Data Centre. The 

simulations were performed for the winter season from October 15th 00:00 AM to April 14th 

12:00 PM. The initialization period was two weeks before the starting date of the simulations. 

 

 

Figure 3. Climate zones according to ANSI/ASHRAE Standard 169. The 5A corresponds to cold and humid 

climates, 4A to mixed and humid, and 3A to warm and humid. 

 

2.3 Ventilation strategies  

2.3.1 Exhaust-only ventilation strategies  

 

The investigated exhaust-only ventilation strategies are the constant mechanical exhaust 

ventilation (Constant-MEV) and the humidity-controlled mechanical exhaust ventilation (RH-

MEV). The chosen design ventilation rates are presented in Figure 4. Both these strategies 

include extraction grilles in the service rooms (wet rooms) and air inlets in all the main rooms 

(dry rooms), according to the French airing regulations (Arrêté, 1982). Based on the regulations, 

and for a house with 4 main rooms, the airflow extracted in the kitchen was set to 33.3 L/s (120 

m3/h) and 16.7 L/s (60 m3/h) in the bathroom which includes shower, WC and laundry 
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equipment. Therefore, the total exhaust ventilation rate from the service rooms (kitchen and 

bathroom) is 50 L/s (180m3/h) and the specific fan power of the exhaust fan is assumed at 0.75 

kW/(m3/s). The combined exhaust airflow from kitchen and bathroom creates an underpressure 

in the house which requires the total airflow to be supplied by the main rooms. Each main room 

is equipped with pressure-controlled air inlets, placed on the façade, that allow outdoor fresh 

air to enter the rooms depending on the pressure difference conditions between indoors and 

outdoors. This type of air inlet ensures that the requested supply airflow will be provided. In 

this model, one pressure-controlled trickle vent was placed in each bedroom and two in the 

living room, with an operating rate of 8.3 L/s (30 m3/h) at 10 Pa pressure difference. The power 

law coefficient is 3.23x10-3 kg/(sPan) where n is the power law exponent at 0.5 (dimless). For 

the simulations, all internal doors are considered always closed. In IDA-ICE, air can circulate 

among rooms when the doors are closed through a door leakage area following the orifice 

equation (Prignon & van Moeseke, 2017). The leakage area was set to 0.01 m2 allowing an 

airflow of 25.8 L/s (93 m3/h) at 4 Pa pressure difference, discharge coefficient of 1, and air 

density at 1.2 kg/m3. In the case of the Constant-MEV ventilation strategy the exhaust 

ventilation airflows in the kitchen and bathroom were kept constant all the time (Figure 4, left). 

However, in the case of the RH-MEV strategy, the humidity sensitive exhaust units in the 

kitchen and bathroom adapt the exhaust airflows based on indoor relative humidity levels. The 

unit aperture is controlled by a humidity sensor, so that when the indoor air is dry enough, the 

opening area and ventilation rate is at minimum. When the humidity load is increased due to 

activities like cooking and showering, or for prolonged occupation, the opening area gets wider, 

and the ventilation rate is increased. For a house with 4 main rooms, and to satisfy the 

regulations, the minimum total exhaust ventilation rate was limited to 25 L/s (90 m3/h), where 

a minimum of 12.5 L/s (45 m3/h) must be extracted from the kitchen at all times. The rest is 

extracted from the bathroom (Figure 4, right). The operation of the humidity controlled exhaust 

units that regulate the airflows in the kitchen and bathroom, is displayed in   

Figure 5. 

 

 

Figure 4. Exhaust ventilation rates for the Constant-MEV strategy (left) and RH-MEV strategy (right), and the 

resulting mean air changes per hour (ACH) in the main rooms for each strategy.  
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Figure 5. Relative humidity curves for the exhaust units in kitchen and bathroom for the RH-MEV strategy. 

The total required ventilation rate in the house is extracted by the central exhaust fan, and 

equivalent fresh air is supplied by air inlets around the building envelope in the form of 

infiltration. However, this fan-induced infiltration is delivered to the house unevenly from 

around the building envelope. Therefore, and as shown in Figure 4, the resulting average ACH 

in each dry room is different and dependent on the floor plan of the house, the position and size 

of the room, its external surface area, the type of air inlets and the overall pressure conditions 

around the building envelope for each moment in time. In the case of RH-MEV in particular, 

the total exhaust airflow variates from a minimum 25 L/s to 50 L/s, and as result, the total 

amount of fan-induced infiltration around the building envelop is variable over time. This leads 

to lower average values of ACH in the dry rooms compared to Constant-MEV as shown in the 

right drawing in Figure 4. 

2.3.2 Room-based ventilation strategy 

 

The room-based ventilation strategy, include one room ventilation unit (RVU) with heat 

recovery in each room operating at a constant supply and exhaust ventilation rate. Each RVU 

supplies the room with fresh air from outdoors and extracts the same amount for air keeping a 

steady ACH. The simulated RVUs are adapted from (Filis et al., 2021) and they can operate at 

3 distinct constant airflow rates: 7.5 L/s, 10.9 L/s and 13.9 L/s. The RVUs are assumed to use 

centrifugal fans operating at balanced supply and exhaust airflows, and their total specific fan 

power (SFP) values are presented in Table 4. To satisfy the French airing regulations (Arrêté, 

1982) the chosen ventilation rate for the RVU in the kitchen is 13.9 L/s (50 m3/h) and 10.9 L/s 

(39 m3/h) for the bathroom. Additionally, the total exhaust ventilation rate in the kitchen during 

cooking preparation must be also able to reach 33.3 L/s (120 m3/h). Since 13.9 L/s (50 m3/h) is 

extracted by the RVU, the remaining 19.4 L/s (70 m3/h) is extracted by a kitchen hood during 

the cooking periods of lunch and dinner. For each child-bedroom (1&2) the ventilation rate for 

each RVU is chosen constant at 7.5 L/s. For the Master bedroom the chosen ventilation rate is 

chosen constant at 10.9 L/s. The ventilation rate in the living room is chosen constant at 13.9 

L/s. The chosen ventilation rates are presented in Figure 6.  

 

Figure 6. Ventilation rates for the room-based ventilation strategy. RVUs operate under constant airflows all the 

time, while the kitchen hood operates only during the cooking hours of lunch and dinner. 

 

Table 4. Heat recovery efficiencies and SFP for the simulated RVUs adapted from (Filis et al., 2021) 

 7.5 L/s 10.9 L/s 13.9 L/s 
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Heat recovery efficiency 88.8% 83.4% 78.7% 

Total specific fan power (SFP) in J/m3 422 890 1453 

The simulated RVUs in the main (dry) rooms use a regenerative uncoated rotary heat 

exchanger, which can transfer sensible heat and condensation (latent heat) from one air stream 

to the other. For the rotary heat exchanger, the efficiency and rotor-speed adjustment 

calculations in IDA-ICE are based on methods described in (EN 16798-5-1, 2016). In the 

service (wet) rooms, in order to avoid excessive moisture recovery, the RVUs were simulated 

with a recuperative heat exchanger that doesn’t transfer moisture from the exhaust to the supply 

side. The modelled heat recovery efficiencies are adapted from (Filis et al., 2021) and the values 

at each ventilation rate are presented in Table 4. The heating setpoint for the supplied air is 20 

ºC. The units do not have a heating coil and the simulations did not include a frost protection 

control algorithm. 

 

3 RESULTS 

 

3.1 Energy performance 

 

The results presented in Table 5 and Figure 7 show that the investigated room based ventilation 

strategy with RVUs provides considerable energy savings in heating compared to exhaust-only 

ventilation strategies due to the implemented heat recovery. The strategy with RVUs operating 

at constant airflows provided 61-85% savings in heating compared to Constant-MEV and 44-

75% savings compared to RH-MEV. During the simulated period, the fan energy consumption 

for RVUs is higher compared to exhaust only systems with one central exhaust fan. However, 

in kWh the increase is relatively low compared to the energy savings for space heating. In 

Figure 7, the bar chart on the right shows the transmission heat losses from the building 

envelope as well as the ventilation heat losses during the simulated period. 

Table 5. Total energy needs for heating and fan energy consumption during the simulation period. 

(October 15th to April 14th) 

Energy for space heating (kWh/m2) Constant-MEV RH-MEV RVUs 

Metz (5A) 47.3 33.2 18.6 

Lyon (4A) 38.3 26.0 13.6 

Marseille (3A) 18.1 10.6 2.7 

Fan energy (kWh/m2) 1.5 0.7 2.7 

 

   

Figure 7. Total energy needs for space heating during the simulation period (October 15th to April 14th) on the 

left. Transmission heat losses from the building envelope and ventilation heat losses in kWh on the right. 

 

3.2 Supply air temperature  
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In exhaust-only ventilation strategies the fresh air is entering the building through air inlets 

placed in each room. However, during winter period the cold outdoor air entering the building 

can cause thermal discomfort to occupants sitting close to the air inlets. Figure 8 shows that 

under all investigated climatic conditions, the air temperature of the supplied air through the air 

inlets for exhaust-only ventilation strategies is below 16ºC for more than 88% of the simulated 

period. Conversely the supply air temperatures from RVUs are higher than 16ºC for more than 

93% of the time due to the incorporated heat recovery. 

 

 

Figure 8. Supply air temperatures from the air inlets for exhaust-only ventilation strategies (Constant-MEV and 

RH-MEV), compared to supply air temperatures from RVUs with heat recovery. 

 

3.3 Indoor air quality 

 

The IAQ was evaluated based on the resulted CO2 concentration and relative humidity levels 

in each room. The duration graphs in Figure 9, display CO2 levels for the rooms with highest 

occupancy. The results show that the chosen ventilation rates for the RVUs keep the CO2 levels 

below 1200 ppm for 96% in the Kitchen, 75% of the time Master bedroom, and 83% in the 

Living room. In the Kitchen, the RVU manages to keep the CO2 concentration levels low for 

longer periods of time even though the RVU provides only 2 ACH (at 13.9 L/s) compared to 

the 4 ACH by the Constant-MEV (at 27.7 L/s). The reason is that in exhaust-only strategies the 

air entering the kitchen is supplied by air coming from the rest of the house where the rooms 

are occupied, and it has already higher CO2 levels. The RH-MEV strategy perform worse in all 

cases due to the restricted airflows when RH% is low.  

 

 

Figure 9. CO2 concentration levels in the rooms with highest occupancy, for the investigated ventilation 

strategies under Lyon’s climatic conditions. 
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The RH% levels in the service (wet) rooms are quite similar in all strategies with no risks of 

condensation except in the case of RVUs where the relative humidity in the kitchen is above 

75% for 58 hours during the heating season (Figure 10). For the Master bedroom the RH-MEV 

was above 75% for 32 hours during the simulated periods. 

 

Figure 10. Indoor RH% levels in the service (wet) rooms, under Lyon’s climatic conditions. 

 

4 DISCUSSION 

 

In contrast with several other European countries, in France and Belgium exhaust-only 

ventilation strategies are still a popular ventilation solution (Kolarik et al., 2020). Humidity-

based mechanical exhaust ventilation systems attempt to reduce the exhaust airflows, and 

therefore the ventilation heat losses, compared to constant mechanical exhaust systems. Even 

though they demonstrate high durability and low maintenance during their lifetime, the lower 

exhaust airflows result in lower levels of IAQ. Another issue of the exhaust-only ventilation 

strategies is that the fan-induced infiltration is delivered to the house unevenly from around the 

building envelope, resulting in a non-uniform distribution of fresh air among the dry rooms. In 

the case of the room-based ventilation strategy, the ventilation airflow from each RVU is fixed 

and can be set according to the required design conditions of the room, attempting to provide a 

constant ACH and improve the IAQ. On the other hand, RVUs need more frequent maintenance 

and can be negatively affected by high pressure differences across the building envelope. 

Moreover, fan noise generated by RVUs can potentially create acoustic discomfort based on 

the proximity to the occupants. Ultimately, the choice of the ventilation system is a balance 

between overall performance, limitations during installation, ease of use, financial aspects as 

well as local regulations. In several European countries, central mechanical ventilation with 

heat recovery (MVHR) is a common ventilation strategy. Compared to MVHR, the main 

advantage of RVUs could be considered the room-based demand control ventilation, which the 

central system cannot achieve, but this comparison is not employed here and should be 

investigated in future research.  

 

5 CONCLUSIONS 

 

This study showed that RVUs with heat recovery and constant airflows can provide 

considerable energy savings for heating compared to exhaust-only ventilation strategies. The 

results showed 61-85% reduction in energy needs for heating compared to Constant-MEV and 

44-75% savings compared to RH-MEV. Due to the incorporated heat recovery, RVUs provide 

higher supply air temperatures in the heated spaces which may minimize the risks of thermal 

discomfort during winter periods with low outdoor air temperatures. Results showed that for 

the exhaust-only ventilation strategies the supplied air temperature in the heated spaces was 

below 16ºC for more than 88% of the simulated period, while the temperature of air supplied 

from RVUs was above 16ºC for more than 93% of the time. The RH-MEV strategy showed 30-
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41% savings in heating compared to Constant-MEV; results that are consistent with the 

literature for humidity-controlled ventilation in France. However, the CO2 concentration levels 

for RH-MEV were considerably higher due to the restricted airflows when indoor RH% is low. 
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ABSTRACT 

 
This study aims to develop and evaluate an advanced control method for acceptable indoor air quality 

(e.g., particulate matter and CO2) with low energy consumption in a residential space. A ventilation system, an air 

purifier, and a kitchen hood system are installed in the testbed to maintain a healthy IAQ. To accomplish the 

objective, we use a double deep Q-network (DDQN) which is one of the reinforcement learning. This study utilizes 

a co-simulation platform with EnergyPlus and Python. The optimal control model was trained for 5 days to 

represent various outdoor conditions and indoor living contexts in residential buildings by introducing emission 

rates of the indoor fine particles according to occupant’s activities. The evaluation of the suggested optimal control 

was performed by comparison with a simple on/off method for environmental devices. As a result, the DDQN 

control showed an improvement of 2.5% (PM 2.5) and 0.6% (CO2) of healthy air ratio while reducing 45.5% of 

energy consumption. 

 

KEYWORDS 
 

Reinforcement learning, Integrated control scheme, Indoor air quality, Ventilation, Double deep Q-network  

 

1 INTRODUCTION 

 

As most people in developed nations spend more than 90% of their time indoors, indoor air 

quality (IAQ) has an important role in and a huge impact on protecting occupants’ health, 

morale, working efficiency, productivity, and satisfaction. We can use a ventilation system, an 

air purifier, and a kitchen hood, etc. in a residential environment to improve and maintain 

acceptable IAQ (PM 2.5 and CO2). Earlier studies showed control methods for environmental 

devices, which could maintain favourable conditions in terms of IAQ (Kim et al., 2020). 

However, this method used a simple on/off control to maintain the indoor concentration of fine 

particulates (PM 2.5) and CO2 within a defined upper limit. This simple control method can 

cause inefficient building operation because it does not reflect the changes of indoor–outdoor 

environmental conditions, the operation status of the environmental devices, and occupants’ 

activities. To overcome these limitations, we suggested a new advanced control method with a 

double deep Q-network (DDQN), which uses a data-driven approach to find the optimal control 

of several environmental control devices to maintain IAQ with low energy consumption. 

 

2 INDOOR AIR QUALITY GUIDELINES 

 

Pollutants affecting IAQ can be divided into 15 substances such as carbon dioxide, carbon 

monoxide, formaldehyde, radon, ozone, and particulate matter (Jones, 1999). In this study, 

particulate matters and CO2 were used as IAQ indicators. The guideline for particulate matters 

varies according to the institutions and countries. As shown in Table 1, to maintain healthy IAQ, 

the US Environmental Protection Agency (EPA) suggests that PM 10 should be under 
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150µg/m3 and PM 2.5 is under 35µg/m3 on the 24-hour average (US. EPA, 2013). Also, the 

World Health Organization (WHO) suggests that PM 10 is under 50µg/m3 and PM 2.5 is under 

25µg/m3 on the 24-hour average (WHO, 2005). In this study, we set a limitation of indoor 

particulate matter as 25 µg/m3 for PM 2.5 to satisfy both guidelines. 

 

Table 1: Guidelines for indoor particulate matter 

Institution PM 10 PM 2.5 

US EPA ≤150μg/m3 ≤35μg/m3 

WHO ≤50μg/m3 ≤25μg/m3 

 

The acceptable level of indoor CO2 concentration varies from 700 ppm to 5000 ppm depending 

on the country, standards, buildings, and standards (Lowther et al., 2021). As shown in Table 

2, our study selects 1000 ppm as an acceptable level of indoor CO2 concentration, because this 

value has no adverse effect on the occupant’s health and serves as a standard for adequate 

ventilation of the room.  

 

Table 2: Guidelines of indoor CO2 concentrations 

CO2 Guideline 

concentration 
Country Standard Description 

1000ppm 

UK British Standard (BS EN 16798-1:2019) 

Good indoor air quality 

(residential and non-

residential) 

US 
US EPA Facilities Manual Vol 2: Architecture 

and Engineering Guidelines 
8 h average 

China 
GB/T 18883-2002, Indoor air quality standard. 

Standards Press of China 

24 h average (0.1% CO2 

= 1000 ppm) 

Korea 

Korea Occupational Safety and Health Agency 

(KOSHA), Guideline development for evaluation 

and management of office air quality (II) 

8 h average (office) 

 

3 INDOOR AIR QUALITY CONTROL ALGORITHM 

 

3.1 Rule-based control scheme  

 

Figure 1 is a flowchart of a control scheme including indoor particulate matter and CO2 

guidelines to maintain acceptable IAQ. The control scheme uses the simple on/off method based 

on an upper limit of indoor PM 2.5 and CO2 concentrations. When indoor CO2 concentration 

exceeds the acceptable level (1000 ppm), the ventilation system is operated to decrease the 

indoor CO2 concentration. The rule-based control scheme operates the ventilation system, air 

purifier, and kitchen hood to remove indoor particulate matter when indoor PM 2.5 

concentration exceeds the acceptable level of 25µg/m3. Finally, if both concentrations of CO2 

and PM 2.5 satisfy the criteria, all environmental devices are turned off.  

 

3.2 Advanced optimal control (Double Deep Q-network) 

 

The indoor environment is affected by various influencing factors, such as outdoor conditions, 

the operation status of indoor environmental devices, occupants’ activities, and many others 

(Frontczak and Wargocki, 2011). However, simple rule-based control cannot reflect the 

complexity of influencing factors (Shaikh et al., 2014). To overcome this limitation, we 

developed an optimal control by employing Double Deep Q-network (DDQN).  

DDQN is derived from Deep Q-network (DQN). DQN combines reinforcement learning with 
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Figure 1: Flowchart of the rule-based control scheme 

 

a class of artificial neural networks known as deep neural networks. The Q-network is updated 

to minimize the mean square error with maximum value from the target Q-network by using 

Equation (1). 

 

 L��θ�� �  �	�r � γ max�� ��s�, a�; θ��� � ��s, a; θ����� (1) 

 

However, DQN were found to overestimate the action value, leading to poorer policies (Van 

Hasselt, 2011). To overcome this limitation, van Hasselt et al. proposed the DDQN algorithm 

(Van Hasslet, Guez, and Silver, 2016). In DDQN, the current Q-network is used to select the 

next greedy action, and the target network evaluates the selected action. The loss function of 

DDQN can be described by Equation (2).  

 

 L��θ�� �  �	�r � γ��s�, arg max�� ��s�, a�; θ��� � ��s, a; θ���� � (2) 

 

To train optimal control by employing DDQN, we selected states, actions, and rewards as 

shown in Table 3. In this study, 12 states were selected to describe the indoor environment, 

outdoor environment, occupant’s activities, and the operation statuses of indoor environmental 

devices. We could select the control action for the ventilation system, the air purifier, and the 

kitchen hood. There are 4 possible actions for the ventilation system and the air purifier, and 

three for the kitchen hood.  

 

Table 3: State, actions, reward for DDQN 

State Action(m3/min) Reward 

Date(-) 
Ventilation 

system 

(flowrates) 

0, 2.5, 3.4, 4.2 

rEC, Energy consumption (kWh) 

 

rPM, Indoor concentration of PM 

2.5(μg/m3) 

 

rCO2, Indoor concentration of CO2 (ppm) 

Time(-) 

Occupancy activity(-) 

Outdoor concentration of PM 2.5(μg/m3) 

Indoor concentration of PM 2.5(μg/m3) 

Air purifier 

(flowrates) 
0, 2.5, 3.2, 4.8 

Emission rate of PM 2.5(μg/min) 

Outdoor concentration of CO2(ppm) 

Indoor concentration of CO2(ppm) 

Emission rate of CO2(m3/s) 

Kitchen hood 

(flowrates) 
0, 2.7, 3.3 

Air flow rate of ventilation 

system(m3/min) 

Air flow rate of kitchen hood(m3/min) 

Air flow rate of air purifier(m3/min) 
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As shown in Equation (3), three reward factors, rEC, rPM and rCO2, are used to consider IAQ and 

energy consumption at the same time. Equations (4) and (5) represent the rewards for indoor 

concentration of PM 2.5 and CO2. If each IAQ factor is below an acceptable level, a positive 

reward of 1 is provided because healthy IAQ was achieved. On the contrary, when an each IAQ 

factor is over the acceptable level, a reward of −1 is provided to impose a penalty. The reward 

for energy consumption (rec) includes the electrical energy used by the ventilation system, air 

purifier, and kitchen hood. This reward is provided as a penalty in r'  to minimize energy 

consumption.  

 

 rt= rEC + rPM + rCO2 (3) 

 

 rPM= (�1 *+ ,-.//0 12 2.5 5/-56-7087,/- ,9 :6;/< 25μg/m?  
�1 *+ ,-.//0 12 2.5 5/-56-7087,/- ,9 /@60 25μg/m?  (4) 

 

 rCO2= (�1 *+ ,-.//0 AB� 5/-56-7087,/- ,9 :6;/< 1000 ppm  
�1 *+ ,-.//0 AB� 5/-56-7087,/- ,9 /@60 1000 ppm  (5) 

 

The timestep for the EnergyPlus simulation was set to 60 per hour or one-minute steps. This 

means 1440 simulations were performed on EnergyPlus per one day. In this study, EnergyPlus 

running for five days was regarded as one episode, and 3000 episodes were iterated to explore 

the optimal DDQN policy.  

 

4 METHOES 

 

4.1 Building Integrated Control Testbed (BICT) 

 

In this study, a simulation model was created for the building-integrated control testbed (BICT) 

at Dankook University in Yongin, Korea. The BICT is an experimental chamber that consists 

of an air conditioner, a ventilation system, an air purifier, a kitchen hood, a humidifier, various 

sensors to monitor the indoor and outdoor environmental conditions, and meters to measure 

energy consumption as well. The exterior of the BICT and environmental control devices are 

shown in Figure 2. Table 4 shows the construction and configuration of the BICT, along with 

detailed information on the environmental control systems. 

 
 

 

Figure 2: Floor plan of the BICT and indoor environmental control devices. 
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Table 4: Virtual testing system configurations 

BICT 

Envelope 

Size 4.0 m × 5.0 m × 2.4 m 

Materials 

Laminate floor on concrete and urethane layers 

Urethane panel with gypsum lapping 

Double-glazed window with 5 mm glass panes and 5 mm air cavity 

Environmental 

Control Systems 

Ventilation system 

Supply airflow rate(Max flow rate) 0.07 m3/s 

Exhaust airflow rate(Max flow rate) 0.07 m3/s 

Rated power 400 W 

Air purifier 
Clean airflow rate(Max flow rate) 0.08 m3/s 

Rated power 30W 

Kitchen hood 
Exhaust airflow rate(Max flow rate) 0.06 m3/s 

Rated power 50W 

 

4.2 Co-simulation platform 

 

As shown in Figure 3, the suggested control algorithms were constructed and evaluated in a co-

simulation platform between the EnergyPlus and the Python. The EnergyPlus was utilized to 

simulate indoor CO2 concentrations and energy consumptions according to occupancy activities 

and the operation statues of the ventilation system and the kitchen hood. However, there is no 

module to simulate the concentrations of indoor particulate matters in the EnergyPlus. Thus, 

the Nazaroff equation was implemented using the python language to calculate the 

concentrations of indoor particulate matters. The Python module ‘eppy’ was utilized to connect 

the control actions for the DDQN algorithm and the EnergyPlus building simulation program 

(Philip, 2019). Also, the DDQN was implemented on the library Keras. When the current state 

values simulated from the EnergyPlus are transferred to the Python, the DDQN factors derive 

the optimal control actions that satisfies IAQ with low-energy consumption based on the input 

state. 

 

 

Figure 3: Co-simulation platform with EnergyPlus and Python 

 

4.3 Dynamics of Indoor Particulate Matters 

 

In this study, we utilized an indoor particle dynamic to calculate indoor particulate 

concentration as shown below (Nazaroff, 2014).  

 

 d�C�V�/dt � E � CH	QJ�1 � ηL � QM � QNP�� � C�	QOηO � βV � �QJ � QM � QN � QQ��  (6) 

 

The equation (6) is to calculate indoor concentrations of fine particulate in an enclosed space.  

In this equation, the E(µg/min) is an emission rate of indoor fine particulates. The emission rate 
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varies widely according to occupancy activities; thus, two typical behaviors have been selected 

in this study to calculate indoor fine particulate concentrations: Vacuuming, and Cooking 

(Oven/Grilled/Fried). V(m3) is the volume of the room. Co (µg/m3) is an outdoor air 

concentration of the particulate matter. An outdoor particulate matter enters the room by three 

pathways: mechanical supply, Qs (m
3/min); natural ventilation, QN (m3/min); and infiltration, 

QL (m3/min).  ηS is a filter efficiency which located in mechanical supply path. QF and QH 

(m3/min) are an additional flow path. In this study, QF is flow rate of an air purifier which passes 

through filter with efficiency ηF, and QH is exhaust air from the room by kitchen hood. P(-) is a 

fraction of particles in the infiltration flow path. Finally, β(-) is the deposition rate onto the 

room surfaces. Table 5 shows the selected values of each parameter in our study for calculation 

of fine particulate concentrations. We studied references to set the value of emission rates(E) 

(He et al., 2004; Hu et al., 2012), fraction of particles(P) and deposition rate(β) (Kim, 2018). 

Other values were acquired directly from the BICT. 

 

Table 5: Input value for concentration of fine particulate (PM 2.5) 

E(µg/min) 
V 

(m3) 

CO 

(µg/m3) 

QS 

(m3 

/min) 

ηS 

(-) 

QF 

(m3/

min) 

ηF 

(-) 

QH 

(m3 

/min) 

QN 

(m3 

/min) 

QL 

(m3 

/min) 

P 

(-) 

β 

(min-1) 

Vacuuming 70 

68 

6μg/m3 

~  

235 

μg/m3 

4.2 
0.

9 
4.8 0.9 2.4 0 0.56 

0.

7 
0.0067 

Coo

king 

Oven 10 

Grilled 283 

Fried 1483 

Others 0 

 

4.4 Occupant’s activities 

 

In this study, the occupant’s activities were divided into seven categories (sleep, resting, 

cooking (oven, grilled, fried), eating, vacuuming, working, exercising) considering the 

emission rates of particulate matters and CO2 concentrations for each activity. Table 6 shows 

the emission rates of PM 2.5 and CO2 concentrations based on the occupant’s activity (He et 

al., 2004; Hu et al., 2012; U.S. DOE., 2019). The occurrence and duration time of each 

occupant’s activity was studied from literature. This study set the occupancy schedules from 

the ICATUS 2016 report (United Nations Statics Division, 2017) and the Time use survey 2019 

(Statics Korea, 2020). Figure 4 shows the emission rate of PM 2.5 and CO2 concentrations 

based on the occupant’s activities. 

 

 

Figure 4: Occurrence and duration time of occupancy activities 
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Table 6: Emission rate of PM 2.5 and CO2 concentrations according to occupant’s activities 

 Sleeping Exercise Vacuuming 
Cooking 

Eating Rest Work 
Oven Grilled Fried 

PM 

2.5 

Emission rate of PM 

2.5 (㎍/min) 
0 0 70 10 283 1483 0 0 0 

CO2 

Number of people (-) 1 

Activity level (W) 72 423 360 207 108 108 117 

Emission rate of CO2 

(m3/s) 
1.65e-4 9.69e-4 8.25e-4 4.07e-4 

2.47 

e-4 

1.86

e-4 

2.68 

e-4 

 

5 RESULTS 

 

The results from the suggested advanced optimal control using the DDQN algorithm could be 

compared to the rule-based approach in terms of energy consumption (kWh), and healthy air 

ratio (%) of PM 2.5 and CO2. Total energy consumption is the sum of energy consumption of 

the ventilation system, the air purifier, and the kitchen hood. Like as equation (7), the healthy 

air ratio is defined as the ratio of the time duration under the acceptable level of PM 2.5 and 

CO2 to the reference time duration (5 days).  

 

 Healthy air ratio (%) = 
RST�'�UV SVWXT �YYXZ'�[\X \X]X\ �^_ �.`, aHb� �V c�VS'XL 

�`×�e×fg� c�VS'X  (7) 

 

Table 7:  Comparison of Rule-based control and DDQN 

Evaluation factor Rule-based control  DDQN* Improvement 

Energy 

consumption 

(kWh) 

Ventilation system 1.15 0.15(±0.06) -1.00 

Air purifier 0.25 0.50(±0.02) +0.25 

Kitchen hood 0.33 0.37(±0.08) +0.04 

Total 1.73 1.02(±0.13) -0.71 

Healthy air 

ratio 

(%) 

PM 2.5 93.1 95.6(±0.09) +2.5 

CO2 99.3 99.9(±0.08) +0.6 

*Performance of DDQN expressed as averaged value(±std) of last 50 episodes.  

 

 

Table 7 expresses the performance of the suggested advanced optimal control as the average 

value of the last 50 episodes in DDQN learning. In terms of energy consumption, the total 

energy consumption of the suggested control was 1.02 kWh, which is 45.5% lower than the 

energy consumption from the rule-based control scheme (1.73 kWh). More specifically, in the 

case of DDQN, the air purifier and the kitchen hood consumed slightly more energy (the air 

purifier: 0.25 kWh, the kitchen hood: 0.04 kWh) than the rule-based control scheme. However, 

this increase was offset by the decreased energy consumption of the ventilation system. In the 

operation of the ventilation system, the optimal control consumed 64.1% less energy than the 

rule-based control scheme. This operation showed the advanced optimal control reflected the 

ventilation system’s characteristics that consumes relatively high energy compared to the air 

purifier and kitchen hood. In other words, as shown (a) in Figure 5, the advanced optimal 

control only operated the ventilation system when occupancy activity with high emission rates 

of PM 2.5 and CO2 concentrations such as cooking and exercising. The decrease in removal of 

PM 2.5 due to a reduction in operating time of the ventilation system was offset by increasing 

the operation of the air purifier and the kitchen hood as shown in (b) and (c) in Figure 5. This 

shows that the DDQN control learned the availability of operating the indoor environmental 

devices according to the indoor and outdoor environment and occupancy activity to reduce total 

energy consumption. 
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Figure 5: Concentrations of PM2.5, CO2 and environmental device operation status 
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The healthy air ratio (PM 2.5) of the advanced optimal control was 95.6%, which was 2.5% 

higher than the rule-based control scheme. In the rule-based control, the indoor concentration 

of PM 2.5 was maintained above the acceptable level because the ventilation system, air 

purifier, and kitchen hood were operated after exceeding the acceptable level, 25μg/m3. This 

inefficient operation of the rule-based control scheme could be shown on day 4 to day 5 like as 

(d) and (e) in Figure 5, which is outdoor particulate matter concentration was very unhealthy. 

On the contrary, optimal control operated environmental devices before the indoor 

concentration of PM 2.5 exceeds the upper limit of the acceptable level as shown in the figure, 

and this efficient operation led to an increase in the healthy air ratio of PM 2.5. However, both 

the DDQN and the rule-based control scheme were not able to maintain the acceptable level of 

PM 2.5 when the occupant generated a large amount of particulate matters such as cooking 

(Fried) as shown in (f) in Figure 5. This result provide evidence this residential space needs 

additional measures (e.g., opening windows, installation of high-efficiency filters, etc.) to 

maintain appropriate IAQ.  

The healthy air ratio (CO2) of the DDQN control was 99.9%, which was 0.6% higher compared 

to control scheme. As shown in Figure 5, the indoor CO2 concentrations exceeded the 

acceptable level (1000 ppm) when the occupant’s activity level was high, such as cleaning and 

exercising as shown in (g) in Figure 5. The DDQN control showed an improved healthy air 

ratio compared to the rule-based control scheme by operating the ventilation system before the 

indoor concentration of CO2 exceeds the upper limit of the acceptable CO2 level.  

 

6 CONCLUSION 

 

In this study, we proposed an advanced optimal control algorithm based on reinforcement 

learning to maintain healthy IAQ with low energy consumption. In terms of energy 

consumption, the DDQN control showed a 45.5% reduction compared to the rule-based control 

scheme. This is because the DDQN control actively uses the air purifier and the kitchen hood 

that consume relatively lower energy compared to the ventilation system. In terms of healthy 

air ratio, the DDQN control showed improved performance by 2.5% at PM 2.5. This study 

showed that the advanced control with reinforcement learning could reflected the indoor-

outdoor environmental conditions, the operation status of the environmental control devices, 

and occupant’s activities. The suggested approach could be used to maintain acceptable IAQ 

while reducing energy consumptions in residential buildings. 
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ABSTRACT 
Building designs to be in line with energy efficient and carbon reduction goals, often focus on energy efficient 

techniques like high insulation, airtightness. However, these buildings are often subjected to overheating risks due 

to unforeseeable events like frequent heatwaves and power outages even in moderate climate zones like Belgium. 

Overheating risks in residential buildings have negative impact on the health of the building occupants (especially 

on the vulnerable occupants like elderly, infants and sick persons), causing sleep deprivation, heat stress and even 

mortality. In future climate scenarios, measures to reduce overheating risk in buildings while limiting the energy 

use of space cooling are gaining importance. This calls for a new design approach where thermal resilience (ability 

of the building and system to withstand shocks, adapt and maintain its normal function) is taken into account. The 

focus of this research is to evaluate existing resilience indicators (thermal autonomy, passive survivability, 

absorptive capacity, recovery capacities, etc.) for a typical Belgian apartment, by dynamic Building Energy 

Simulations (BES). A parametric study was conducted by implementing passive (night cooling) and active cooling 

technologies (air conditioning) and by changing building parameters (glazing ratio and shading) to check which 

building parameters and passive cooling strategies have the biggest impact on the overheating risk. Thermal 

resilience will be evaluated by subjecting the case study building to different shocks like heat waves (varying 

intensity, duration and severity) and power outages (varying duration and time of occurrence). The heatwave files, 

used for the BES are developed adopting the methodology of the ‘Weather Data Task Force of IEA EBC Annex 

80 “Resilient Cooling of Buildings”. Finally, the evaluation of the thermal resilience for different shocks 

(heatwaves, power outages etc.), will indicate the most influencing design parameters (system’s + building’s) 
contributing to the resilience to overheating. Results show that the recovery time of the apartment building is 

shortened from more than 2 weeks to 28 hours during an intense heatwave. Implementing solar shading can 

improve the thermal comfort during an intense heatwave by approximately 30% of the occupied hours. When 

changing the window-to-wall ratio in combination with night cooling, it was found important to find a balance 

between window opening and solar heat gains.  

 

KEYWORDS 
 
Climate change, Heat waves, Power outages, Overheating risk, Resilience to overheating 

 

1 INTRODUCTION 

Human activity has caused the global annual average temperature to rise with 1.1°C. In the 

Glasgow climate pact, there was decided to try to limit this increase to 1.5°C. This will ask for 

a big effort (UNFCCC, 2021). In Belgium the annual average temperature has already risen 

with 2.1°C (KMI, 2020). In the future heatwaves will become more frequent. The heatwaves 

will also become more intense, longer and more severe (Berk et al., 2021). There will be an 

increase in cooling demand because of the increase in the outdoor mean air temperature and the 

higher number of heatwaves. Energy use for cooling accounted in 2018 for approximately 20% 
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of the total energy use worldwide. According to the IEA, this could triple by 2050, if no 

measures are taken (International Energy Agency, 2018). During future heatwaves, the cooling 

load will be even higher, which will result in a higher electricity demand. When the peak 

demand exceeds the capacity of the electricity network, power outages will occur (Wang et al., 

2021). To fight climate change the focus is currently put on an energy efficient and airtight 

building design. This causes a bigger risk to overheating during heatwaves (Zhang et al., 2021). 

Overheating risks in residential buildings have negative impact on the health of the building 

occupants (especially on the vulnerable occupants like elderly, infants and sick persons), 

causing sleep deprivation, heat stress and even mortality (Laouadi et al., 2021). In future climate 

scenarios, measures to reduce overheating risk in buildings while limiting the energy use of 

space cooling are gaining importance. This calls for a new design approach where thermal 

resilience is taken in to account (Zhang et al., 2021). Thermal resilience is the capacity of a 

building to not only withstand, but also recover from a shock (Moazami et al., 2019). 

This study aims to evaluate the impact of existing building designs and passive strategies on 

the overheating risks in buildings. The thermal resilience to overheating of the building and 

passive and active cooling strategies (night cooling and air conditioning) will be tested in a 

parametric study varying building parameters (solar shading and window-to-wall ratio) during 

shocks such as heatwaves and power outages.  

 

2 METHODOLOGY 

2.1 Case Study Building 

The Open Studio Model is base of an exiting apartment building in Aalst (Belgium) (see Figure 

1). The apartment is South-East oriented. The U-value of the external walls is 0,17 W/m²K. The 

window-to-wall ratio is 40,86% (East) and 32,34% (South). The U-value of the windows is 1,0 

W/m²K. External solar shading with a solar reflectance of 0.37 is implemented for all windows, 

to provide shading when the direct radiation on the window is above 250 W/m².  

 

Figure 1: Floorplan indicating thermal zones 

Table 1: Thermal Zone Description 

Thermal Zone Type Total floor area (m²) Ventilation flow (m³/h) 

Zone 1 Living and Kitchen 44,04 125 (supply and extract) 

Zone 2 Bedroom 18,13 75 (supply) 

Zone 3 Bathroom 7,51 50 (extract) 

Zone 4 Storage 3,21 50 (extract) 

Zone 5 Bathroom 5,41 75 (extract) 

Zone 6 Corridor 11,09 / 

Zone 7 Bedroom 10,1 75 (supply) 
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The thermal mass is classified as heavy. There is a ventilation type D with heat recovery. The 

ventilation rates were calculated according to the (Flemish) EPB-directive (NBN, 2005). There 

is currently no cooling technology in the apartment building. The apartment is designed for 3 

people. The occupancy level in the building is divided into a weekday and weekend profile 

(Figure 2). Two people are at work from 8h30 to 18h from Monday to Friday. One person goes 

to school from 8h30 to 16h from Monday to Friday.  

 

 

Figure 2: Occupancy Schedule 

2.1.1 Cooling strategy and Control system 

The night cooling is implemented in Open Studio using the element 

‘OS:ZoneVentilation:WindandStackOpenArea.’ The opening windows are located in zones 1, 

2 and 7, in the east facing and south facing facades. The windows open in tilt stand. The window 

opening is calculated according to (Van Paassen A H C, Liem S H, 1998) using the window 

area, height and opening angle. 

The night cooling is activated if all of following conditions are fulfilled (Vanvalckenborgh & 

Decrock, 2017):  

• Between April 1st and October 31st; 

• Between 10 pm and 6 am; 

• Indoor temperature >20°C; 

• Outdoor temperature >12°C; 

• Temperature difference between indoor and outdoor >2°C; 

• Wind speed < 10m/s; 

 

The air conditioning is an air-to-air heat pump. It is implemented in open studio by adding the 

element OS:ZoneHVAC:PackagedTerminalAirConditioner to thermal zones 1, 2 and 7. The 

air conditioning is based on an existing unit from Midea type MSMBAU-09HRFN1. It has a 

cooling capacity of 2,6 kW. The setpoint temperature is 24°C. The unit is continuously 

available during the heatwave. Data that was not specified in the Midea brochure were set 

according to the recommendations on the BigLadderSoftware website (Big Ladder Software, 

n.d.). 

 

2.2 Building Energy Simulation and parametric study 

To analyse the thermal resilience, hourly Building Energy Simulations were performed using 

Open Studio. A parametric study was conducted.  

An overview of the methodology is given in Figure 3. In a first step, the standard model is 

subjected to the typical weather data (Scenario A). The results are used as reference data, this 

is the base case scenario. The standard model is also submitted to two different shock scenarios: 

(scenario B) a heatwave and (scenario C) the combination of a 24-hour power outage and 
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heatwave. In the 2nd step, night cooling is implemented. During the 3rd step, different building 

parameters are changed. This study was limited to change two building parameters, namely the 

solar shading (implemented or not) and the WWR (30% and 50%). 

 

Figure 3: Flowchart Methodology 

2.2.1 Resilience Scenarios  

Table 2 gives an overview of the parameter variations for this study. Scenarios 1A to 6A occur 

during typical weather data. The simulation is run during the cooling season (from April 1st 

until September 30th). Scenarios 1B to 6B during the most intense heatwave in the midterm 

future and scenarios 1C to 5C during a combination of the heatwave with a power outage. The 

power outage starts at 9 am on the hottest day of the heatwave and continues for 24 hours. 

During the power outage, a solar shading failure is assumed. During the heatwave scenarios (B 

and C) simulation are run during the heatwave period, two weeks before and two weeks after 

the heatwave. Testing the air conditioning during the combination of heatwave and power 

outage and the impact of building parameters on this cooling technology is not in the scope of 

this study.  

Table 2: Resilience Scenarios 

Shock Scenario Cooling Technology Building Parameter  Scenario 

Typical weather data 

/ / 1A 

Night Cooling 

/ 2A 

No Solar shading 3A 

WWR 30% 4A 

WWR 50% 5A 

Air conditioning / 6A 

Heatwave (Midterm Most 

Intense) 

/ / 1B 

Night Cooling 

/ 2B 

No Solar shading 3B 

WWR 30% 4B 

WWR 50% 5B 

Air conditioning / 6B 

Heatwave (Midterm Most 

Intense) + Power Outage 

(24h) 

/ / 1C 

Night Cooling 

/ 2C 

No Solar shading 3C 

WWR 30% 4C 

WWR 50% 5C 

 

2.2.2 Weather data and heatwave 

The typical weather data as well as the weather data for the heatwave was developed according 

to the methodology of the “Annex 80 Weather Data Task Force” (Berk et al., 2021). The typical 

weather data consist of a combination of the weather data between the years 2000 and 2020. In 

Belgium a heatwave is officially declared when the maximum temperature is above 25°C for at 

Step 1: 

Defining Shocks

•Typical weather data (Benchmarking)

•Heatwave

•Combination Power outage and 
Heatwave

Step 2: 

Cooling 
technology

•Night cooling

•Air conditioning 

Step 3:

Building 
Parameters

•Solar 
Shading

•WWR

539 | P a g e



least five consecutive days and is above 30°C during at least three of these days (KMI, 2020). 

The most intense heatwave in the midterm future has been chosen for this study. According to 

simulations (Berk et al., 2021), this heatwave occurs from June 29th 2043 to July 4th 2043. 

 

2.3 Evaluation of thermal comfort and thermal resilience 

The parameters that were used in this study to evaluate the thermal resilience are: 

• Thermal comfort: the % of occupied hours when the operative temperature is above 

25°C, 26°C and 28°C. 5% is considered as acceptable and 3% as good according to 

Method A as described in Annex F of the EN 15251 (Olesen, 2012) 

• Unmet Degree Hour (UDH): sum of ∆𝜃𝑖 per hour over the analysed period. ∆𝜃𝑖 is the 

amount of degrees that 25°C was exceeded (Sun et al., 2021). 

Remark: the UDH of scenario B and C can be compared, but scenario A has a 

different duration, so comparing the UDH will not be possible.  

• Recovery time: the amount of hours that the apartment needs to recover, counted from 

the moment were the maximum operative temperature is reached until it drops beneath 

25°C (Zhang et al., 2021).  

 

3 RESULTS 

3.1 Base case scenario (Scenario A) and Determining Most Critical Zone 

In the first simulation, the standard model is simulated during the typical weather. The thermal 

comfort of zones 1, 2 and 7 are presented in Figure 4. Thermal zone 1 is considered as the most 

critical zone in the apartment. Zone 1 will be further investigated during the remainder of the 

study. From the results in Figure 4 it can be concluded that the thermal comfort of the apartment 

during the typical weather data only acceptable is when using the 28°C threshold, and not 

acceptable when using the thresholds of 25°C and 26°C. A cooling technology will be needed 

to fight overheating.  

 

Figure 4: Thermal Comfort Base Case Scenario 

3.2 Shock scenarios 

In Figure 5 the performance of the standard model during shock scenarios is displayed. During 

the heatwave scenario (scenario B) and with a heatwave and power outage (scenario C), the 

thermal comfort is not acceptable in the standard apartment. The indoor temperature exceeds 

the threshold of 28°C during 100% of the occupied hours in both scenario B and C. The effect 

of the power outage and solar shading failure are clear in the UDH, where the UDH increases 

slightly in scenario C compared to scenario B. The solar heat gains have a considerable 

influence.  
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Figure 5: Results Base case During Shocks 

3.3 Implementing cooling strategy (night cooling) 

Implementing night cooling has a big effect on the thermal comfort and resilience of the 

apartment. The results are displayed in Table 3 and Figure 6. By implementing night cooling, 

the thermal comfort has become good in all shock scenarios if the threshold of 28°C is used. 

When using the threshold of 25°C, the thermal comfort is acceptable during the typical weather 

(scenario 2A) but not acceptable during the heatwave scenarios (2B and 2C). During the 

heatwave scenarios, the thermal comfort did improve, the indoor temperature exceeds 25°C 

during 64% of the occupied hours less than without night cooling. The UDH has also been 

improved by approximately 800 in both heatwave scenarios. The recovery time has improved 

from more than 2 weeks to 28 hours during scenario 2B and 14 hours during scenario 2C.  

During the heatwave, the outside air does not always drop beneath 25°C during the night, this 

results in a recovery time that is longer than 24 hours. 

Table 3: Results Night Cooling 

Scenario Hottest Day 𝜽𝒆,𝒎𝒂𝒙(°C) 𝜽𝒊,𝒎𝒂𝒙 (°C) %>25°C  %>26°C  %>28°C  Recovery Time UDH 

1A 23/07 30,18 29,28 35,45% 21,22% 2,72% / 758,70 

2A 23/06 32,9 26,42 4,53% 0,45% 0,00% / 32,75 

1B 01/07 40,23 31,25 100% 96,11% 51,59% >2 weeks 919,65 

2B 01/07 40,23 27,85 36,40% 18,37% 0,00% 28 hours 107,14 

1C 02/07 30,5 31,23 100% 96,11% 52,30% >2 weeks 936,60 

2C 02/07 30,5 27,40 36,40% 19,43% 0,00% 14 hours 104,75 

 

 

Figure 6: Results Night Cooling 
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3.4 Building Parameters 

3.4.1 Effect of Solar Shading 

The impact of the presence of solar shading in combination with night cooling is simulated, the 

results are displayed in Table 4 and Figure 7. The solar shading has an influence on the 

resilience of the night cooling. Without solar shading the thermal comfort is not acceptable 

(using the threshold of 25°C) during the typical weather data (3A). The UDH without solar 

shading (3A) increases to almost 9 times the UDH during the typical weather scenario with 

solar shading (2A). During the heatwave scenarios (3B and 3C) the removal of the solar shading 

results in an increase the number of occupied hours where the indoor temperature exceeds 25°C 

with approximately 20%. The UDH during these scenarios’ doubles. The recovery time during 

scenario 3B is one hour longer than the same shock with solar shading (2B). This is the case 

because the highest temperature occurs one hour earlier during the scenario without solar 

shading (3B). During the combination of heatwave with power outage, the peak temperature 

occurs 3 hours later when there is no solar shading, this is the case because during the power 

outage there is also a solar shading failure. This results in a decrease of the recovery time with 

3 hours. 

Table 4: Results Night Cooling and Solar Shading 

Scenario Hottest Day 𝜽𝒆,𝒎𝒂𝒙(°C) 𝜽𝒊,𝒎𝒂𝒙 (°C) %>25°C  %>26°C  %>28°C  Recovery Time UDH 
2A 23/06 32,9 26,42 4,53% 0,45% 0,00% / 32,75 

3A 23/06 32,9 28,01 18,05% 6,02% 0,06% / 250,30 

2B 01/07 40,23 27,85 36,40% 18,37% 0,00% 28 hours 107,14 

3B 01/07 40,23 29,17 57,24% 32,51% 5,30% 29 hours 232,83 

2C 02/07 30,5 27,40 36,40% 19,43% 0,00% 14 hours 104,75 

3C 02/07 30,5 28,91 57,24% 32,51% 4,24% 11 hours 226,30 

 

 

Figure 7: Results Night Cooling and Solar Shading 

3.4.2 Effect of WWR 

Changing the WWR was tested in combination with night cooling, the results are shown in 

Table 5 and Figure 8. Both increasing and decreasing the WWR have a negative effect on the 

thermal comfort and UDH. The decrease of the WWR to 30% during the heatwave scenarios 

(4B and 4C) increases the number of occupied hours that the indoor temperature exceeds 25°C 

with 6% to 7%. During the heatwave scenarios (5B and 5C) the increase of the WWR to 50% 

increases the amount of occupied that the indoor temperature exceeds 25°C with approximately 

30%. The UDH changes accordingly. There is not a big effect on the recovery time.  

The reason the thermal comfort is worse with bigger windows is because the solar heat gains 

are higher. The smaller windows result in less solar heat gain, but the window opening is also 

decreased resulting in less ventilation. It will take longer to get the cool outside air inside. A 

good balance between window opening and solar heat gains is needed.  
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Table 5: Results Night Cooling and Change of WWR 

Scenario Hottest Day 𝜽𝒆,𝒎𝒂𝒙(°C) 𝜽𝒊,𝒎𝒂𝒙 (°C) %>25°C  %>26°C  %>28°C  Recovery Time UDH 
2A 23/06 32,9 26,42 4,53% 0,45% 0,00% / 32,75 

4A 23/06 32,9 26,5 5,17% 0,97% 0,00% / 46,52 

5A 23/06 32,9 27,69 14,17% 5,17% 0,00% / 181,40 

2B 01/07 40,23 27,85 36,40% 18,37% 0,00% 28 hours 107,14 

4B 01/07 40,23 28,01 42,76% 21,20% 0,35% 28 hours 124,59 

5B 01/07 40,23 29,42 66,08% 39,22% 6,01% 29 hours 274,94 

2C 02/07 30,5 27,40 36,40% 19,43% 0,00% 14 hours 104,75 

4C 02/07 30,5 27,64 43,11% 21,91% 0,00% 14 hours 125,92 

5C 02/07 30,5 29,61 66,08% 39,58% 7,42% 14 hours 279,67 

 

 

Figure 8: Results Night Cooling and Change of WWR 

 

3.5 Implementing cooling strategy (air conditioning) 

The typical weather data as well as the heatwave are simulated only during the heatwave period, 

and 72 hours before and after the heatwave period. The results are displayed in Table 6 and 

Figure 9. The thermal comfort (25°C) improves by approximately 50% when implementing air 

conditioning during the typical weather data, and by approximately 65% during the heatwave 

scenario. While it seems like the thermal comfort is not yet acceptable and the UDH is still 

quite high when using air conditioning, this is not the case. The hours where the temperature 

exceeds 25°C, are before and after the heatwave period. During this time, the air conditioning 

is not working. As seen in Figure 10, when the air conditioning starts working, the indoor 

temperature drops in less than an hour to the setpoint temperature (24°C) and stays there until 

the unit is shut off.  

Table 6: Results Air conditioning 

Scenario Hottest Day 𝜽𝒆,𝒎𝒂𝒙(°C) 𝜽𝒊,𝒎𝒂𝒙 (°C) %>25°C  %>26°C  %>28°C  Recovery Time UDH 
1A 23/07 30,18 29,28 64,89% 27,66% 0,00% / 55,38 

2A 23/06 32,9 26,42 4,53% 0,45% 0,00% / 32,75 

6A / / / 13,13% 0,00% 0,00% / 5,47 

1B 01/07 40,23 31,25 100% 100% 60,34% < 1 hour 420,39 

2B 01/07 40,23 27,85 36,40% 18,37% 0,00% 28 hours 107,14 

6B / / / 35,32% 20,20% 5,05% < 1 hour 50,63 
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Figure 9: Results air conditioning 

 

Figure 10: Graph Temperature with Air conditioning 

4 CONCLUSIONS 

Night cooling makes the apartment resilient, but the help of another passive cooling technology 

or an active cooling technology will be needed to withstand future heatwaves. The recovery 

time is reduced from more than 2 weeks in both heatwave scenarios to 28 (no power outage) 

and 14 (power outage). During standard weather data there is an improvement of the thermal 

comfort (25°C) with 30% making it acceptable. During the heatwave scenarios there is an 

improvement of the thermal comfort (25°C) with 64%.  

Solar shading has a positive effect on the resilience of the night cooling. When the solar shading 

is removed, the recovery time during the heatwave scenario increases with 1 hour. The thermal 

comfort (25°C) during the standard weather scenario, worsens with 14% and exceeds the 

threshold for an acceptable thermal comfort when the solar shading is removed. Removing the 

solar shading during the heatwave scenario results in double the UDH, and the thermal comfort 

(25°C) worsens with 30%.  

In this case study changing the WWR has a negative impact on the resilience of night cooling. 

Increasing the WWR will result in more solar heat gains, which results in a higher UDH and 

worse thermal comfort. A decrease in WWR will result in lower solar heat gains and a smaller 

window opening. A smaller window opening results in a lower ventilation rate, the apartment 

will need more time to recover.  

Air conditioning can be a solution to help withstand future heatwaves, the recovery time is <1 

hour. But it is recommended to only use this active cooling technology as an additional help to 

withstand future heatwaves. It consumes a lot of electricity, which can result in a power outage 

and puts a strain on the climate.  
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ABSTRACT 

Mitigating the risk of overheating and associated thermal discomfort inside school classrooms is a global concern 
due to its significant impacts on students’ academic performance, health and wellbeing. Thus, rising ambient 
temperatures resulting from climate change can be challenging, especially in low energy schools designed to 
optimise their heating season performance. According to recent studies, many low energy school buildings fail to 
meet comfort standards and experience overheating, resulting in low student productivity and the need for using 
air conditioning systems. The aims of this study were to, firstly, understand and define resilient cooling for low 
energy primary school buildings based on four resilience criteria. Secondly, determine the periods of time during 
the year when classroom environments are vulnerable to overheating and its impacts on students’ academic 
performance (the possibility of overheating risk) and whether ventilative cooling low energy primary schools are 
resistant under extreme future file. To achieve these aims, two classrooms in one recently built ventilative cooling 
low energy primary school in Ireland were modelled using IES-VE. The overheating levels in extreme weather 
conditions were specified based on the number of hours in which classrooms experience overheating when indoor 
air temperatures exceed upper overheating thresholds according to typical overheating standards and thresholds 
that reflect academic performance of primary students. The resistance of the classrooms was assessed based on an 
overheating escalator factor. Findings show that while according to typical overheating standards, the classrooms 
in Cork and Kilkenny are not vulnerable to overheating in future extreme weather conditions, evaluations based 
on the overheating escalation factor and recommended threshold for students’ productivity showed the classrooms 
in Cork and Kilkenny were vulnerable to overheating risk and could not resist it. 

KEYWORDS 

Resilient cooling, Thermal comfort, Primary school, Low energy building, Climate change, Students’ academic 
performance. 

 
1 INTRODUCTION 

Educational buildings form around half of the non-residential buildings in Ireland [1]. Primary 
schools account for the vast majority of these educational buildings [1]. School buildings are 
one of the most demanding types of buildings in terms of occupant comfort requirements due 
to a large number of people spending a significant portion of their daily time inside schools and 
the importance of the students’ learning performance [2]. Climate change could lead to an 
increase in temperature that will significantly affect the indoor thermal environment [3], 
especially in summer and more broadly during the non-heating season [4]. Rising temperatures 
may increase overheating risk, particularly in newly built schools designed based on Nearly 
Zero Energy Building (NZEB) standards, focusing on the airtightness of the building and the 
insulation of its envelope, which optimise their heating season performance [5]. 

Overheating has a well-known negative impact on comfort in schools. It can cause unpleasant 
conditions for the occupants, such as cold and heat stress, leading to increased health risks and 
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a reduction in academic performance [6]. Indoor Environmental Quality (IEQ) and thermal 
comfort are even more important in school buildings, as they are frequented mostly by young 
people, who are negatively impacted by a poor thermal environment [7].  

Low energy buildings frequently use passive cooling strategies; Ventilative Cooling (VC) is 
one of these strategies and VC base systems often complimented by passive intervention 
strategies in schools [8]. This study has adopted the definition of VC from IEA-EBC Annex 62 
[9] and will use the acronym VC+ based on recent definition [10] throughout the paper, where 
the plus refers to the combination of VC and passive interventions. As outlined above and based 
on annex 80 publications [11][12], this study presents a definition of thermal resilience in VC+ 
low energy primary schools against overheating, including four resilience criteria. Furthermore, 
we investigate the vulnerability and resistance of school buildings in future extreme conditions 
of Ireland’s climate by employing dynamic simulation software to evaluate whether VC+ low 
energy school buildings in Ireland resilient against overheating. Two locations were chosen in 
this study, Cork as the original location of base building and Kilkenny as the highest currently 
recognised air temperature (33.3°C) ever recorded in the Republic of Ireland was logged at 
Kilkenny Castle in 1887 [13]. The objective is to determine the ability of the newly built low-
energy school buildings that may not receive significant investment again for 30+ years unless 
there is an identified and urgent need for this[14], to resist climate change impacts. 

1.1 Case Study Building 

The primary school studied was a double-storey building consists of 16-classrooms in Cork, 
Ireland, built in 2020. Classroom 7 (ground floor- eastern orientation) and classroom 11 (first 
floor-southern orientation) were selected as a case study in this study. Classrooms are 
rectangular with approximate dimensions of 7.60×8.00×3.20m (W×L×H), situated side-by-side 
and connected with semi-open corridors, approximately 2m wide. Each classroom has openings 
along its long side, with slight overhangs The window to wall ratio in both classrooms is the 
same at 35%. The school was constructed using concrete blocks. The U-values for floors, walls 
and roofs were measured as 0.21 W/m2K, 0.30 W/m2K and 0.20 W/m2K, respectively. The 
heating for the school buildings is provided by centralised gas boilers, which are delivered 
through a pressurised and temperature-controlled hot water system with a local control system. 
In both classrooms, radiators are installed below the windows. The classrooms are ventilated 
with manual openable windows, with Low-E double glazing. The toilet facilities are located in 
the classroom, and each classroom is equipped with a storage wall, an Information Technology 
(IT) area, and a sink for educational purposes. The occupancy rate was estimated as each 
classroom is 35 students on weekdays from 8 am to 4 pm with two small breaks and lunchtime. 
 
 
1.2 Aims and objectives 

This paper aims to evaluate overheating risks and the ability of existing VC+ low energy 
primary schools in Ireland to resist climate change. This research methodology has three phases: 

 The first phase defines resilient cooling for low energy primary school buildings based 
on four resilience criteria. 

 The second phase assesses the thermal comfort and vulnerability to overheating risk of 
the classrooms based on EN16798-1 and recommended temperature for students’ 
schoolwork under extreme weather files for Cork and Kilkenny. 

 The third phase investigates building resistance to climate change based on Indoor 
Overheating Degree (���), Ambient Warmness Degree (���), and Overheating 
Escalation Factor (�) metrics.  
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2 RESILIENT COOLING DEFINITION 

Considering the general and building-related definitions of “resilience” from the literature, it is 
essential to understand and define resilience in the early stages of building design as well as 
evaluate and adapt designs to incorporate resilient strategies to prevent future “lock-in” of 
vulnerable design approaches [15]. We find that there appears to be a strong focus on using the 
term “resilience” during the last decade. However, the recent study [10] reviewed different 
definitions, metrics and approaches available to quantify indoor thermal resilience. . Therefore, 
this research presents a definition of thermal resilience in VC+ low energy primary schools 
against overheating, including four resilience criteria [16][15][10]: 
 
“A VC+ low energy primary school in Ireland is resilient to climate change (vulnerability) 

when the performance of the ventilative cooling strategy including any complimentary passive 

interventions in the building allows it to withstand indoor comfort disturbances due to 

overheating considering academic performance (resistance) and to be able to adapt its cooling 

capacity in the event of failure (robustness) to mitigate further degradation of indoor thermal 

comfort and the increased need for space cooling energy (recoverability).”  

Regarding the defined definition of resilient cooling by the authors, this study focused on two 
first criteria of resilient cooling definition vulnerability and resistance. 

3 MATERIALS AND METHODS  

In order to address the second and third aims of the study, and based on methodologies used in 
previous studies [7][12], the approach adopted can be divided into four main steps: 

3.1. Monitoring outdoor and indoor air temperature and modelling the school building. 

3.2. Generating climate scenarios for typical and extreme weather conditions. 

3.3. Thermal comfort and vulnerability to overheating risk and its impacts on students’ 

productivity assessment 

3.4. Resistant to overheating risk assessment 

3.1 Monitoring and Modelling 

This study focused on the investigation of outdoor and indoor air temperature to evaluate indoor 
thermal comfort for each classroom during both the heating and non-heating seasons (April to 
September except July and August). The field data measurement of two classrooms, 7 and 11, 
started in April 2021 until the end of June 2021 and September 2021. All rooms were equipped 
with temperature thermostats. The indoor air temperature was monitored using integrated 
temperature sensors, with one on the ground floor and one on the top floor, which was at 1.5m 
above floor level. These sensors had an accuracy of ±0.4 °C. This study used a calibrated 
dynamic thermal model of using Integrated Environmental Solutions-Virtual Environment 
(IES-VE) to assess the thermal comfort vulnerability and resilience levels of VC+ low energy 
school buildings against overheating in Cork and Kilkenny,  Ireland [17]. It should be noted 
that the IES-VE is well-known for its reliability and validity as a tool for evaluating naturally 
ventilated building stock in dynamic conditions [18]. The school building was modelled as a 
base using existing information about the geometry, design and thermal characteristic of the 
used materials (Tables 3.1 and 3.2). Table 3.3 shows the occupancy profile, heating profile and 
window opening profile from April to June and September during working days (Monday to 
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Friday). Furthermore, holidays are considered in the occupancy, heating and windows opening 
profiles. Each classroom has ten windows, four of which cannot be opened, but six windows 
are openable for natural ventilation (Figure 3.1). 
 

Table 3.1. Construction characteristics 

Building Element 
Part L- IRELAND 

U-value (W/m2K) Thickness (mm) 

External Window (including frame) 1.77 24 
Internal Ceiling/ Floor 0.6 325 

Door 3 37 
Ground/ Exposed Floor 0.21 265 

Internal Window (including frame) 3 0 
Internal Partition 1.81 215 

Roof 0.2 420 

 

Table 3.2. Simulated model specifications 

Parameter Units Value 

Construction Standard - Actual details of the building 
NCM Building Area Type - D1: Primary Education 

Heating System - Central Heating Radiator 
Heating Setpoint °C 20 

Internal Gain W General Lighting 45W 
Occupancy density (person) Person 35 

Maximum sensible gain  W/person 65 
Maximum latent gain  W/person 30 

Infiltration  ACR 0.145 
MET rate kcal/ kg×h 1 

Openable Area  % 40 
Max Angle Opening  ° 25 

 
 

 
Figure 3.1. Openable area of each window in classroom 7 (Ground floor) and classroom 11 (First floor) 
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Table 3.3. Occupancy, heating and window operation 

Month Occupancy 

Schedule 

Heating 

Profile 

Windows opening profile Side view of window 

opening profile 

April 8 am-4 pm 8 am-1 pm 2 windows 8 am-4 pm 

 
May 8 am-4 pm 8 am-1 pm 

until 25 May 
2 windows 8 am-4 pm 

 
June 8 am-4 pm Off 2 windows 8 am-4 pm 

 

2 windows 12 am-2 pm 

July Off Off Off  
August Off Off Off  

September 8 am-4 pm 8 am-1 pm 
From 22 Sep 

2 windows 8 am-4 pm 

 

3.1.1. Model Verification 

A detailed thermal model of two classrooms in the primary school building and its operation 
was built in IES-VE, as shown in Figure 3.2. The model was simulated based on the 2021 EPW 
weather file which was generated using Big Ladder software [30] and Cork airport weather data 
[29]. 
 

  
Figure 3.2. 3D views of studied primary school building IES-VE model 

 

In order to evaluate the accuracy of the model, the root mean square error (RMSE), as presents 
in Eq.1, between measured and predicted indoor temperature, was defined for April to 
September [19]. 

                                      ��	
 = �∑ (�����)�����
�                                         Eq.1 

Where P is the predicted and M is measured temperatures at time i, respectively, and n the total 
number of data points. 

To assess the reliability of the model, the study employed the distribution characteristics of the 
prediction error, as presented in Eq.2, the coefficient of variance root mean square error 
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(CVRMSE) [19], in Eq.3, mean absolute error (MAE) [20], in Eq.4, the mean bias error (MBE) 
[21]. 

                                ����	
(%) = ����
� ! 100%                              Eq.2 

 
Where RMSE is calculated for the given period and AM is the average measurement temperature 
during the period 

                                       ��
 = ∑ |�����|����
�                                     Eq.3 

 

                                                  �%
(%) = ∑ (���)�����
∑ ������

 ! 100%                                      Eq.4 

Where P is the predicted and M is measured temperatures at the time i, respectively, and n is 
the total number of data sets. 
 

3.2 Climate Scenarios 

In this study, the typical meteorological year (TMY) and future extreme weather file (2100-10 
years) were generated using Meteonorm (v.8.1.1) for Cork and Kilkenny, Ireland. Notably, the 
TMY refers to the period 2000-2019 for temperature values [22]. Extreme weather files were 
created using the ten-year extreme temperature model and selecting the worst-case IPCC 
scenario (A2). Initially, climates were analysed for each location using extreme ten-year 2100. 
Simulations were conducted using the extreme weather files for Cork and Kilkenny, as shown 
in Figure 3.3. 

 

Figure 3.3. Comparison of hourly outside air temperature based on TMY and extreme (2100-10 years) weather files in Cork 

(left-side) and Kilkenny (right–side) 

 

3.3 Thermal Comfort and Vulnerability Assessment 

Thermal comfort category descriptions used in BS EN 15251 [23] and EN16798-1 [24] are also 
used in the Building Bulletin 101: Guidelines on ventilation, thermal comfort and indoor air 
quality in schools. Previous studies used the optimal comfort temperature Tc in EN15251 and 
EN16798-1, as shown in Eq.5 [25]. Categories of comfort are typically determined with varying 
category range limits for those with a normal level of expectation (±3, Category II) and special 
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cases or those with a high level of expectation (±2, Category I). However, in the recent revision 
of EN15251 (EN16798-1), the low limits were changed, which led to an asymmetric range (i.e. 
+3–4) [26]. 

 
                                 '( = 0.33 ! '+, + 18.8 ± '01,                            Eq.5 

 
Where Tc is optimal comfort temperature, Trm is running mean temperature and Tlim is category 
range limit of comfort. This study, in order to assess the vulnerability of classrooms based on 
optimal comfort temperature (Eq.5), used overheating criteria in EN16798-1 with a high level 
of expectation (±2, Category I) recommended for young children [24], based on the simulated 
operative temperature (To) exceeding the values shown in Eq.6: 

                                         '2 > 0.33 ! '45 + 18.8 + 2                                 Eq.6 

Where To is operative temperature and Trm is running mean temperature. According to another 
study [27] on the children’s performance at tasks resembling typical schoolwork, it was reported 
that the performance of two arithmetical and two language-based tests when the temperature 
was reduced to 20 °C improved significantly. In order to determine how overheating affects 
primary students' academic performance in classrooms under extreme future weather file, the 
temperature at which high performance occurs (20 °C) [28] is also evaluated in this study. 
 

3.4 Resistant Assessment  

Based on the literature review [11][12], the resilience assessment method in this study consists 
of three metrics called Indoor Overheating Degree (���), Ambient Warmness Degree (���), 
and Overheating Escalation Factor (�) [29]. ���, as shown in Eq.7, quantifies the severity and 
frequency of indoor overheating risk. 

                          ��� = ∑ ∑ 7(89:,�,<�8=>,�,?=@9,<)A!B�,<CD=?? (<)
���<<��

∑ ∑ B�,<
D=?? (<)
���<<��

                      Eq.7 

Where E is the time step, 1 is occupied hour counter, F is total building zones, GHII is the total 
number of occupied hours, 'J+,1,K is the free-running indoor operative temperature in zone K at 
time step 1 [℃], 'op,i,IH,J,K is the comfort temperature in zone K at time step 1 [℃]. Only positive 
values of ('J+,1,K − '1,H,IH,J,K) + are considered. In this study '1,H,IH,J,K set at 18℃. ���, as 
shown in Eq.8, is used to assess the severity of outdoor air temperature over a reference 
temperature 'L. The reference temperature in this study was set at 18℃. 

                                  ���MN℃ = ∑ 7(8P,��8Q)A!B�CD���
∑ B�D���

                                  Eq.8 

Where Ta,i is the outdoor dry-bulb air temperature at time step 1 [℃], Tb is base temperature set 
at 18 ℃, N is the number of occupied hours. �, as shown in Eq.9, is the slope of the regression 
line between ��� and ���. It shows the resistance of the building toward global warming. 

                                            �R2S = R2S
�TS�U℃                                             Eq.9 

An overheating escalation factor greater than the unit (�R2S > 1) means that the building is not 
resilient to overheating, and indoor thermal conditions get worse when compared to outdoor 
thermal stress. On the other hand, an overheating escalation factor lower than the unit (�R2S < 
1) means that building is resilient to overheating and can resist some outdoor thermal stress 
[29]. 
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4 RESULTS 

This section presents the assessment results of the overheating risk and primary school building 
resistance. The accuracy of the simulated model was analysed and presented in Section 4.1. In 
Section 4.2, overheating is assessed using Indoor overheating degree (IOD), Ambient warmness 
degrees (AWD18°C) and overheating escalation factor (�IOD). 

4.1 Calibration and Validation 

The simulation model was performed from April to June and September in the year 2021, the 
occupation hours were Monday to Friday, between 8am - 4pm, when the school building was 
in operation, excluding Irish holidays. The findings indicate that the simulation tool is roughly 
accurate and credible when it comes to predicting indoor air temperature. The captured air 
temperature from sensors in the classroom was compared with the simulation results of 
classroom air temperature. The error analysis is summarised in Table 4.1. The RMSE ranges 
from 1.24°C to 1.35°C, the RMSE change is less than 1.5%, and the MBE is less than 10% for 
all periods. 

Table 4.1. The error analysis of simulated indoor hourly air temperature 

 Classroom 7 Classroom 11 

RMSE (°C) 1.24 1.35 
CVRMSE (%) 6.38 6.92 
SAE  4484.10 4920.78 
MAE 1.02 1.12 
MBE (%) 5.22 5.73 

4.2 Vulnerability and Resistance 

Figure 4.1 presents the hourly air temperature of classroom 7 on the left side and classroom 11 
on the right side under extreme weather files in Cork and Kilkenny. The studied school building 
was simulated during the warmest six months, from April to September. This study does not 
consider indoor air temperature in July and August when school is unoccupied and off, as shown 
in Figure 4.1 with a grey rectangle. The maximum indoor air temperature in classroom 7 during 
the academic period occurred in September at 26.2°C for Cork and in June at 27.8°C for 
Kilkenny. In classroom 11, the maximum air temperature occurred in September at 27.2°C for 
Cork and in June at 28°C for Kilkenny. 

Figure 4.1. Comparison of an hourly air temperature of classrooms 7 (left side) and 11 (right side) under extreme weather 

files (2100-10 years) in Cork and Kilkenny 
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Table 4.2 displays the evaluation of simulation results based on EN16798 overheating criteria 
and recommended temperature for primary students’ academic performance (20°C)[27]. 
According to EN16798 overheating criteria for Cat I- high expectation (Eq.6), the VC+ low 
energy primary classrooms from April to June and September meet the comfort criteria for 
greater than 99.45% of occupied hours in extreme future conditions. In contrast, based on 
recommended temperature for primary students' academic performance (20°C), the VC+ low 
energy primary schools in 51 to 52% of occupied hours and in Kilkenny 42 to 45% of occupied 
hours passed the criteria (Ta<20°C). It should be noted that in this study, Ta ≤ 20 °C was used 
to evaluate students' academic performance, due to the heating system set point in April and 
May is 20 °C and indoor air temperatures under extreme weather files during June and 
September are greater than 20 °C. 

Table 4.2. Comparison of overheating assessment of simulation results based on EN 16798 [24] and recommended 

temperature for primary students’ academic performance under extreme weather files (2100-10 years) 

 
As defined in Section 3.4, the AWD has qualified the severity of outdoor warmness based on a 
reference temperature of 18°C. Base temperature of 18 °C was chosen because this value is 
lower than every minimum summer comfort temperature limit [29]. The IOD which quantifies 
the overheating risk, taking into account both the intensity and the frequency of indoor 
overheating, regarding the chosen limit temperature (20°C) at which the highest students’ 
academic performance would occur, as recommended by Wargocki and Wyon (2017). Previous 
two indicators, AWD and IOD, lead to the αWXY/[\Y�U°^  indicator, which represents the slope 
of the regression line between the AWD and the IOD, describing the sensitivity of the obtained 
indoor operative temperature to change regarding outdoor temperature changes in free-running 
mode during June and September. Figure 4.2 and Figure 4.3 compares the regression lines 
between AWD and IOD and their equations under TMY and extreme weather files for 
classrooms 7 and 11 in Cork and Kilkenny. The IOD in Figure 4.2  and Figure 4.3 were assessed 
based on comfort criteria of EN16798 (���_`5a) and 20°C at which the highest students’  
academic performance would occur (����b4a), respectively. 
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Figure 4.2. The comparison of the regression line between AWD and ���_`5a under TMY and extreme weather files (2100-

10 years) for classrooms 7 and 11 in Cork (left side) and Kilkenny (right side). 

 
Figure 4.3. The comparison of the regression line between AWD and ����b4a under TMY and extreme weather files (2100-10 

years) for classrooms 7 and 11 in Cork (left side) and Kilkenny (right side). 

Table 4.3 shows the slope of regression lines between AWD and IOD based on their equations 
for classrooms 7 and 11 in Cork and Kilkenny. The αR2Sc=@9/[\Y�U°^  for both classrooms in 

both locations are less than unit ( αR2Sc=@9/[\Y�U°^<1), which indicates that  VC+ low energy 

primary schools in Cork and Kilkenny are resilient to overheating and could resist the outdoor 
thermal stress under extreme weather files. However, The αR2Sde:9/[\Y�U°^  for both classrooms 

in both locations is greater than unit ( αR2Sde:9/[\Y�U°^ >1), which indicates that VC+ low 

energy primary schools are unable to provide the recommended air temperature for students to 
perform well at schoolwork under extreme weather files. Additionally, the αR2Sde:9/[\Y�U°^  of 

the VC+ low energy primary school in Cork is greater than in Kilkenny, which means the 
number of occupied hours greater than 20°C in Cork were more than Kilkenny. 
 
 

 

y = 0
0,00

0,20

0,40

0,60

0,80

1,00

0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50

IO
D

 (
°C

)

AWD (°C)

Cork

Classroom 7 Classroom 11

y = 0.23x - 0.29

y = 0.30x - 0.39

0,00

0,20

0,40

0,60

0,80

1,00

0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50

IO
D

 (
°C

)

AWD (°C)

Kilkenny

Classroom 7 Classroom 11

y = 2.03x - 2.30

y = 2.08x - 2.18

0,00

0,50

1,00

1,50

2,00

2,50

3,00

3,50

1,00 1,50 2,00 2,50 3,00 3,50

IO
D

 (
°C

)

AWD (°C)

Cork

Classroom 7 Classroom 11

y = 1.26x - 0.91

y = 1.19x - 0.64

0,00

0,50

1,00

1,50

2,00

2,50

3,00

3,50

1,00 1,50 2,00 2,50 3,00 3,50

IO
D

 (
°C

)

AWD (°C)

Kilkenny

Classroom 7 Classroom 11

555 | P a g e



 
 

Table 4.3. Overheating and Climate Resistance Assessment 

ID Model 
fghijklm/nopqr°s fghituvm/nopqr°s 

Classroom 7 Classroom 11 Classroom 7 Classroom 11 

1 Cork 0 0 2.03 2.08 
2 Kilkenny 0.23 0.30 1.26 1.19 

 

5 CONCLUSIONS 

The impact of climate change on the overheating risk and its impact on students' academic 
performance in low energy primary schools is evaluated in the current study. This study aims 
to assess the sensitivity of VC+ low energy primary schools by applying long-term indicators 
that numerically quantify the vulnerability and resistance of a chosen verified case study of a 
VC+ low energy primary school in Cork and Kilkenny to overheating and students' academic 
performance in June and September under extreme weather files. The main findings are 
summarised as follows: 

 Overheating assessment of results based on EN 16798 comfort threshold shows the 
classrooms in Cork 100% and in Kilkenny 99.45% of occupied hours can resist 
overheating risk. 

 The chosen case study in Cork and Kilkenny is vulnerable to students' academic 
performance under overheating risk, and roughly half of occupied hours could not resist 
the outdoor thermal stress under extreme weather files. 

  The results show that overheating escalation factor based on EN 16798 comfort 
threshold (αR2Sc=@9/[\Y�U°^) in both classrooms and both locations is less than unity 

(<1), which means VC+ low energy primary schools in Cork and Kilkenny are resilient 
to overheating risk. Conversely, the overheating escalation factor based on 
recommended temperature (20°C) for students’ academic performance 
(αR2Sde:9/[\Y�U°^) in both classrooms and both locations is more than unity (>1), which 

means VC+ low energy primary schools in Cork and Kilkenny are unable to provide 
recommended air temperature for students to perform well at schoolwork academic 
under extreme weather files. 

 The comparison of, overheating escalation factor based on EN 16798 comfort threshold 
( αR2Sc=@9/[\Y�U°^ ) and based on recommended temperature (20°C) for students’ 

academic performance ( αR2Sde:9/[\Y�U°^)  show that there is a difference between 

overheating assessment and its effect on students' academic performance to illustrate 
the resilience of the VC+ low energy primary schools to overheating risk. 
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ABSTRACT 
 

The level of airtightness is increasing in newly built Australian apartments. An appropriate ventilation rate is 

needed to provide occupants with a healthy environment. In 2022, a significant proposed change in the Australian 

National Construction Code (NCC) would require building tested as achieving less than five air changes per hour 

at 50Pa to have a continuous flow exhaust. As occupants tend to not open windows, there is a need to inform about 

the potential benefit of using standard or innovative trickle ventilators (opening variation with real-time conditions) 

to assist occupants in ventilating their apartment. Due to the COVID pandemic, restrictions have forced many 

people to work from home. Under these circumstances, it is crucial to ensure that occupants are exposed to a 

healthy environment when spending more time at home. The airflow in a Melbourne apartment occupied by two 

adults and a child over three hours was modelled using a computational fluid dynamic approach and following the 

proposed NCC requirements. The results showed some local effects, which depend on temperature gradients, and 

source locations in the airflow.  

 

KEYWORDS 
 

Ventilation, carbon dioxide, occupied apartment, Computational Fluid Dynamic (CFD), IAQ, trickle ventilator 

  

1 INTRODUCTION 

The Australian National Construction Code (NCC) require residential buildings to have thermal 

resistance and ventilation of spaces where moisture could be generated. Still, neither 

recommends achieving any minimum moisture level. Under health and amenity (Volume 2 Part 

3.8.5), the NCC requires that "the window, opening, door or other device have a ventilating 

area of not less than 5% of the floor area". The NCC relies on occupants to open windows to 

reach a suitable ventilation level. This dependence on occupants for natural ventilation could 

only be acceptable in houses built before 2000. Basset (2001) reported that pre-2000 residential 

New Zealand buildings showed high values from infiltration rate measurements (equivalent to 

a low airtightness for these pre-2000-built buildings). However, McNeil et al. (2015) found that 

residential buildings constructed after 2000 were much more airtight (change in building 

materials and construction methods). Lower infiltration rates were found for more recently built 

buildings, making additional ventilation (natural or mechanical) necessary to dilute moisture 
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and potential pollutants. The same authors reported a measured ventilation rate in a third of 

post-2000 houses very close to the estimated infiltration rates from blower door infiltration 

tests, which indicated that the occupants were not opening windows that often (McNeil et al., 

2015). These findings challenge occupants' ability to open windows to reach a suitable 

ventilation level in post-2000 homes. NCC states that a mechanical ventilation system will be 

required where 5% of the floor area of openable windows cannot be met. Mechanical ventilation 

is seldom installed in these recently built houses, and occupants are not opening windows as 

the NCC requires. Australian and New Zealand buildings are constructed using similar 

construction methods and materials, so we expect Australian houses built after 2000 to be more 

airtight and seldomly open windows as in New Zealand. Due to the COVID pandemic, 

restrictions have forced many people to work from home. Under these circumstances, it is 

crucial to ensure that occupants are exposed to a well-ventilated environment when spending 

more time at home. 

 

In 2022, a significant proposed change in NCC would require homes, tested to achieve less than 

five air changes per hour at 50 Pa, to provide a mechanical ventilation system with a flow rate 

(Q) of not less than achieved following Equation 1. 

 

Q = (0.05 x A + 3.5 x (N + 1)) /p      (1) 

 

Where: 

Q = the required air flow rate (L/s) 

A = the total area of the building (m2) 

N = the number of bedrooms in the building  

p = the fraction of time within each four-hour segment that the system is operational 

 

Using a Computational Fluid Dynamic (CFD) approach, the airflow in a Melbourne apartment, 

occupied by two adults and a child for over three hours, was modelled following these proposed 

NCC requirements. Carbon dioxide (CO2) was used as a tracer gas to determine the ventilation 

parameters but not as an overall indicator of the indoor air quality in the apartment (Persily, 

2020). 

 

This paper introduces a CFD modelling approach to investigate suitable ventilation solutions 

within the proposed NCC 2022 requirements. 

 

2 MATERIALS AND METHODS  

 

2.1 Description of the building and ventilation  

 

Modelled apartment building 

A two-bedroom apartment, located in Melbourne (Australia), was used in this simulation. 

Figure 1 (left) shows the 3D model imported to the CFD program. This 90 m2 floor apartment 

is located on the 21st floor of a 45-storey building. The primary bedroom, living room, office 

and child bedroom have all north-facing windows (potential solar gain due to large glazing 

surfaces).  

 

Ventilation 

The fan extractors are in the primary bathroom (continuous flow rate of 10 L/s), the kitchen 

(continuous flow rate of 12 L/s) and the child bathroom (continuous flow rate of 10 L/s). This 

flow rate (total 32 L/s) follows the proposed NCC 2022 minimum requirements (Equation 1). 

Five trickle ventilators are installed on the north-facing windows (one in the primary bedroom, 
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two in the living area, one in the office, and one in the child's bedroom). All five trickle 

ventilators have the same size of 700 mm by 55 mm (108.0 cm2 open area or 32.2 cm2 effective 

open area). The air will enter the apartment via the five trickle ventilators and be extracted via 

the three fan extractors (cross-ventilation) as displayed in Figure 1, right-hand side. 

 

 

 

  

Figure 1: 3D CAD model of the two-bedroom apartment (left) and floor plan with cross-ventilation features, E1-

E3: Three fan extractors (south), T1-T5: five trickle ventilators on north-facing windows. The laundry area has a 

red cross (X) because the laundry volume was removed to simplify our first CFD simulations (right). The child 

(C) is in the office, and the two adults (A) are in the living room. 

 

Occupants, activities, and carbon dioxide generation rate 

In this modelling, the two-bedroom apartment is occupied by two adults (male, 40 years old 

and female, 40 years old) and one child (10 years old). They are undertaking light effort tasks 

(MET 1.5) for three hours. The two adults (A) are in the living area, and the child (C) is in the 

office area, as shown in Figure 1, right-hand side. Table 1 shows the CO2 generation rate (L/s) 

for each of the three occupants during sitting tasks/light activity (MET 1.5).  

Table 1: Carbon dioxide generation rate (L/s) at MET 1.5: sitting tasks, light effort (Persily et al., 2017)  

Occupants Source location Generation rate (L/s) at MET1.5 

Male (40 years old) Living room 0.0058 

Female (40 years old) Living room 0.0045 

Child (10 years old) Office 0.0037 

 

The CO2 sources are defined by well-mixed volumes (Figure 2), where the gas is generated at 

a constant rate. These yellow volumes in Figure 2 are the locations with a good likeliness of 

presence (assuming where people are likely to stand or sit in the living room and the office). 

Primary  

bedroom 

Kitchen and 

living area 

Primary  

ensuite 
Laundry Child  

bedroom Office 

Second  

bathroom  
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Figure 2: Location of the CO2 sources (blue stars) in the apartment (two adults in the living area and one child in 

the office area). 

 

2.2 CFD settings and parameters 

The general equations used in this CFD simulation can be found in Versteeg et al. (2007). These 

equations are based on the mass, energy, and momentum conservation laws. The CFD 

modelling was undertaken using a commercial CFD software, scSTREAM (Cradle CFD part 

of Hexagon Manufacturing Intelligence, Hexagon AB Group, Sweden). 

 

Turbulence models 

CFD employs turbulence models to simulate fluid motion and the appearance of eddies. These 

turbulence models are specific to different situations, and a significant research effort has been 

dedicated to their development (Stevanovic, 2009). In ventilation studies, air turbulence is 

usually described using the Reynolds-Averaged-Navier-Stokes (RANS) equations (Yakhot, 

1986; Lu et al., 2019). Derived from the RANS equations, several models have been developed, 

like the ReNormalization Group (RNG) K-epsilon turbulence model and Linear Low Reynolds 

(LLR) model. They are commonly used for airflow simulation in an indoor environment 

(Hassan, 2017). The LLR model (Abe et al., 1994) improves the prediction accuracy in the 

near-wall region, an essential aspect of ventilation at a close range of surfaces. This study used 

the LLR model to simulate indoor airflows expecting low-velocity airflows generated near 

surfaces (trickle ventilators are often located near the ceiling). 

 

Heat sources and heat transfer 

The preliminary simulation did not consider solar gain from the large north-facing glazing 

surfaces (Figure 1) and heat gain from occupants. However, this will be considered in future 

work. 

 

Boundary conditions 

Air inlet 

Figure 3 shows the profile of the trickle ventilator model (APL Ventient SCW-SH700) used in 

the CFD simulation. This model is representative of the horizontal-flow-type of trickle 

ventilator and includes a shape memory alloy adapting the opening to external temperature 

(fully open above 18°C and minimum opening under 12°C). Section 2.1 - Ventilation 

mentioned that five trickle ventilators were installed on the north-facing windows. A 700 mm 

trickle ventilator was adapted to the window frame dimensions. It incorporates a passive wind 

dampener to manage water ingress and draughts associated with high wind gusts. The 500 mm 

to 1500 mm range models and vertically oriented trickle ventilators will be tested in the future. 
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Figure 3: 3D model of one APL Ventient SCW-SH700 (Trickle ventilator)  

Air outlet 

In the first simulations, the extracted airflow is imposed to the regulatory value (Section2.1). 

Still, it will be controlled by the fan Q (air volume) /P (static pressure) curve in the subsequent 

development. 

 

Wind force 

Under a continuous extraction regime (use of the three fan extractors), the air flowing through 

the trickle ventilators will be influenced by the dynamic pressure applied due to the wind force. 

This influence was assessed with a large-scale wind simulation (Figure 6). The wind velocity 

profile obtained on the building windward surfaces was tested. A 4.5 m/s (16 km/h) wind 

velocity was used, corresponding to the monthly average wind speed monitored at Melbourne 

Essendon Field Airport for the 1995 - 2021 period (Iowa State University, 2022).  

 

  

Figure 4: Building with the location of the apartment (21st floor of the 45-storey building) 

Walls 

A logarithmic scale is applied to the surfaces to consider the air friction stress (turbulent 

conditions). 

 

Computational grid and convergence criteria 

scSTREAM has a finite volume discretisation scheme. The computational grid is a structured 

hexahedral mesh defined following CFD good practices (Sørensen et al. 2003). A sensitivity 

analysis was run after refining the volumes where considerable pressure or velocity gradients 

were expected, and then the grid convergence was obtained. The solver convergence was 
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assessed by meeting residual error convergence criteria (10-6 level) and stability for monitoring 

points (pressure velocity and CO2). The final mesh includes 6 to 8 million nodes for the models 

described below. 

 

2.3 Simulation Methodology 

Figure 5 shows the cascade model followed during our 3-step simulation. The first simulation, 

called the "Wind Model", will define the velocity range on the 21st floor on the input face of 

the trickle ventilators for the main wind directions (North, South and South-West) following 

the Melbourne wind rose (Iowa State University, 2022). The results from this "Wind Model" 

will be implemented in the second simulation called the "Trickle vent Model", which will 

describe air diffusion accurately from the trickle ventilator depending on the in/out pressure 

and temperature difference. The velocity profile obtained will then be used in the third and last 

simulation. This final simulation stage will combine the results from the "Trickle vent Model" 

and the "Fan Q/P equation" to define the airflow behaviour in the apartment. This third model 

is called the "Apartment Model". The wind and trickle vent models were steady-state models, 

and the apartment model was simulated for three hours (transient model). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Conceptual framework of the CFD cascade model 

 

2.4 Occupation scenario considered 

The CO2 generated by occupants inside the apartment during their light-level activities was of 

interest. The CFD simulation keeps the outside CO2 background level constant (0 ppm). The 

results will be increased by 400 ppm (current outside CO2 level at Melbourne). Unfavourable 

conditions were used in the first airflow model (maximum occupancy for this two-bedroom 

apartment estimated at three people, maximum period of occupancy estimated at three 

consecutive hours). The choices were directed by the size of the two-bedroom apartment (two 

adults and one child), and three hours could well reflect the current COVID pandemic context 

when people tend to stay longer at home. 

 

 

3 RESULTS AND DISCUSSION 

 

At this project stage, the three models are not yet connected. The following sections will present 

the three models separately (Section 3.1 Wind Model, Section 3.2 Trickle vent Model and 

Section 3.3 Apartment Model). In the future, the three models will be combined, as displayed 

in our conceptual framework. 

Wind Model 

(large scale) to 

define the 

velocity/pressure 

range 

Trickle vent 
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the velocity 
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Extractor fan:  

Airflow (Q) / 
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3.1 Wind Model: defining the wind ranges on the building facade 

Figure 6 shows a large-scale model (250 m width and 170 m height, eight million nodes) of the 

whole 45-storey building, informing of the velocity values. On the windward side of the 

building (the north-facing side in our simulation), the velocity ranges from 0 to 6.0 m/s, with 

an average value of around 2.4 m/s in the vicinity of our 21st floor selected apartment (located 

by the white strip in Figure 6). 

 

 
  

Figure 6: CFD modelling of the wind velocity on the façade of the 21st-floor balcony design only (left) and with 

the design of the 45-storey balconies considered (right). 

The first simulation only considered the balcony design for the 21st studied floor (Figure 6, left). 

The second simulation considered all 45 balcony designs (Figure 6, right). The results showed 

minor disturbance in the vicinity of the 21st floor when all 45 balcony designs were considered.  

 

3.2 Trickle vent Model: defining the air velocity profile through the ventilator. 

 

It is essential to define the airflow profile through the trickle ventilator. This profile will be 

used as input in the "Apartment Model". Three temperature differences between intake and 

room temperature were tested in Case studies 1, 2 and 3.  

 Case study 1: Spring or Autumn seasons (no difference between intake temperature and 

room temperatures - Figure 7), 

 Case study 2: Winter season (intake temperature is 10°C cooler than the room temperature 

- Figure 8), 

 Case study 3: Summer season (intake temperature is 10°C warmer than the room 

temperature -Figure 9). 

 

Following the proposed NCC 2022 fan flow rate requirements, a total air intake of 32 L/s (10 

L/s for the primary bathroom fan flow rate + 12 L/s for the kitchen fan flow rate + 10 L/s for 

the child bathroom fan flow rate) was obtained. As there are five trickle ventilators, each trickle 

ventilator will have a mean airflow rate of 6.4 L/s.  
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Figure 7: Case study 1 - Trickle ventilator CFD with air intake temperature equal to room temperature 

Figure 7 shows that the streamlines of the airflows (coloured by velocity) exiting from the 

trickle ventilators stay close and parallel to the ceiling surface. 

 

  

Figure 8: Case study 2 - Trickle ventilator CFD with air intake temperature 10°C cooler than room temperature 

Figure 8 shows that the streamlines of the airflows exiting from the trickle ventilators quickly 

fall to the floor. Case study 2 will discomfort people sitting close to the windows where the 

trickle ventilator is installed. More work will be undertaken to investigate potential solutions to 

remove discomfort. For example, a heating source could be added to the system (convective 

heat transfer), and CFD modelling could inform the best heater source location. When air intake 

temperatures are cool, the tickle ventilator would partially close by passive operation of 

bimetallic shape memory alloy (SMA) springs to reduce discomfort. This was not accounted 

for in the study, but future modelling will examine this to help inform the correct set points for 

the SMA springs for optimising thermal comfort.     

 

  

Figure 9: Case study 3 - Trickle ventilator CFD with air intake temperature 10°C warmer than room temperature 
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Figure 9 shows that the streamlines of the airflows exiting from the trickle ventilators stay close 

to the ceiling surface. The streamlines for Case study 3 are better dispersed in the living 

environment than for Case study1. 

The "Trickle vent Model" results confirm that intake temperature largely impacts airflow spatial 

distribution. Three cases were studied only; there is a plan to evaluate the whole temperature 

range that could be experienced across the four seasons. 

 

3.3 Apartment Model: defining the airflow behaviour and mass/thermal transfer 

 

A two-bedroom 90 m2 apartment occupied by two adults (male, 40 years old and female, 40 

years old) and one child (10 years old) was simulated. The occupants undertake light effort 

tasks (MET 1.5) for three hours. Following Equation 1, the required airflow rate Q should be 

not less than 20 L/s. In this case study, the fans are extracting 32 L/s. The two adults are in the 

living area, and the child is in the office. The CO2 generation rate (L/s) is constant for each 

occupant during sitting tasks/light activity, as displayed in Table 1. In this first simple case 

study, no difference between intake and the room temperature was assumed (Spring or Autumn 

seasons as reported in Case study 1 - Trickle vent CFD, Figure 7). The wind velocity on the 

windward side of the building (the north-facing side in our simulation) was assumed to be close 

to 0 m/s in the vicinity of the 21st-floor selected apartment. The internal doors were kept open 

in this simulation. The CFD simulation kept the outside CO2 background level constant (0 ppm). 

The results will be increased by 400 ppm. 

 

Figure 10 shows the distribution of the CO2 concentration (ppm) after three hours of occupancy. 

In the non-occupied rooms (primary bedroom, child's bedroom, and the child's bathroom), the 

CO2 concentration (blue scale) is close to the outside level (400 ppm). As expected, the 

occupied rooms (the living room with the two adults and the office with the child) show a higher 

level of CO2. The apartment was ventilated at a nominal rate of 32 L/s, equivalent to around 

10.5 L/s per person (assuming three occupants). At a steady-state, considering the apartment as 

a single zone model (internal doors open) when the net rate of CO2 generation and the 

ventilation rate are constant, and the air is well mixed, Equation (2) is obtained: 

                                                          Cs - Co = N / Vo                                                            (2) 

Where: 

Cs = CO2 concentration in the space (steady state) 

Co = CO2 concentration in outdoor air = 400 ppm 

N = CO2 generation rate per person = 0.0046 L/s in average for the three occupants (Table 1) 

Vo = outdoor airflow rate per person = 10.5 L/s 

From Equation (2), Cs ≈ (0.0046/10.5) + 400 ppm ≈ 438 ppm + 400 ppm ≈ 838 ppm 

 

 

Figure 10: Apartment Model defining airflow behaviour 

The results from the CFD simulation (Figure 10) show a CO2 level in occupied rooms between 

700 ppm and 1200 ppm after three-hour occupancy (the closer to the middle of the living room, 
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the higher the CO2 level). This CFD result slightly exceeds the mass balance estimate for the 

middle part of the living room. The living room occupants probably receive less than 10.5 L/s 

of outdoor air from the two trickle ventilators in the living room (6.4 L/s for each ventilator). 

Decreasing Vo from 10.5 L/s to 6.4 L/s will increase Cs from 838 ppm to 1119 ppm.  

 

4 CONCLUSIONS 

 

This project reports on investigating suitable ventilation solutions within the proposed NCC 

2022 requirements using a CFD modelling approach in a Melbourne apartment case study.  

A cascade model was designed consisting of a three-step process ("Wind Model", "Trickle vent 

Model" and "Apartment Model"). The three models are not yet connected at this project stage 

but have been tested independently. 

The preliminary results showed that the facade (balcony) design impacted wind speed values 

that will be used as an intake for the "Trickle vent Model".  

The "Trickle vent Models" showed that the temperature gradient between the intake air and the 

room temperature impacted the streamlines of the airflows exiting from the trickle ventilators. 

With no temperature difference between outside air and room air (Case study 1), the streamlines 

stay close and parallel to the ceiling surface, creating a bypass (not well-mixed air). The winter 

season result (Case study 2) could potentially generate thermal discomfort close to the window. 

This result will inform recommendations (heating and cooling locations, door undercuts, and 

passive temperature control by the trickle ventilator) to reduce the risk of thermal discomfort. 

It will be interesting to investigate the air distribution with internal doors closed. The results 

showed some local effects, which depend on temperature gradients, and source locations in the 

airflow. In the future, the age of air and other performance indicators to estimate the air change 

effectiveness will be investigated. This project will inform suitable ventilation solutions for 

people working for extended periods at home (COVID pandemic).   

This CFD modelling approach will be validated with indoor air quality (IAQ) sensor 

deployment in the selected apartment.   
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ABSTRACT 
 

Thermoelectric technology has developed as a substitute for existing refrigerants in heating, ventilation, air-

conditioning, and refrigeration(HVAC&R) system applications for building decarbonization. Hydraulic 

thermoelectric radiant cooling panel operated based on the Peltier effect is one of the best way to alternate 

conventional cooling panels using a chiller with refrigerators. However, there are limitations to apply to building 

energy simulation and performance evaluation because there are few guidelines and no standard model of a water-

cooled thermoelectric radiant cooling panel. Therefore, the main objective of this research is to investigate 

desirable flow rate and temperature of cooling water which is produced by free cooling systems to obtain valid 

cooling performance and power consumption of the thermoelectric radiant cooling panel. A thermoelectric radiant 

cooling panel was constructed and tested under a controlled laboratory environment by using the developed mock-

up models based on the previous studies. The tested thermoelectric radiant cooling panel was made of aluminium 

panel with four thermoelectric modules installed on the top side of the panel, and a water blocks were attached on 

the hot side of thermoelectric module to release heat to water through the water blocks. In this case, a quarter of 

each thermoelectric module is set up as effective area to analyze the cooling performance of one thermoelectric 

module. From the experimental analysis, the cooling capacity of the thermoelectric radiant cooling panel model 

was in reasonable agreement with the measured flow rate and temperature of cooling water through water blocks 

according to the previous studies. In addition, the parametric experiment was conducted to validate empirical 

model for evaluating the effects of design factors on the cooling performance of the thermoelectric radiant cooling 

panel. The results showed that the temperature of cooling water as heat removal factor to release heat from hot 

side of the thermoelectric modules was the main design variables to be calculated the cooling performance and 

power consumption of the thermoelectric radiant cooling panel. On the other hand, the flow rate of cooling water 

had a relatively less effect rather than the temperature of cooling water. 

 

KEYWORDS 
 

Thermoelectric module, Radiant cooling panel, water-cooled system, Empirical model, Design factor 

  

1 INTRODUCTION 

 

Thermoelectric technology has attracted much attention as non-vapor compression 

refrigeration owing to its advantages of compact size, fast response, no moving parts, non-noise, 

and non-vibration without refrigerant (Enescu et al., 2014). The solid state thermoelectric 

refrigerator based on the Peltier effect is recently proposed and developed as an alternative 

cooling system to the conventional hydraulic ceiling radiant cooling panel since early 2000s 

(Luo et al., 2017). The performance of the thermoelectric module-based radiant cooling panel 

is directly affected by the amount of heat rejection from the heat sink, and there are air-cooled 

system and water-cooled system for heat dissipation. 

In this case, a free-cooling system using cooling tower can be combined with a water-cooled 

heat dissipation system with relatively effective heat dissipation efficiency. Even though the 

outlet temperature produced by the cooling tower is difficult to use for removing the indoor 

cooling load directly due to the slight high coolant temperature, using this for heat dissipation 
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of the thermoelectric radiant cooling panel can contribute to energy saving because it 

compensates for the low performance of the thermoelectric module. 

Therefore, the range of the outlet temperature from cooling tower that can be produced in the 

Korean climate is investigated, and the performance prediction model of hydraulic 

thermoelectric radiant cooling panel using this cooling water for heat dissipation is presented 

through the experiment. 

 

2 HYDRAULIC THERMOELECTRIC RADIANT COOLING PANEL 

 

The hydraulic thermoelectric radiant cooling panel is used for the purpose of removing the 

indoor sensible cooling load as a parallel system. As shown in Figure 1 and Figure 2, The heat 

absorbing surface of the thermoelectric module is attached to an aluminium panel to transfer 

the heat absorbed from the room to the dissipating surface of the thermoelectric module, and 

the heat transferred to the heat dissipating surface is removed by exchanging heat with the 

cooling water produced from the cooling tower. At this moment, the phenomenon in which heat 

is transferred from the heat absorbing surface to the heat dissipating surface of the 

thermoelectric module by applying electricity is called the Peltier effect (Figure 3). It is driven 

by direct current, and the temperature difference between the heat absorbing surface and heat 

dissipating surface is proportional to the magnitude of the voltage formed by the direct current. 

Because thermoelectric radiant cooling panel can control the cooling capacity by the amount 

of power applied, it is possible to quickly and precisely control the temperature of the panel 

surface according to the indoor sensible cooling load and the temperature of the cooling water 

in the heat sink unlike conventional radiant cooling panel that cooling performance is directly 

affected by the chilled water temperature (Lim et al., 2018). The outlet temperature of the 

cooling water produced from cooling tower changes in proportion to the outdoor air wet-bulb 

temperature. Therefore, by utilizing the quick control of the thermoelectric radiant cooling 

panel, more precise comfort control is possible in response to the outdoor temperature and the 

indoor cooling load. 

 

 

Figure 1: Schematic of the hydraulic thermoelectric radiant cooling panel in the zone 
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Figure 2: Section diagram of the hydraulic thermoelectric radiant cooling panel 

 

 

Figure 3: Principle of the Peltier effect in thermoelectric module 

 

3 PERFORMANCE EVALUATION AND PERFORMANCE PREDICTION MODEL 

DEVELOPMENT USING TEST RIG 

 

3.1 Configuration of test rig and experimental method 

 

Figure 4, 5 shows the test rig and hydraulic thermoelectric radiant cooling panel used for 

cooling panel performance evaluation. In summer indoor temperature and humidity conditions 

(25℃, 50%), multiple points of the temperature on panel were measured by thermocouples 

(Omega type T) and the amount of applied power were measured by switched-mode power 

supply (SMPS). In consideration of indoor temperature and humidity, the lowest temperature 

point of the panel was set to 16℃ to prevent condensation, and the panel was configured so 

that the temperature difference from the highest temperature point was within 3℃ according to 

The American Society of Heating, Refrigeration and Air Conditioning Engineers guideline for 

radiant cooling panel design (ASHRAE, 2016). In the case of the water piping system on the 

heat sink side, the cooling tower outlet temperature range of 24℃ to 28℃ was set as the cooling 

water temperature range referring to the previous study (Ha et al., 2020). Experimental cases 

were classified laminar flow zone and turbulent flow zone per unit area calculated according to 

the water pipe configuration. Table 1 is presented all experimental cases. 
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Figure 4: Configuration of test rig 

 

 
              (a) Top view                          (b) Bottom view                         (c) Inside view 

Figure 5: Test setup of hydraulic thermoelectric radiant cooling panel 

 

Table 1: Experimental cases 

Temperature Laminar flow zone (0.045 kg/s/m2) Turbulent flow zone (0.09 kg/s/m2) 

24℃ Case 1 Case 4 

26℃ Case 2 Case 5 

28℃ Case 3 Case 6 
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3.2 Evaluation of cooling performance and power consumption 

 

Table 2 shows the cooling performance and power consumption of the hydraulic 

thermoelectric radiant cooling panel per unit area derived from each experimental case. The 

colder cooling water, that is, the better heat rejection on the hot side of thermoelectric module 

is, the lower power consumption tends to be. However, the flow rate of cooling water did not 

significantly affect power consumption compared with the temperature of cooling water, 

therefore it was confirmed that the flow rate of cooling water had a low effect on the cooling 

performance of the hydraulic thermoelectric radiant cooling panel. 

 

Table 2: Cooling performance and power consumption per unit area 

 Cooling performance Power consumption 

Flow rate 

Temperature 
0.045 kg/s/m2 0.09 kg/s/m2 0.045 kg/s/m2 0.09 kg/s/m2 

24℃ 130 W/m2 123.3 W/m2 38.5 W/m2 39.3 W/m2 

26℃ 125.2 W/m2 126.7 W/m2 62.6 W/m2 60.2 W/m2 

28℃ 121.6 W/m2 120.9 W/m2 79.3 W/m2 78.1 W/m2 

 

3.3 Development of performance prediction model 

 

Based on the measured experimental data, the following performance prediction model 

equation was derived by using Analysis of Variance (ANOVA) of Design-Expert 13. Equation 

(1) is the power consumption according to the temperature and flow rate of the cooling water, 

and Equation (2) is the cooling performance according to the power consumption. Figure 6, 7 

are graphs of power consumption and cooling performance per unit area calculated from model 

equations. It derived from the temperature range of cooling water that can be produced by 

cooling towers in the Korean climate. 

 

 P � 10.20569 ∗ T���� � 28.30051 ∗ m� � 203.26069 (1) 

 

 q� �  �0.13278 ∗ � � 132.53923 (2) 

 

P :    Power consumption per unit area [W/m2] 

T���� :    Temperature of cooling water [℃] 

m�  :    Flow rate of cooling water per unit area [kg/s/m2] 

q� :    Cooling performance per unit area [W/m2] 

 

 

Figure 6: Power consumption per unit area calculated by model equation (1) 
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Figure 7: Cooling performance per unit area calculated by model equation (2) 

 

4 CONCLUSIONS 

 

In this study, a test rig that can evaluate the performance of hydraulic thermoelectric radiant 

cooling panel is configured, and the measured values of the test rig are used as input values for 

ANOVA to develop model equations for prediction the power consumption and cooling 

performance according to the temperature and flow rate of cooling water. As a result of the 

experiment, it was confirmed that the heat removal performance of the thermoelectric module 

has a close influence on the cooling performance and power consumption of the cooling panel. 

The temperature of cooling water has a large effect on the heat removal performance and the 

flow rate has little effect. In the further research, dedicated outdoor air system (DOAS) as a 

primary cooling system will be reflected in the building model to conduct detailed comparative 

analysis of the annual energy consumption between hydraulic thermoelectric radiant cooling 

panel and conventional ceiling radiant cooling panel. 
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ABSTRACT 
 
Thermal environment affects occupants’ work performance and well-being. Office workers’ complaints regarding 
thermal environment are often related to either too warm room temperature or draught. Efficiency demands have 
increased the heat loads in offices, and increased cooling is needed to control the room air temperature. Draught 
problems occurs typically in these situations when the workstation is located in the downfall area of the inlet jet. 
 
The aim of this study was to examine the effect of draught on work performance, comfort, and stress in an office 
laboratory simulating a draughty situation caused by downfall of colliding jets from the chilled beams. The study 
had a repeated measures design with two conditions: condition A (temperature T=23 °C, target air speed v<0.1m/s, 
supply airflow Q= 30 l/s) and condition B (temperature T=23 °C, target air speed v=0.4m/s, supply airflow Q= 70 
l/s). Thirty-one volunteer university students participated in the experiment. The session lasted altogether 2.5 hours 
including practice phase and both test condition phases. Thermal comfort, perception of air movement, symptoms, 
self-estimated work performance and workload were assessed with questionnaires. Work performance was 
measured with the N-back task and stress effects were studied with heart rate variability. 
 
Condition had a significant effect on thermal comfort. Thermal sensation vote was cooler in condition B and more 
participants reported to be dissatisfied with the thermal environment in condition B. Majority of participants 
reported that air movement in condition B was unpleasant and 82% would have preferred less air movement. 
Draught also disturbed and annoyed more in condition B. No differences were found on self-estimated work 
performance, workload, symptoms, or perceived fatigue. The effects of draught were mainly seen in subjective 
responses. However, condition had also an effect on work performance and stress. Special attention should be 
given for reducing draught in offices.  
 
 

KEYWORDS 
 
Draught, Thermal comfort, Work performance, Heart rate variability, Laboratory experiment  

  
1 INTRODUCTION 

 
Thermal environment is an important factor of indoor environment. It affects occupants’ work 
performance and wellbeing (Clements-Croome, 2006; Maula et al., 2016a; Seppänen et al., 
2003; Seppänen et al., 2006). Optimal temperature for comfort is obtained when the occupant 
is in thermal neutrality. Fanger (Fanger, 1970) defined thermal neutrality for a person as the 
condition in which the occupant would not prefer either warmer or cooler surroundings. 

576 | P a g e



Complaints regarding thermal discomfort in offices are often related to either too warm 
indoor environment or draught. 
 
Draught is defined as unwanted local cooling of the body caused by air movement. Space 
efficiency demands have increased the heat load in offices, and increased cooling is needed to 
control the room air temperature. Typically, draught problems can occur in these situations 
when the workstation is located in the downfall area of the inlet jet. This phenomenon was 
confirmed by Koskela et al (Koskela et al., 2010) who studied airflow patterns and mean air 
speeds in a full-scale open-plan office laboratory. They found that downfall of colliding jets 
and large-scale circulation caused by asymmetric room layout of chilled beams and heat 
sources are main causes of draught risk. 
 
There are many studies in literature about the effect of too warm environment, too cold 
environment or locally increased air movement on thermal comfort and perception (Parsons, 
2003; De Dear et al, 2013, Maula et at., 2016b). However, the literature is lacking variety of 
studies about the effect of draught on occupants’ performance and stress effects. More 
knowledge is needed about the performance, comfort and stress effects of real-life draught 
situation where draught is generated from increased heat loads and cooling, while room 
temperature itself is kept at optimal level. 
 
The aim is to examine the effect of draught on work performance, comfort, and stress in an 
office laboratory simulating a draught situation caused by downfall of colliding jets from the 
chilled beams. 
 
2 METHODS  

 
2.1 Participants 

Thirty-one volunteer university students participated in the experiment (14 females, mean age 
25 years, range 19–43 years). The participants were beforehand advised to wear trousers, t-
shirt, socks, and ankle-length shoes (0.71 clo; ISO 7730). The main activity was working with 
the computer (1.1 met; ISO 7730). The participants were compensated for their effort and 
time with a gift voucher worth 30 euros. 
 
2.2 Experimental design and procedure 

The experiment was carried out in spring 2022 in environmental chamber at the 
psychophysics laboratory, Turku University of Applied Sciences, Finland (Figure 1). The 
study had a repeated measures design with two conditions:  

A. Temperature T=23 °C, target air speed v<0.1m/s, supply airflow Q= 30 l/s.  
B. Temperature T=23 °C, target air speed v=0.4m/s, supply airflow Q= 70 l/s.  

Target air speed is the measured mean air speed from horizontal plane above participant 
(1.5m from the floor, 10 cm * 10 cm measurement grid). The mean air speeds were sampled 
for 3 min with hot-sphere anemometers (Dantec Dynamics A/S, Denmark, accuracy of 5% of 
reading ±0.01 m/s). Condition B was built with 1300 W higher heat load, and therefore had 
1300W higher cooling power, than condition A. Fresh outdoor air was supplied with two 
chilled beams.  
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Figure 1: The layout of the psychophysics laboratory. The room height is 2.8 m. Condition A was in Room 1 and 

Condition B in Room 2.  

 
 
The session lasted altogether 2.5 hours including 30 min practice phase and both condition 
phases, 60 min each. Condition phases had questionnaires at the beginning, in the middle, and 
at the end of phase. Performance tasks were done between questionnaires. The order of 
conditions was counterbalanced between participants to control possible order effects caused 
by, e.g. learning, habituation, fatigue, and expectations towards the test objectives. 
 
2.3 Questionnaires 

Thermal comfort, perception of air movement, symptoms, perceived fatigue, self-estimated 
work performance, and workload were assessed with questionnaires (MATLAB R2018a with 
Psychtoolbox). 
 
Overall thermal sensation was asked using seven-point response scale (3 Hot, 2 Warm, 1 
Slightly warm, 0 Neutral, -1 Slightly cool, -2 Cool, and -3 Cold, ISO 7730). Pleasantness of 
the air movement was asked, when the participants reported that they felt the air movement. 
Pleasantness was inquired with a five-point response scale (-2 Very unpleasant, -1 Slightly 
unpleasant, 0 Not pleasant or unpleasant, 1 Slightly pleasant, and 2 Very pleasant). Air 
movement preference was asked with three-point response scale (1 Less, 2  More, and 3 No 
change). 
 
Symptoms, such as sweating, headache, feeling unwell, and nose, throat and eye symptoms 
were assessed with five-point response scale (1 = Not at all, 2 = Slightly, 3 = To some extent, 
4 = Quite a lot, and 5 = Very much). Similar response scale was used with perceived fatigue, 
which was measured with a modified version of the Swedish Occupational Fatigue Inventory, 
SOFI, including three factors: tiredness, lack of energy and lack of motivation. Each factor 
included three items (tiredness: sleepy, yawning, drowsy; lack of energy: worn out, 
exhausted, drained; lack of motivation: uninterested, indifferent, passive, Åhsberg, 1998). 
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Self-estimated work performance and workload were asked with eleven-step response scale 
from 0 to 10. 
 
2.4 Performance measures 

Work performance was measured with the N-back task (Owen et al., 2005). The task was 
done twice in both sub-sessions to gain information of the possible interaction of thermal 
condition and exposure time on performance. To avoid empty phases during the session, the 
participants performed other task as well, but those tasks are not included in this paper. The 
tasks were introduced to the participants as equally valuable. 
 
In N-back task, sequences of letters were presented on the display one letter at a time. Four 
difficulty levels were used (0-back, 1-back, 2-back, and 3-back). In 0-back, the task was to 
press a key on the keyboard labelled YES (leftward arrow) every time the letter ‘X’ appeared 
on the display and press NO (downward arrow) for all other letters. In 1-back, subjects were 
required to respond whether the presented letter was identical to the one immediately 
preceding it. In 2-back, subjects were required to respond whether the presented letter was 
identical to the one presented two trials back and in 3-back, subjects were required to respond 
whether the presented letter was identical to the one presented three trials back. Subjects were 
instructed to respond quickly, but accurately. Speed was measured with reaction time (RT, 
milliseconds) of each response. Accuracy was measured by the percentage of correct 
responses. The presentation order of difficulty levels was counterbalanced between and within 
participants. 0-back was the baseline level with no demands on working memory. 
 
2.5 Physiological measures 

Stress effects was measured with heart rate variability (HRV) using a sensor (Faros 180, 
Bittium Biosignals Ltd.) attached under the chest muscle line with a textile belt and Stingray 
adapter. The accelerometer sampling rate was 25 Hz, and the dynamic range was ±4 g. The 
ECG sampling rate was 250 Hz. R-R interval data were analyzed with designated software 
(Kubios HRV, Kubios Ltd.). Sensor was synchronized with the computer running the 
MATLAB having experimental tasks and questionnaires, and MATLAB also marked the 
exact durations of each session. These time markers were later entered into the HRV data. 
Analyses were done for the Stress index SI, which is the square root of the Baevsky’s stress 
index IS (Baevsky and Chernikova, 2017): 
 
 IS=AMo/2Mo*MxDMn (1) 
 
where AMo is mode amplitude (number of intervals corresponding to mode value in % to 
sample size), Mo is mode (the most common interval value in a given dynamic series) and 
MxDMn is variation range (it shows the degree of interval variativity in a given dynamic 
series). The square root of the IS is used in Kubios software to make the index normally 
distributed. 
 
2.6 Analysis 

Statistical analysis were conducted with IBM SPSS Statistics for Windows, Version 26.0 (Ar-
monk, NY: IBM Corp.). The normality of the data was tested with Shapiro-Wilk test. A 
repeated-measures ANOVA was used for normally distributed or similarly skewed data. The 
Greenhouse-Geisser correction was applied when Mauchly's test indicated violation of 
sphericity, and the corresponding p-values are reported. Wilcoxon's test was used for 
variables that were not normally distributed or similarly skewed. 
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3 RESULTS AND DISCUSSION 

 
3.1 Thermal comfort and perception 

Condition had a significant effect on the mean thermal sensation vote (p<0.001, Figure 2). The 
mean thermal sensation vote was -0.5 in condition A and -1.2 in condition B. Percentage of 
dissatisfied respondents was 24% in condition A and 62% in condition B.  
 
 

 
Figure 2: The mean thermal sensation votes in condition A and in condition B. Whiskers represent standard 

errors. 

 
Participants reported that they felt the air movement in 88% of responses in condition B. Among 
those responses, 65% reported that air movement was unpleasant and 82% would have preferred 
less air movement. 
 
All symptoms were minor (mean values below 1.8) and condition had no significant effect on 
them. Similarly, perceived fatigue was minor (mean values below 2) and no effect of 
condition was seen. 
 
Condition did not affect self-estimated work performance or workload. However, draught 
disturbed and annoyed more in condition B (p<0.001). 
 
3.2 Work performance 

Condition had an effect on reaction times in 1-back at the beginning of exposure (p<0.05). 
Reaction time was 0.587 ms in condition A and 0.554 ms in condition B.  
 
The thermal environment has affected work performance in N-back task also in previous 
studies. High room temperature has shown to decrease the work performance in N-back task 
(Maula et al., 2016a) and increased air movement in warm environment has shown to increase 
work performance in N-back task (Maula et al., 2016b). 
 
3.3 Stress effects 

Condition had a significant effect on the Stress index SI (p<0.01). The stress index SI was 
higher in condition B (mean value 7.22) than in condition A (mean value 7.15).  
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4 CONCLUSIONS 

 
The effect of draught on on work performance, comfort, and stress was studied in a situation 
where draught is generated with increased heat loads and cooling, while room temperature itself 
is kept at optimal level. Draught mainly affected on subjective responses and stress. Slight effect 
of draught on work performance was observed. For these reasons, special attention should be 
given for reducing draught in offices. 
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ABSTRACT 
 

In a previous study, an optimal control method was proposed for typical office space in hot and humid regions 

where Thermally Activated Building Systems (TABS) are installed. This method was based on a combination of 

load prediction, model predictive control, sparse modeling. The cooling capacity and indoor thermal environment 

were evaluated using computational fluid dynamics analysis and coupled MATLAB/Simulink analysis. However, 

that verification was conducted for one span (7.20 m×7.20 m×3.87 m) only, and verification on a larger analysis 

target is essential when considering implementation in actual buildings. Therefore, in this study, we proposed an 

optimal control method for a one-floor TABS model and verified it by co-simulation with Modelica and 

MATLAB/Simulink. The results showed that the proposed method improves the energy performance by reducing 

the integrated water flow rate while improving the control performance. 

 

KEYWORDS 

 

TABS, MPC, load prediction, sparse modeling, IDEAS 

 

1 INTRODUCTION 

In recent years, radiant heating and cooling systems have been widely adopted in Japan as a 

means for constructing a thermal environment that achieves both comfort and energy savings 

in office spaces, and the application of this technology is expanding1). Furthermore, 

Thermally Activated Building Systems (TABS), in which the building structure is used to 

store and emit energy, are becoming increasingly popular. To date, TABS have been 

introduced mainly in Europe, and in recent years, attempts have been made to introduce them 

in Japan as well. TABS are expected to provide not only energy savings and comfort, but also 

benefits such as peak shifting, smaller heat and cooling sources, and cost reduction through 

the use of high thermal capacities. However, high thermal capacity means slow thermal 

response, and dynamic control methods are required to create a comfortable indoor thermal 

environment. Previous studies2), 3) have proposed an optimal control method using Model 

Predictive Control (MPC), which combines load prediction, its assimilation, and sparse 

modeling. The results of co-simulation with Computational Fluid Dynamics (CFD) and 

MATLAB/Simulink showed that the proposed method is effective for improving the control 

performance, energy efficiency, and sparsity of the transient output of air conditioners. 

However, analysis of TABS by CFD has been limited to a one-span (7.20 m ×7.20 m ×3.87 m) 
study due to the computational load and other factors. When considering implementation in 
actual properties, verification of control methods is essential because the objects to be analyzed 

Students' Competition
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are large-scale. Among Building Energy Simulation (BES) methods, BES tools based on the 
Modelica language4), which have been researched and developed mainly in Europe and the U.S. 
in recent years, are suitable for complex and large-scale objects due to their relatively low 
computational load and the ease of reusing the model. 
Therefore, in this study, a one-floor TABS model was created using IDEAS5)~7), which was 
developed as a Modelica-based BES library. The effectiveness of an optimal control method 
that integrates previous knowledge was verified through a co-simulation with Modelica and 
MATLAB/Simulink (Figure 1). 
 

 
Figure 1: Outline of this study 

 

2 ANALYSIS OVERVIEW 

 

In this analysis, all zones were subjected to the same loading conditions (Human, Office 
Automation (OA) equipment: PC, Light), and the entire floor was controlled at once. The 
analysis was based on a one-floor TABS model created using IDEAS. The control method was 
MPC with sparse modeling (Sparse MPC), as proposed in a previous study. The co-simulation 
with MATLAB/Simulink and Modelica performed the verification of the control and energy 
efficiency. 
Furthermore, assuming actual operation, it is conceivable that the load in each zone on the same 
floor is different. In such cases, the required thermal environment may also differ for each zone. 
To address such requirements, this study extended MPC and Sparse MPC to a centralized 
control method8) for multi-input and multi-output systems and verified their effectiveness. 

 

2.1 Analysis model 

 

Figure 2 shows the IDEAS analysis model (1 floor). The analysis model was created for the 

interior (12 zones) and perimeter (18 zones) based on the 1-span model, which was confirmed 

to make accurate predictions. The perimeter zone was set to 0.5 spans, with exterior insulation 

in the exterior walls and windows with low-E double-glazing to make the building perimeter-

less. 

 

2.2 Analysis conditions 

 

Tables 1 and 2 show the IDEAS and MPC analysis conditions. The analysis period was 

assumed to be August and its duration was 1 week each for the approach period and the 

primary analysis. In the IDEAS model, the heating values are given according to the loading 

schedule shown in Figure 3. MPC inputs the load with prediction and correction. Specifically, 

a load of Light and OA shown in Figure 3 was subjected to Random Forest prediction and 

Kalman Filter data assimilation. The target values of the ceiling surface temperature were 
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analyzed by Modelica in advance and set to 25.5°C (high-load range for total control and 

centralized control) and 26.0°C (low-load range for centralized control), which satisfies the 

comfort zone. 

 

 

2.3 Analysis case 

 

Table 3 shows the analysis cases: in Case 1, the entire floor was integrally controlled under 

the same load conditions in all zones and in Case 2, the analysis was performed by varying 

the load in each zone to account for the unevenness of the load. Based on the schedule in 

Table 1: Analysis condition of IDEAS  
Weather data Tokyo, Japan 9) 

Discretization method Finite volume method 

TABS Water supply, Temperature 4 L/min, 16 ℃ 

Ventlation 
Flow rate, Supply 

temperature 
480 m³/h, 22.5 ℃ (day time), 26.0 ℃(night time) 

Heat generation  
Human (16 persons):69W/person, OA (16 units):32W/unit, Lighting 

(16 lights):60W/unit 
 

Table 2: Analysis condition of MPC. 
Prediction Model  State space model  

Sample time  1step = 3,600s 

Prediction horizon  24 step 

Control horizon  12 step 

Heat generation (Disturbance)  Same as IDEAS analysis  
Water supply temperature in TABS  16 ℃ 

Constraints  

u [L/min] 0 ≤ u ≤ 4 ∆u [L/min] −4 ≤ ∆u ≤ 4 y [°C] 25.0 ≤ y ≤ 26.0 (Weekday Work Hours) 25.5 ≤ y ≤ 26.5 (Weekday Work Hours (Low-load zone)) 
 

 
Figure 3: Supply Temp. and Power schedule 
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Figure 2: IDEAS analysis model (1 floor) 
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Figure 3, the center of the floor (z6, z7) was set to high load (100%), the four corners (z1, z4, 

z9, z12) to low load (10% of high load), and the remaining interior zones to medium load 

(50% of high load). In all cases, on/off control was used during the approach period, and the 

control method was changed during this analysis period. 

 

 

3 ANALYSIS RESULTS 

3.1 Case 1: Effect of implementing sparse modeling 

 

Figure 4 shows the time series of the water flow rate in Case 1. In Case 1-1, operation at a low 

flow rate occurred, but in Case 1-2, where sparse modeling was introduced, the low-flow 

operation was suppressed. This result indicates the potential to reduce the energy 

consumption of the heat source. During this analysis period, the percentage of zero water flow 

rate was 53.0% in Case 1-1 and 61.3% in Case 1-2, indicating that the introduction of sparse 

modeling expanded the time range of zero water flow rate. 

In addition, the thermal environment deviated significantly from the target value on Day 2 

of Case 1-0, but in Cases 1-1 and 1-2, where MPC was used, it followed the target value 

during the control period from Day 2 to Day 6. 

 

 

3.2 Case 2: Overall control versus centralized control 

 
Figure 5 shows the Root Mean Square Error (RMSE) of the ceiling surface temperatures and the 

target in Case 2. Case 2-1 has zones with large error variations, while in Cases 2-2 and 2-3 which 

installed the centralization control method, the control error in each zone is smaller. Figure 6 

shows the time series of water flow rate in Case 2. In Cases 2-2 and 2-3, water is supplied at the 

same flow rate as in Case 2-1 in the high-load zones, and a lower flow rate in the other zones. 

Figure 7 shows the integrated water flow rate in Case 2. On all days, the flow rates in Cases 2-2 

and 2-3 are lower than in Case 2-1. In addition, the cumulative value for 1 week is reduced by 

about 35.0% in Case 2-2 and 35.8% in Case 2-3 compared with Case 2-1. These results indicate 

that the centralized MPC reduced the integrated water flow rate. 

 

 

 

Table 3: Analysis Case 

Case Load Control Method Load prediction Sparse 

Case1-0 

All the same load 

ON/OFFcontrol - - 
Case1-1 MPC ○ - 
Case1-2 Sparse MPC ○ ○ 

Case2-1 

Different loads by zone 

Overall control (MPC) ○ ○ 

Case2-2 Centralized control (MPC) ○ - 
Case2-3 Centralized control (Sparse MPC) ○ ○ 

 

 

 
Figure 4: Change over time in the water flow rate in Case1 
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4 CONCLUSIONS 

 

In this study, we proposed an optimal control method that integrates our previous findings for 

a one-floor TABS model. In addition, the performance was verified by co-simulation of 

Modelica and MATLAB/Simulink. 

1) Even for a one-floor model created in IDEAS, it is possible to improve control performance 

while reducing the integrated water flow rate at each zone and time by introducing sparse 

modeling into MPC and performing centralized control. 

2) By introducing sparse modeling into MPC, the time range of zero water flow rate was 

expanded for both overall control and centralized control. This result indicates the potential 

to reduce the energy consumption of the heat source. 

 
Figure 5: RMSE of the ceiling surface temperatures and the target in Case 2 
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Figure 7: Integrated water flow rate in Case 2 (12 zone) 
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Figure 6: Change over time in the water flow rate in Case2 
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3) By using the proposed and verified methods, it is also possible to study the optimal control 

of TABS in consideration of energy management (e.g., demand response) in multiple 

buildings, in addition to studies for multiple floors and entire buildings. 
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ABSTRACT 
 

In recent years, there has been increasing number of cases using the double skin façade to satisfy both the indoor 

views and energy saving. In summer, the double skin façade has a heat shielding effect by exhausting solar heat 

through natural ventilation and in winter, in addition to the thermal insulation effect by the air layer, a heat 

collecting effect of solar heat can also be expected. On the other hand, the natural ventilation performance of the 

double skin façade in summer strongly depends on the outdoor conditions, making it difficult to achieve a stable 

heat shielding effect. Additionally, high thermal insulation effectiveness is difficult to determine since the air layer 

is directly influenced by outdoor air temperatures. For this reason, the school facility that is the subject of this 

study is improving its envelope performance by introducing air conditioning exhaust from classrooms into the 

circuit-type double skins and using it as a cascade manner. The objective of this paper is to verify the basic 

performance of this circuit-type double skin façade by unsteady computational fluid dynamics (CFD) analysis, 

then to propose an optimal control method to improve the effect of reducing the skin load and to clarify its 

effectiveness by the analysis. In this control, exhaust of air conditioning system cascading into the double skin 

façade and the direction of airflow (clockwise or counterclockwise) are switched to reduce the skin load by 

predicting the skin load. 

The following results were obtained, 

1) It was confirmed that air temperature in double skin façade was stabilized and heat-load from the surface of 

buildings was reduced by cascade use compared to a typical double skin façade. 

2) Since introduction of the proposed optimal control method makes it possible to select the optimum operation 

mode, thermal transmission load reduction effect was further improved. 

 

KEYWORDS 
 

School Building Cascade Manner Double Skin Facade Unsteady CFD analysis 

  

1 INTRODUCTION 

 

In recent years, there have been an increase in the number of cases that use a double-skin 

façade to satisfy both indoor views and energy savings. In the summer, a double-skin façade 

has a heat shielding effect by exhausting solar heat through natural ventilation. In addition to 

the thermal insulation effects by the air layer in the winter, heat collecting effects from solar 

heat can also be expected. Various field surveys and simulations have been conducted to 

understand this thermal performance. However, the natural ventilation performance of a 

double-skin façade in the summer strongly depends on the outdoor conditions, making it 

difficult to achieve a stable heat shielding effect. Additionally, high thermal insulation 

effectiveness is difficult to determine since the air layer is directly influenced by outdoor air 

temperatures.  

Hence, this study aimed to examine and improve the envelope performance of a double-skin 

façade installed on the extension building by introducing air conditioning exhaust into the 

circuit-type double skin and using it in a cascade manner. The double-skin façade used in this 

study is not a typical double-skin façade; it is instead a circuit-type double skin façade that 
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utilises the air conditioning exhaust for the double-skin that encloses the building. Since there 

are no similar design cases or previous studies, it is unclear whether the assumed performance 

can be achieved. Therefore, we performed computational fluid dynamics (CFD) analysis on the 

circuit-type double skin façade using a cascade method to understand its basic performance. To 

improve the unsteady, real operational performance of the circuit-type double skin façade, we 

propose an optimal control method that minimises or maximises the effects of solar radiation 

in each direction, which varies from time to time, that will clarify the effectiveness through 

unsteady CFD analysis. 

 

2 VERIFICATION OF BASIC PERFORMANCE 

 

2.1 Overview of the subject building and system 

 

An overview of the subject building is shown in Table 1, and a plan of the second floor of the 

building and an overview of the system are shown in Figure 1. The subject of this study is a 

circuit-type double skin façade that is installed on the second-floor perimeter. 
 

Table 1: Overview of the subject building 

Site Tokyo, Japan 

Construction Steel Frame，Steel-framed Reinforced Concrete，Reinforced Concrete 

Purpose School 

Floor number 1F-3F 
Total floor space Existing building：11,138㎡，Extension building：2,700㎡ 

Completion year September，2022 
 

 

 

Figure 1: Plan of the second floor  

and overview of the system 
Figure 2: Analysis model of the system 

 

2.2 CFD analysis model 

 

The CFD analysis model is shown in Figure 2. The space to be analysed is the double skin 

façade on the second floor of the extension building and the corridor, which includes the 

chimney. The unsteady basic performance of the circuit-type double skin façade was clarified 

by CFD analysis. 

 

2.3 Analysis conditions and cases 

 

The analysis conditions are shown in Table 2. The analysis period was 3 days, including pre-

analysis (2 days), and the analysis time interval was 5 s. The indoor boundary conditions for 

the inner glazing were 28 °C in the summer and 22 °C in the winter. The outer glass boundary 
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condition was given Sol Air Temperature (SAT) that accounts for solar radiation, and the inner 

glass was given the heat absorption of solar radiation as volumetric heat value. This reproduced 

the effect of solar radiation on the double-skin façade.  

The analysis cases are shown in Table 3. CASE 1 series were for the summer and CASE 2 

series were for the winter; CASE 1-1 was the natural ventilation mode with top and bottom 

openings, CASE 2-1 was the adiabatic mode, and CASE 1-2 and CASE 2-2 were the modes 

with cascade use. By comparing these modes, we verified the effect of cascade use on the 

reduction of the thermal transmission load from surfaces of the building. The representative 

days are selected from expanded Automated Meteorological Data Acquisition System 

(AMeDAS) weather data for the standard year: sunny days with high solar radiation load in the 

summer, and cloudy days with low solar radiation heat in the winter. 

 
Table 2: Conditions for CFD analysis 

Domain 32.6m(x)×28.6m(y)×9.35m(z) 

Mesh 128(x)×121(y)×65(z)=1,006,720 

Turbulence Model Standard k-εmodel 

Inlet boundary conditions 

Extension 

building 

Flow rate:1,505×2㎥/h 

Temperature:28℃(summer),22℃(winter) 

Existing 

building 

Flow rate:890㎥/h 

Temperature:28℃(summer),22℃(winter) 

 

Outlet boundary conditions Fixed velocity，zero-gradient condition 

Boundary conditions 

Velocity Logarithmic law 

Temperature 

Indoor：Summer  28℃，Winter  22℃ 

(Convective heat transfer coefficient:9W/㎡ K) 

Outdoor：Standard year weather data for Tokyo 

(Overall heat transfer coefficient:23W/㎡ K) 𝑈𝑖𝑛：Outlet air wind speed[m/s], 𝑘𝑖𝑛：Outlet air turbulence energy[㎡/s²] 𝜀𝑖𝑛：Dissipation rate of 𝑘𝑖𝑛[㎡/s³], 𝐶𝜇：Model constant(=0.09)[-], 𝑙𝑖𝑛：Length scale[m] 

 

 
Table 3: Analysis cases 

 Operation mode Inlet temperature Day 

CASE1-1 Natural ventilation mode Outdoor air temperature Aug. 29 

（Sunny day） CASE1-2 Cascade mode 28℃ 

CASE2-1 Airtight(Adiabatic mode) - Jan. 16 

（Cloudy day） CASE2-2 Cascade mode 22℃ 

 

 

2.4 Analysis results 

 

A time series of the thermal transmission load for the air conditioning operating hours for each 

case are shown in Figure 3.  

Compared to CASE 1-1 with natural ventilation, CASE 1-2 with cascade use increased the 

thermal transmission load in the mornings when outdoor temperatures were low but reduced 

thermal transmission load by an average of 66% and a maximum of 79% during the hours of 

high outdoor temperature and high solar radiation load. This confirms the effects of cascade 

use in the summer, which reduced the thermal transmission load from the building surfaces. A 

comparison of CASE 2-1 with airtight and CASE 2-2 with cascade use revealed that the thermal 

transmission load loss in the morning, when the outdoor temperature was low, was significantly 

reduced by using the cascade, with an average reduction of 42% and a maximum reduction of 

 𝑘𝑖𝑛 = (𝑈𝑖𝑛/10) 2, 𝜀𝑖𝑛 = 𝐶𝑎3/4 ∙ 𝑘𝑖𝑛3/2/𝑙𝑖𝑛   
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49%. This also confirms that cascade use in the winter season can reduce the thermal 

transmission load from the building surface. 

3  OPTIMAL CONTROL OF CIRCUIT-TYPE DOUBLE SKIN 

 

Here, we proposed and verified an optimal control method to further improve the envelope 

performance of the double skin façade. The solar radiation load on the double skin façade in 

each direction changed from moment to moment. Therefore, by changing the flow direction in 

the double skin façade at different times of the day, it was possible to suppress the rapid 

temperature rise or drop near the air inlet in the around the corridor. 

 

3.1 Overview of optimal control methods 

 

In this analysis, the following four modes of operation were proposed. ① Basic mode with 

cascade use as designed, ② reverse mode with clockwise double-skin flow, ③ outside air 

introduction mode (outside air is introduced directly into the double-skin façade), and ④ a 

mode to stop the introduction of air conditioning exhaust and to collect solar radiation heat 

instead. An optimization flow diagram is shown in Figure 4. For optimal control, each mode 

was selected according to the situation to determine the daily operation schedule: In STEP 1, 

the disturbance of the next day was estimated (utilising weather forecasts); in STEP 2, the 

objective function (thermal transmission load) based on a one-dimensional heat transfer model 

was minimised to determine the optimal hourly operation mode. The next day, when the air-

conditioning system in the extension building was put into operation, the double skin façade 

was utilised according to the operational schedule determined in STEP 2 (STEP 3). After 

STEPS 1–3 were completed, the process returns to STEP 1 again, and the optimal control 

repeats this process. 

 

 
Figure4: Optimization flow 

 

Aug. 29 (Sunny) Jan. 16 (Cloudy) 

  
Figure 3: Thermal transmission load by time for each case 
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3.2 Overview of analysis 

 

The CFD analysis model is the same as in Figure 2. The analysis cases were CASE 3-1, in 

which the system operated with optimal controls (Fig. 4); CASE 3-2, in which the system 

operated in basic mode (①) all day; and CASE 3-3, in which the system operated in reverse 

mode (②) all day. The analysis period was four days, with the first two days of operation in the 

basic mode as a run-in period, and the latter two days were cloudy and sunny days in each case. 

 

3.3 Analysis results 

 

Figure 5 shows the thermal transmission load by time of day for each representative day and 

Figure 6 also shows the cumulative value of the thermal transmission load for the day when the 

air conditioning was in operation. The results of CASE 3-1 are shown as plots, and the results 

of CASE 3-2 and 3-3 are shown as bar graphs. By introducing outside air and suppressing the 

temperature rise in the double skin façade on cloudy days, the thermal transmission load at 1:00 

p.m. after changing the operation mode was reduced. The cumulative value of thermal 

transmission load per day was reduced by 6 MJ when compared to that in CASE 3-2. This 

Aug.28 

(Cloudy) 

Aug.29 

(Sunny) 

Figure 5: Thermal transmission load by time  

 

Aug.28 (Cloudy) Aug.29 (Sunny) Jun.15 (Sunny) 

   
Figure 6: cumulative value of thermal transmission load 

文書の重要な部分を引用して読者の注意を引いたり、このスペースを使って注目
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suggests that the introduction of outside air may significantly reduce the air conditioning load 

on cloudy days. On a sunny day, the thermal transmission load decreased after changing the 

operation mode at 10:00 a.m., as on a cloudy day, but increased after changing the operation 

mode at 1:00 p.m. This is presumably due to the time required to process the hot air near the 

outlet just before the switch. The cumulative value of the thermal transmission load per day in 

CASE 3-1 was reduced by 1.6 MJ compared to that in CASE 3-2, suggesting the possibility of 

reducing the envelope load by changing the flow direction of the double skin as appropriate. 

Similarly, in the winter season, the cumulative value of the thermal transmission load per day 

was reduced by 22.7 MJ compared to that in CASE 3-2, suggesting the possibility of reducing 

the envelope load by collecting solar heat during the daytime when the peak of solar radiation 

gain, while changing the flow direction in the double skin as appropriate. These results confirm 

the effectiveness of the optimal control method using the four operational modes proposed in 

this study. 

 

4 CONCLUSIONS 

 

We clarified the basic performance of the circuit-type double skin with the cascade manner 

and verified the effectiveness of the proposed optimal control method to reduce the envelope 

skin load. 

 

1) It was confirmed that the air temperature in the double skin was stabilised, and the thermal 

transmission load from the building surfaces was reduced by cascade use compared to a 

typical double skin. 

2) Introduction of the proposed optimal control method makes it possible to select the optimal 

operation mode, thus improving the reduction effects of thermal transmission. 
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ABSTRACT 

The use of natural ventilation components as an enhancement for the ventilation systems has 

become more desirable in the building sector. The natural ventilation systems play a crucial 

role in reducing the carbon footprint from space heating and cooling through applications of 

low carbon technology and heat recovery unit. Low carbon technologies such as windcatchers 

and turbine ventilators are commonly used in commercial, educational, and industrial buildings 

for providing thermal comfort within a building and minimising carbon emissions. This study 

proposes to investigate a new concept of home ventilation systems integrated with a vertical 

axis wind turbine. The study aims to achieve a more detailed understanding of the proposed 

system in terms of ventilation performance for both air extraction and supply of air by a turbine 

ventilator type. The simulation results of the proposed design of a turbine ventilator to meet the 

Building Regulation’s minimum ventilation rate requirement are presented. Having considered 

a wind speed at 6 m/s, the maximum exhaust flow rate induced by the turbine ventilator was 

captured at 87.52 l/s, whereas the maximum air supply flow rate of 38.25 l/s induced by the air 

intake vent (AIV) was observed. To improve performance of the AIV, the simulation results of 

two modified versions (AIV1 and AIV2) show an increase in supply ventilation rate of 5% and 

20% for the AIV1 and AIV2 respectively. As the proposed turbine ventilator is a primarily 

design, the results from this study indicate a promising potential of the ventilation system 

combined with a powerless turbine ventilator for domestic dwellings. 

KEYWORDS 

Turbine ventilator, ventilation

  

1 INTRODUCTION 

The UK and EU are committed to reduce greenhouse gas emissions by at least 80% in 2050 

compared to emission levels in 1990 transitioning to a low-carbon economy. HAVC (heating, 

ventilation and air-conditioning) system is a part of domestic buildings that is to warm up and 

cool internal occupied spaces, which provides acceptable indoor air quality (IAQ) and a 

comfortable environment in buildings through ventilation. In domestic dwellings, though air 

infiltration and natural ventilation are the primary ventilation method, it is considered less 

efficient in terms of energy savings for the building (Rhodes, 1995). Energy consumption of 

HVAC systems in building services accounts for 50% to 60% of the total energy consumption 

(Dimitroulopoulou, 2012; Ahmad et al., 2016). On the other hand, mechanical ventilators play 

a crucial role in a ventilation system where it can controllably provide consistent ventilation. 

With application of heat recovery, mechanical ventilation can have a significant impact on 

reducing energy consumption in buildings (Dodoo et al., 2011). However, they found that 

mechanical ventilation with heat recovery (VHR) system reduced the energy consumption for 

space heating and also increased the electrical energy consumption for its operation.  

The reduction in energy consumption for heating and cooling is one of the global challenges 

as to achieving goals for decarbonisation in the building sector. As a part of the European 

Strategic Technology plan, the need of low carbon technologies for heating and cooling from 

Students' Competition

595 | P a g e



renewable energy sources has been highlighted in the past years. Applications of low carbon 

ventilation technologies e.g. powerless ventilators pose a prominent solution for reducing 

energy consumption in buildings (Tan et al., 2016). Powerless ventilators hold a potential to 

facilitate ventilation, reduce energy consumption and improve IAQ through the use of a 

renewable energy source - wind (Lai, 2003; Khan et al., 2008a; Tan et al., 2016).  

With application of low carbon ventilation technology, a reduction in of energy demand with 

efficient supply can be achieved by using renewable energy resources. The drive of this research 

is to pursue a path of the nearly zero-energy building (NZEB) programme by the European 

Commission as a contribution for decarbonisation of heating and cooling in domestic dwellings.  

This study is hypothesised to develop a new concept of home ventilation system by 

employing a wind driven turbine ventilator, as a means to reduce energy consumption and 

improve indoor air quality in a building. The proposed concept is to employ the new design of 

a turbine ventilator through modification based on a commercial wind-driven ventilator. This 

new turbine ventilator is designed to be capable to facilitate ventilation for both supplying fresh 

air and exhausting stale air. Thus, this study aims to achieve a more detailed understanding of 

the proposed system in terms of ventilation performance for both air extraction and supply of 

air by the turbine ventilator.  

2 LITURATURE REVIEW  

The influence of ventilation systems can affect heating and cooling loads in domestic 

dwellings, which results in energy consumption and greenhouse gas emissions (Guillén-

Lambea et al., 2016). Heating and cooling loads are one of the primary sources that has an 

impact on residential energy consumption. As reviewed by Pérez-Lombard et al. (2008), the 

energy consumption of heating, ventilation and air-conditioning (HVAC) servicing in UK 

residential buildings accounts for 62% of the total energy consumption. Moreover, HVAC 

systems in building services can consume 50% to 60% of total end use energy (Ahmad et al., 

2016). Therefore, the role of energy efficiency improvements is essential as a means to indicate 

the minimisation of energy consumption in buildings by implementing more energy efficient 

technologies and government policies (Peter G. Taylor et al., 2010). Ventilation technologies 

play a crucial part in energy efficiency improvements regarding energy concerns. Ventilation 

systems: natural or mechanical supply/exhaust types have significant impacts to improve IAQ 

and minimise energy consumption in domestic dwellings. However, optimisation of the 

ventilation systems usually depends on climate zones, heating & cooling demands and air 

quality requirement (Santos and Leal, 2012; Hesaraki et al., 2015; Guyot et al., 2018; Delwati 

et al., 2018; Zemitis and Borodinecs, 2019).   

The use of natural ventilation components as an enhancement for the ventilation systems has 

become more desirable in the building sector. Low carbon technologies such as windcatchers 

and turbine ventilators are commonly used in commercial, educational and industrial buildings 

for cooling and ventilation purposes (Khan et al., 2008a). Powerless rotating or turbine 

ventilators are a wind-driven air exhaust technology that facilitates ventilation in domestic and 

industrial buildings (Khan et al., 2008b). Turbine ventilators are widely used especially in warm 

countries as an exhaust ventilation system to ease the intensities of poor IAQ and cooling loads 

of buildings, which reduces the energy consumption (Lai, 2003; Tan et al., 2016). As the climate 

gets warmer, energy consumption for more cooling demands of buildings can be reduced by 

employing turbine ventilators. However, overventilation can be an issue when applying this 

technology; Streckienė et al. (2018) found that the amount of air in a building was exhausted 

12 to 41% more than its requirement. Khan et al. (2008b) also pointed that the use of the 

technology can cause energy losses in mild climate countries where the conservation of heat 

energy is needed in winter. Although turbine ventilators are the energy efficient technology for 

buildings in warm countries, there is a lack of robust studies on application of turbine ventilators 

in a ventilation system for domestic buildings in mild climate zones. 
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Another natural ventilation technology is windcatchers commonly used in education and 

industrial buildings to facilitate ventilation by wind and stack effect and to reduce cooling loads. 

In mild climates, a natural ventilation with heat recovery system can be achieved with 

windcatchers by employing a heat exchanger (Saadatian et al., 2012). An example of the 

windcatcher with heat recovery system is the Monodraught’s Windcatcher HX with its 

capability of delivering cooling ventilation and heat recovery (Monodraught, 2020). However, 

when retrofitting conventional residential buildings, windcatchers have not been commonplace 

(Khan et al., 2008a; Jomehzadeh et al., 2020). 

Decarbonising heating and cooling has become a hot topic in regard with the reduction in 

greenhouse gas emissions. Mechanical ventilation system usually consumes electricity for its 

operation (Russell et al., 2007; Lai et al., 2018; Delwati et al., 2018). Replacements for a more 

renewable and energy efficient technology are highly desired. This leads to the fundamental 

technique through the use of natural forces. Turbine ventilators hold a potential not only for 

ventilation in buildings, however, there is a lack of research on employing turbine ventilators 

in a balanced (supply & exhaust) ventilation system.  

3 METHODOLOGY 

3.1 CFD modelling 

CFD analysis was conducted to explore flow patterns and performance of new design of a 

turbine ventilator. Numerical simulations were performed using SimScale and Autodesk CFD. 

The geometry of the turbine rotor domain is shown in Figure 1, where the diameter of the 

turbine, D is 400mm and the duct size, d is 140mm. The study of Alom and Saha (2019) showed 

that an elliptical blade profile exhibited better rotor performance than other blade profiles; semi-

circular, Benesh and modified Bach rotors by 20.25%, 19.49% and 17.28% respectively. The 

elliptical blade profile was adopted with the blade height of 300mm, and the exhaust duct was 

extended 75mm from the rotor base. Furthermore, the air intake vent was designed to be 250mm 

high with a 35mm gap between louvers, which acts as a windcatcher, allowing fresh air flowing 

into building. A circular air intake vent was modelled with four openings (See Figure 1c). 

 

Figure 1.  Schematic: (a) principle of the proposed turbine ventilator, (b) the geometrical parameters of the rotor 

domain, (c) air intake vent and (d) CFD computational domain setup. 

3.2 Turbulence modelling, boundary conditions and grid details 

The k-epsilon model, one of the most widely used turbulence models, is a robust model that 

is proficient in economically simulating a wide range of mean flow characteristics for turbulent 

flow conditions with reasonable accuracy. The standard k-epsilon turbulence model based on 

RANS was adopted in practical applications of many studies due to its good convergence and 

relatively low computation cost, which provides a reasonable estimate of complex flows 

through and around the turbine ventilator  (Lien and Ahmed, 2010; Jadhav et al., 2016; Lan et 

al., 2021). 

The present study adopted an CFD simulation approach of the wind tunnel domain setup for 

numerical simulations by Jadhav et al. (2016). The approach is a replication of the physical test 

rig for a wind tunnel. The whole computational domain consists of two primary regions: the 
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flow domain and the chamber (see Figure 1d). The overall size of the computational domain is 

3D for the upstream x 5D for downstream extending to a width of 2.5D for both the right and 

left side boundaries and a height of 2.5D, where D is the diameter of the turbine ventilator.  

Boundary conditions were assigned to each face of the computational domain. The entry of 

the computational domain upstream was defined as a uniform velocity-inlet boundary 

condition. The inflow rates were set to a variety of velocity magnitudes of 1, 2, 3, 4, 5 and 6 

m/s, which was applied in the simulation. The rotation of turbine ventilators started when the 

wind speed was higher than 2 m/s (Rimdžius et al., 2018; Chen et al., 2019). A pressure outlet 

boundary condition was assigned to the end of the domain downstream of the turbine ventilator, 

in which the pressure was set equal to 0. 

Due to the complexity of the geometry, tetrahedral meshing was employed to capture the 

flow characteristics in proximity of the geometry of interest, and to ensure the cell skewness 

was less than 1 and close to 0. The maximum skewness of the mesh was targeted to be equal to 

or less than 0.85 for a high-quality mesh (Lien and Ahmed, 2010; Ghanegaonkar et al., 2018; 

SIMSCALE, 2020). The total cell count of the computational domain was 2.12 million. The 

global maximum cell size was 4mm. 

4 RESULTS AND DISCUSSION 

4.1 Performance investigation of the initial turbine ventilator model 

Settings for the velocity inlet are velocity magnitudes of 1 m/s, 2 m/s, 3 m/s, 4 m/s, 5 m/s 

and 6 m/s in the CFD analysis. The initial investigation was carried out by performing CFD 

simulation of the proposed turbine ventilator model with two different blade profiles of 2 blades 

(2B-TV) and 10 blades (10B-TV). This allows to quantify the influence of the turbine blade 

profile on the ventilation performance in terms of exhaust volume flow rate. CFD simulation 

of the 2B-TV with a throat diameter of 140mm was analysed. Figure 3a shows the velocity 

contours of the 2B-TV at different velocities. The contours of velocity were captured at 100 

mm above the cylindrical base of the rotor domain. Having observed the flow pattern, a small 

region of recirculating flows appeared on the convex side of the blade at the top region facing 

the incoming flow direction. High velocity contours were captured at the convex side of the 

duct on the downstream. These highlighted zones have the influence on pressure distributions 

(see Figure 4). High pressure distribution can be recognised where the recirculation is formed. 

On the other hand, low pressure distribution is distributed on the duct subjected to high velocity 

contours. 

In Figure 4, the correlations between high velocity and low pressure or low velocity and high 

pressure were captured and observed at 100 mm (a & b) and 160 mm (c & d) above the rotor 

base. The flow behaviour around the turbine ventilator is illustrated in Figure 4a, which 

indicates the recirculation zone of the incoming flow on the convex side of the returning blade 

(in the red circle) defecting the rotation of the turbine ventilator. This means the highlighted 

region is stagnant and creates a large pressure gradient on the blade convex (Tian et al., 2019). 

As a result, the flow separation was formed around the edge of the blade with a low-pressure 

region associated to a relatively high velocity. As the flow separation takes place, the flow 

behaviour in the middle region of the rotor indicates the swirling pattern of the flow as shown 

in Figure 4c. The swirling flows were produced near the inner edge of the returning blade. This 

allows the airflow to be removed and exhausted by the turbine ventilator from the duct. In 

Figure 4c, the upward arrows of the swirling flow represent the exhausted air being extracted. 

To further observe, the region where the swirling pattern produced has the influence on 

generating negative pressure as shown in Figure 4d. As a result, the more negative the pressure 

the better performance of air extraction is for the turbine ventilator.  
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Figure 3. Velocity contours of the 2B-TV (a) and 10B-TV (b) at different velocities.  

 

Figure 4. Velocity and pressure contours at velocity of 4 m/s. 

For the 10B-TV model, CFD simulations were performed with a range of velocities between 

1 m/s and 6 m/s. When the incoming flow interacts with the rotating blades, the stagnation 

region is formed which leads to the reduction in wind velocity of the rotating blade as shown 

in Figure 3b. Furthermore, the development of the separated flow is located at the top of the 

turbine ventilator, creating low pressure area. The incoming flows started entering the inner 

domain of the turbine ventilator from the top left corner and leaving through the bottom, causing 

the inner flows swirling in the interior of the turbine ventilator (see Figure 5). This behaviour 

of inner flows becomes the factor as the force contributing to the turbine rotation (Tian et al., 

2019). It is observed that the interaction of the inner flows within the rotor caused a vortex to 

exist at the top right above the duct as shown in Figure 5b, which leads to the reduction in 

pressure around its area. The effect of stagnation region (in black circle in Figure 5a) caused 

the large positive pressure occurred on the tip of the returning blade zone (in red circle in Figure 

5c). With an increase in wind speed of the inner flow coming through the rotor, it is observed 

that the development of negative pressure was influenced by the inner flow velocity as shown 

in Figure 5d. It indicates that the 10-blade profile had a great impact on the pattern of swirling 

flows to induce greater extraction flow rates. 

The performance of the AIV was assessed against an induced flow rate entering through the 

AIV model. The CFD simulation was performed under a steady state condition and with an 

angle of the wind flow inlet at 0°. The CFD result of the AIV model at a velocity magnitude of 

6 m/s is exhibited. Figure 6a shows the distribution of velocity field at the bottom of the AIV 

supply channels, where the induced flow passes through the opening on the windward side of 

the channel. The vector of velocity indicates the flow patterns of the oncoming wind from the 

windward side captured and induced by the AIV, while the airflow can be seen leaving at other 

channels (see Figure 6b). 

In Figure 6c, it is notable in the velocity contours that the recirculation zones were formed 

on outer wall at lower edge of the louver bend (in red circle) after the airflow entered the inlet 

opening. This flow separation is caused by a sudden change in the flow direction at sharp 

corners at the bend, which leads to a negative impact on the performance of the supply airflow 

rate (Alsailani et al., 2021). As the flow keeps moving towards the rear wall, it accelerated the 

formation of a larger recirculation zone and flow separation to take place. 
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Figure 5. Velocity and pressure contours at 4 m/s of the 10B-TV at 300 mm above the cylindrical base. 

The pressure contours of the cross-sectional plane of the supply channel indicate a large 

pressure gradient produced near the upper wall of the bend, as well as at the louver (See Figure 

6d). This indicates that the high-pressure area has a negative impact on the loss in the air flow, 

which leads to a decrease in mass flow rate in the air supply channel. Having performed CFD 

simulation at a velocity of 6 m/s, the result of the average pressure of the AIV supply channel 

was captured at 27.26 Pa, while the AIV induced the air supply rate of 38.25 l/s. Given the 

numerical results of its ventilation performance, there are still rooms for improvements in terms 

of minimising in flow losses through modifications of features of the AIV. 

 

Figure 6. AIV velocity contour and cross-sectional plane: (c) velocity and (d) pressure contour.    

The comparison of the numerical results of the ventilation performance between the 2B-TV 

and 10B-TV models. The results of exhaust mass flow rates were plotted against wind speed 

(See Figure 7a). It is noticeable that the 10B-TV greatly outperformed the 2B-TV by 66% after 

the wind speed above 2 m/s. Given the velocity speed at 6 m/s, the exhaust mass flow rate 

extracted by the 2B-TV did not meet the benchmark of the ventilation rate of 35 l/s for 

dwellings. On the contrary, the 10B-TV managed to satisfy the minimum ventilation rate at the 

velocity speed of 3 m/s with the extracted volume flow rate of 35.59 l/s. By comparing the 

ventilation performance between the two models, it is evident that the 10B-TV model 

demonstrates the better performance for exhaust ventilation flow rates.  

To validate the CFD results of ventilation performance of the 10B-TV model in this study, 

the results were further compared with the experimental and numerical results produced by 

(Khan et al., 2008b; Ghanegaonkar et al., 2018). The results of 300 mm and 250 mm straight 

vane turbine ventilators obtained from the experiment of Khan et al. (2008b) and a 600 mm 

curved turbine ventilator by Ghanegaonkar et al. (2018) were considered for the comparison 

against the CFD results of the present study. In Figure 7b, it is observed that the results of the 

present study were found to be in agreement with the results of a 250 mm straight vane turbine 

ventilator by Khan et al. (2008b).Though there is difference in size of the throat diameter, the 

10B-TV with a throat diameter of 140 mm is capable to induce air flow as much as the 200mm 

turbine ventilator. Nevertheless, the overall trend in ventilation performance of the 10B-TV 

was shown to be in good agreement with the results of other studies.  
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Figure 7. Comparison of the ventilation performance: (a) 2B-TV and 10B-TV and (b) with other studies. 

The simulation results of the volume flow rates induced by the AIV model were plotted 

against a range of velocity from 2 m/s to 6 m/s as shown in Figure 9a. It indicates that a linear 

relationship of the increasing induced flow rates is influenced by increases in wind velocities. 

With the suggested ventilation rate, he induced flow rates of the AIV meet the minimum 

requirement for 1, 2, 3 and 4 bedrooms when the wind speed remains at 3.8 m/s, 5 m/s, 5.5 m/s 

and 6 m/s respectively.  

4.2 Performance investigation of modified turbine ventilator model 

With 50% increasing the height of blades, the mass flow rates can be improved by 13.5% 

(Khan et al., 2008b). A decrease in blade height was considered in this study to determine the 

differences in performance of the turbine blades to be more efficient at a lower wind speed. In 

Figure 8, it demonstrates the formation of vortices taking place in the mid region of the rotor 

with respect to an increasing wind speed. With interactions of the incoming flow on the 

windward side of the modified 10B-TV, a stagnation point was formed, where the local velocity 

is equivalent to zero. Consequently, the large positive pressure was produced on the convex 

side of the returning blades (see Figure 8b). This stagnation point flow extended towards the 

upper along the rotating blades. With deacceleration from the stagnation point flow, a flow 

separation was taken in place upstream of the rotor domain. The distribution of pressure was 

determined by the flow velocity, where the large positive pressure was formed in the low 

velocity area. Inversely, the low-pressure area was taken place at the high velocity region. 

Hence, the exhaust flow rate of 45.18 l/s at a 6 m/s wind speed was obtained. The exhaust flow 

rates obtained from the CFD simulations were plotted against with respect to different velocities 

(see Figure 9b). It is observed that the performance of the modified 10B-TV was better than the 

2B-TV by between 32% and 45% after passing 3 m/s, while it underperformed with almost 

50% difference comparing to the 10B-TV. 

 

Figure 8. The modified 10B-TV: (a) velocity contour and (b) pressure contour. 
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Figure 9. (a) Volume flow rates induced by the AIV model and (b) Comparison of ventilation performance. 

Furthermore, the development of recirculation zones of the AIV is due to separated flow 

formed near corners at the bend. This leads to an increase in flow losses, resulting in a pressure 

drop. To reduce a drop of pressure in the AIV, altering features of the AIV profile was 

considered. Since flow separation and recirculation zones occur at sharp corners of the bend, 

the 90° bends of the louvers at inlet opening were simplified as the AIV1 model (see Figure 

10). Alsailani et al. (2021) found that adding guide vanes in the bends could substantially 

improve the uniformity of air flow within the supply channel, which led to an increase in airflow 

rate up to 29%. Hence, the modified AIV2 model was modified by rounding sharp corners at 

the bend and adding guide vanes at the end of the inlet opening. The CFD results of the modified 

AIV1 and AIV2 at a velocity of 6 m/s are presented. Figure 10a shows that the size of 

recirculation zones (in the red circle) was reduced when compared to the large recirculation 

zones of the AIV in Figure 6c. This allows an increase in air flow to travel inside the supply 

channel, which reduces pressure drop in the supply channel as shown in Figure 10b. The supply 

flow rate of air supply induced by the modified AIV1 was determined at 40.83 l/s with respect 

to a wind speed of 6 m/s.  

Moreover, in Figure 10c. It is observed that the formation of recirculation zones compared 

to the AIV was not reduced as much as expected. Noticeably, the air flow increased due to the 

influence of the rounded corner and guide vane directing the flow at the separation point to 

travel the same way. The maximum velocity of 8.37 m/s was measured in the channel and 

considered higher compared to the modified AIV1 with the maximum velocity of 6.81 m/s. 

Hence, it results that the pressure drop was significantly reduced with the design of the modified 

AIV2 as shown in Figure 10d. It is clear that the corelation between air flow and pressure, when 

pressure decreases, reversely air flow increases. The volume of supply air flow rate was gauged 

at 48.11 l/s. With the influence of these modified AIV1 and AIV2, the ventilation performance 

of the AIV can be improved by 5% for the modified AIV1 and 20% for the AIV2. 

 

 

Figure 10. Velocity and pressure contours: (a) Modified AIV1 and (b) Modified AIV2. 
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5 CONCLUSIONS 

The present study was conducted to initially investigate a new concept of home ventilation 

system integrated with turbine ventilator, as a means to reduce its energy consumption and 

improve indoor air quality in a building. A model of a turbine ventilator was designed to be 

capable of both supplying fresh air in and exhausting stale air from a building. The primary 

focus of the study was to explore the ventilation performance of the proposed turbine ventilator. 

CFD simulations were carried out using SimScale and Autodesk CFD to predict the ventilation 

performance of the proposed turbine ventilator.  

CFD simulations were first carried out to explore the influence of blade profile by testing a 

2 blade (2B-TV) and a 10 blade (10B-TV) models. For air extraction, the numerical results 

show that the 10B-TV outperformed the 2B-TV by 66% at velocity speed 3 m/s and above. The 

maximum exhaust flow rate induced by the 10B-TV was captured 87.52 l/s at a wind speed of 

6 m/, which exceeded the minimum ventilation rate. Although a modification of the 10B-TV 

was made, there were no improvements for ventilation performance. Validation of the CFD 

results was conducted by a comparison with experimental results from other studies. It indicated 

the results of the present study were found to be in agreement with the results of a 250 mm 

straight vane turbine ventilator by Khan et al. (2008b). The initial design of the air intake vent 

(AIV) was tested, which result in the maximum flow rate of air supply of 38.25 l/s at 6 m/s. 

However, the AIV did not meet the minimum ventilation rate. The AIV was modified in order 

to improve it ventilation performance. As a result, the modified AIV1 and AIV2 induced a 

higher supply flow rate than the original AIV by 5% and 20% respectively. With the results of 

the AIV2, the minimum requirement for 5 bedroom was satisfied.  

As the proposed turbine ventilator is a primary design, the study shows a promising potential 

of the proposed home ventilation system integrated with the turbine ventilator. With further 

improvements, this new concept of ventilation system could be a greener alternative for future 

home ventilation for new builds or conventional houses. The application of powerless turbine 

ventilator to induce exhaust air flow rate through the roof is effective and efficient for the 

industrial buildings. However, it is deemed as unnecessary for domestic ventilation systems, 

mainly due to required working environment, visual pollution for some homeowners and 

unreliable resource for operation. It is being underrated in a ventilation strategy as compared to 

HVAC, where it is considered more efficient in terms of both energy saving and ventilation. It 

will be cheaper and greener for domestic dwellings if a new ventilation system integrated with 

a low carbon turbine ventilator that maximises a natural source of wind energy for ventilation 

and energy saving can be developed. 
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ABSTRACT 
 
In order to get to scale and rapidly decarbonize the energy use of homes, we need information on the performance 
and costs of potential home upgrade measures. The costs for different performance levels are vital for energy 
savings and decarbonization program planning and to focus R&D activities on measures that could achieve 
significant cost reductions. This study obtained data from over 1,700 projects that aimed to achieve advanced 
levels of energy use and related carbon emissions reductions. In this paper we examine the measures related to air 
sealing (for both the home building envelope and duct systems) and ventilation and present the relevant cost 
analysis. The results show that there are challenges to obtaining the envelope leakage levels appropriate for the 
energy and carbon savings we would like to achieve, that duct leakage reductions can be much greater than those 
for envelopes. From a cost perspective, envelops leakage can be substantially reduced with additional effort, but 
duct sealing results depend on parameters other than cost/effort. In addition, provision of adequate ventilation are 
rare and require additional emphasis or mandated requirements in future programs to ensure that indoor air quality 
(IAQ) is not compromised in decarbonized, energy efficient homes.  
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1 INTRODUCTION 

 
Recent studies confirm that cost of energy upgrades in existing dwellings has been identified 
as one of the key barriers restricting the scaling of energy solutions and decarbonization 
strategies (Chan et al., 2021; Less, Walker, & Casquero-Modrego, 2021; Less, Walker, 
Casquero-Modrego, et al., 2021). It is known that measures like advanced insulation and air 
sealing reduce energy demand, including during a high-carbon and peak hours (Miller & 
Higgins, 2021). A study conducted by NYSERDA early in the 2010s addressing super-insulated 
deep energy upgrades (mostly in buildings about 100 years old), suggested that costs could 
exceed $100,000 per dwelling (Holladay, 2012). In a 2014 meta-analysis (Less & Walker, 
2014) of projects across the US typical deep energy upgrade costs were about ($40,420 ± 
$30,358 (n=59)), or $22.11 ± $17.70 per ft2 (n=57). This is about $28 per ft2 in 2021 dollars. 
These high project costs, combined with relatively cheap retail energy costs, and a focus on 
cost-effectiveness, have limited the large-scale implementation of critical upgrades in the US 
housing stock. The cost of energy upgrades in the US has not been consistently or centrally 
tracked or organized by either industry, programs or government. To address this issue, a recent 
study (Less, Walker, Casquero-Modrego, et al., 2021) developed a database of US single family 
energy retrofits measures. Project data were obtained for 1,739 projects, from 15 states and 12 
energy programs, with a total of 10,512 individual measures. The goal was to develop cost 
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benchmarks and to guide future R&D efforts aimed at cost compression and scaling of the 
residential upgrade market. Each measure of the database was recorded along with its 
performance specifications (if available). The study compared the installed energy performance 
to determine if there is the capacity to do better from an energy standpoint. This paper used the 
database to asses the measures related to air sealing for a) building envelope and ducts systems; 
and b) ventilation, in order to show the cost analysis. 
 
2 AIR SEALING IN BUILDING ENVELOPE AND DUCTS 

 
Building envelope and duct air sealing are a key part of energy retrofits in existing buildings in 
the US. Duct sealing is particularly important in US homes due the prevalence of using forced 
air duct systems for heating and cooling. The database developed for this study found that house 
and duct sealing were among the most common measures recorded, with 555 homes with 
envelope sealing and 306 with duct sealing. The pre- and post-leakage measurements, along 
with the measured reductions in leakage for the building envelope and for ducts are summarized 
in Figure 1. Building envelope leakage results. 

 

 
 and Figure 2. The median percent reductions in leakage were lower for the building enveloped 
than for the ducts (27% vs 64% respectively). The limited reduction in envelope leakage, with 
a median post-retrofit value of over 8 ACH50 indicate that more effort could be put into envelope 
air sealing to further reduce uncontrolled air infiltration loads and resulting energy use and 
carbon emissions. For comparison, in the US, the target for much new construction is 3 ACH50 
(ICC IECC, 2021). Similar requirements are also used in other countries (for a summary see 
(Leprince et al., 2017)). 
 
The sealing measures recorded in the database were referred to as: the House_Envelope (the 
exterior envelope of the dwelling), the HVAC_Ducts (the duct system leakage) and Attic_All 

(for projects that separated attic leakage measures from other envelope leakage measures).  
When normalized by dwelling floor area (ft2), the median air sealing costs were $0.53/ft2 
($5.7/m2) for the HAVC ducts, $0.41 ($4.4/m2) for the house envelope and $0.16 ($1.7/m2) for 
the attic. There was considerable variation from home to home with about a factor if two 
covering the 25 to 75th percentile, Figure 3. 
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Figure 1. Building envelope leakage results. 

 

 
Figure 2. Duct leakage results. 
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Figure 3. Sealing measure cost normalized by home floor area (ft2), showing the median and 25th/75th 
percentiles. 

Because attic air sealing as a separate measure was rare and insufficiently documented for the 
analyses presented here, we will focus on the building envelope and duct leakage only. The 
median costs for each measure were very similar at $730 for the building envelope air sealing 
and $789 for the ducts. For similar costs, duct leakage was able to be reduced two-fold more 
than envelope leakage, which likely makes it much more cost-effective in dwellings with ducts 
outside of conditioned space. Building envelope reductions and associated air sealing costs 
normalized by dwelling floor area (ft2) are shown in Figure 4. Spending more on air sealing 
results in significant improvements: a doubling of costs from $0.34/ft2 to $0.68/ft2 ($3.7/m2 to 
$7.3/m2) increased the leakage reduction by a factor of three. Part of this study summarized the 
published literature associated with deep energy retrofits in the US (Less, 2021) and found that 
a range of factors determine the determining air sealing cost for the building envelope. The 
most important factors were: a) the Energy Program the project participated in; b) the leakage 
reduction; c) the climate zone; and d) the post-retrofit CFM50 value. The costs of air sealing 
reported here are for direct air seal actions only, and do not include the costs of other measures 
that might also contribute to leakage reductions (e.g., window replacement, dense pack 
insulation, etc.). As a result, these costs might underestimate the expense of air leakage 
reductions when used in isolation from other upgrade measures. 
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Measure cost ($/ft2) 

Figure 4. Building envelope reductions and associated air sealing costs normalized by dwelling floor area (ft2) 
showing the median and 25th/75th percentiles. 

Unlike the envelope leakage, duct sealing costs did not vary as much with increasing leakage 
reduction. As shown in Figure 5, median costs only increased from $0.46/ft2 ($5/m2) to $0.57/ft2 
($6.1/m2) as duct leakage reductions increased from 10% to 80% This suggests that most duct 
sealing work is more dependent on factors other than simply sealing the leaks. This may include 
broader range of access to duct leaks compared to envelope leaks or that sealing large ducts 
leaks is relatively easier than sealing small ones. 
 

 
Measure cost ($/ft2) 

Figure 5. Duct sealing measure costs by dwelling floor area (ft2) by leakage reduction percentage showing the 
median and 25th/75th percentiles. 

3 VENTILATION 

 
Mechanical ventilation is an important element of energy retrofits that reduce air leakage. In 
order to dilute or remove contaminants of indoor origin it is necessary to maintain minimum 
ventilation flows and use local exhausts in kitchens and bathrooms. The US Ventilation 
Standard (ASHRAE 62.2, 2019) sets minimum ventilation rates for dilution of about 0.3 Air 
Changes per Hour, as well as minimum exhaust air flow rates for kitchens and bathrooms. The 
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calculation of the required air flow rate for mechanical ventilation systems can include a 
reduction based on measured envelope air leakage (together with climate and building 
geometry). Many US weatherization programs allow homes that are leaky enough to not require 
the use of mechanical ventilation - mostly as a cost-saving measure. Homes need to be very 
leaky to meet this criterion - at least 10 ACH50 or greater and the vast majority of homes in this 
study are tighter than this post-retrofit, and we expected that many would have had ventilation 
systems installed. However, we found that installation of mechanical ventilation was 
infrequent, with only 65 installations recorded in 1,739 projects, and almost half of these were 
local exhausts and not whole dwelling ventilation. If those systems intended for whole dwelling 
ventilation, they were roughly split between low-cost exhaust fan units and higher-cost units 
with heat recovery (both energy recovery ventilation (ERV) and heat recovery ventilation 
(HRV)). Overall, installation of mechanical ventilation added $733 to a project. When 
disaggregated by ventilation fan type, the costs varied substantially. Exhaust fan median costs 
were $748, while heat recovery unit median costs were $2,835, as shown in Figure 6.  
 

 

Figure 6. Ventilation system installation costs showing the median and 25th/75th percentiles. 

 
4 CONCLUSIONS 

 
This study examined over 1,700 projects intended to save significant energy and carbon in US 
homes. Air sealing was one of the most common measures indicating that air sealing is a key 
technique for improving home performance. In terms of leakage reductions, air sealing of ducts 
had bigger improvements than for envelopes - this is important in US construction where forced 
air HAVC systems are common. Given that the median envelope leakage improvements were 
only 27% we believe there is a need to substantially increase air sealing of envelopes if we want 
to meet energy and carbon savings goals, particularly because the additional costs are moderate 
compared to the improvement in leakage. Both envelope and duct sealing had moderate costs 
of about $750 per home indicating that they are high-value approaches when reducing energy 
use and carbon emission in homes. Unfortunately, we found that provision of adequate 
ventilation was rare and requires additional emphasis or mandated requirements in future 
programs to ensure that indoor air quality (IAQ) is not compromised in decarbonized, energy 
efficient homes. 
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SUMMARY 

 

IEA-EBC Annex 86 “Energy Efficient IAQ Management in residential buildings” aims to propose an integrated 

rating method for the performance assessment and optimization of energy efficient strategies of managing the 

indoor air quality (IAQ) in new and existing residential buildings. Our goal is to work in an international 

collaboration so that the different approaches to design and operation of ventilation in different countries are 

accounted for. The work includes collection and systemisation of existing knowledge and data regarding pollution 

sources in residencies, turning performance based evaluation methods into practice as well as exploring the 

opportunities brought by IoT connected sensors. Rather than conducting new laboratory research and tests, we 

want to study current use cases representing innovative IAQ management strategies and based on them, develop 

road maps to ensure the continuous performance of the proposed solutions over their lifetime.  

The project gathers experts from different fields including mechanical engineering, building science, chemistry, 

data science and environmental health, who will work together with other stakeholders. We divide our work into 

six subtasks. One of them, subtask 4, has a direct focus on ensuring performance of smart ventilation. This means 

a focus on practical conditions that assure reliable, cost effective and robust implementation of smart ventilation. 

 

KEYWORDS 

 

Smart ventilation, residential ventilation, IAQ, energy efficiency 

  

1 INTRODUCTION AND OBJECTIVES 

 

This paper deals with the introduction to the Topical Session: “Smart ventilation strategies for 

residences - practical applications”. The energy performance of new and existing residential 

buildings needs a radical improvement in order to meet ambitious climate change goals. 

Residential buildings are by far the largest component in the total building stock. A central 

boundary condition in constructing energy efficient buildings is doing so while maintaining a 

healthy, acceptable and desirable indoor environment. Indoor Air Quality (IAQ) is one of the 

vital parts forming such environment. Ventilation is the main strategy usually adopted for IAQ 

management and there is a large number of different ventilation strategies. There are also other 

technologies influencing IAQ, for example air filtration, or air cleaning. There is, however, no 

coherent assessment framework to rate and compare the performance of such IAQ management 

strategies. The IEA EBC Annex 86 will therefore focus on assessing the performance trade-off 

between and identifying the optimal solutions for maximizing energy savings while 

guaranteeing a high level of IAQ in new, renovated and existing residential buildings. 

 

2 METHODS AND RESULST 

 

The project scopes on residential buildings because they generally represent the largest section 

of the building stock. They are occupied by variety of users who use them in different ways and 

conduct a broad range of activities. These influence the IAQ as well as building construction. 

As the same time, there are fewer studies focused on residencies, than on other types of 
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buildings (e.g. offices and schools). Additionally, residential building projects often lack the 

funds for extensive bespoke engineering and therefore require robust cost-effective 

standardized solutions that can be implemented at large scale.  

For the study of specific IAQ management strategies we will mainly focus on the use of smart 

materials and smart ventilation (Durier et al., 2018), since these are the strategies that have a 

notable energy efficiency potential. Air cleaners are already studied in a separate project (IEA 

EBC Annex 78, 2022) and are therefore not studied in detail in this annex. The Table 1 presents 

the project’s six subtasks. 

 

Table 1- Subtasks of the project 

Subtask 1 Metrics and development of an IAQ management strategy rating method 

Subtask 2 Source characterization and typical exposure in residential buildings 

Subtask 3 Smart materials as an IAQ management strategy 

Subtask 4 Ensuring performance of smart ventilation 

Subtask 5 
Energy savings and IAQ: improvements and validation through cloud data and IoT 

connected devices 

Subtask 6 Dissemination, management and interaction 

 

The present topical session focuses on smart ventilation strategies for residences and their 

practical applications. That is the focus of Subtask 4 of the project. The subtask deals with 

practical conditions that assure reliable, cost effective and robust implementation of smart 

ventilation. A poor performance of smart ventilation systems cannot only lead to waste of 

energy and aggravated IAQ. It can also create a bad reputation of smart ventilation among 

relevant stakeholders - designers, installers as well as occupants. This, in the end, can lead to 

adoption of more primitive, less efficient (in terms of energy use) and less effective (in terms 

of IAQ) forms of IAQ management. The subtask has four activities covering different aspects 

related to ensuring the correct performance.  

Table 2 – Activities in the Subtask 4- Ensuring performance of smart ventilation 

Activity 4.1- Rating existing smart ventilation 

strategies 

Overview of existing strategies as well as performance 

based approaches to their rating. Common exercise 

gathering knowledge about advantages, barriers and 

challenges. Proposal of a generic and broadly applicable 

rating strategy. 

Activity 4.2- Quality control of implementation Based on the information collected from real application 

cases of smart ventilation strategies, this activity will 

propose quality management schemes and inspection 

protocols for securing performance of smart ventilation 

systems. 

Activity 4.3- Durability of smart ventilation 

systems and components 

This activity will collect feedback from laboratory studies 

as well as real case studies, in order to address the issue of 

durability of the sensors and other components. 

Activity 4.4- Occupant interaction This activity will focus on data about the impact of 

interactions between the occupant and the system on the 

(perceived) performance and acceptability. 
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1 ABSTRACT 

Assessment methods to assess smart ventilation, in most countries focus only on comfort as criteria for the indoor 
air quality (IAQ), (Guyot et al., 2019). This is an issue as in doing so, pollutants that are known to cause harm to 
the human health are not taken into consideration while the exposure to VOCs will be elevated if the smart 
ventilation system lowers the ventilation flowrates to save energy (De Jonge and Laverge, 2021). This research 
addresses the question what the impact of changing family sizes would be on the individual exposure to unhealthy 
pollutants for a smart ventilation system that only uses comfort related parameters to control the ventilation system. 
By introducing sources of Volatile Organic Compounds (VOCs) into a Modelica building energy and IAQ model 
of a typical Belgian apartment the occupant-dependent (CO2 and RH) smart ventilation can be assessed for non-
occupant dependent pollutants (VOCs). For a given smart ventilation system, ten different households, with 
varying sizes and occupants are simulated. 

The results show that the presence of other family members influences the exposure to VOCs of an individual. For 
the ten cases, the minimum DALY count is 14.75yr and maximum is 17.72yr. They also show that the energy use 
of the building can be quite different although the only changing parameter in the simulation are the occupants. 
For the ten cases, the minimum energy use is 731kwh and maximum is 1319kwh. 

When designing a simulation-based assessment framework for residential ventilation, the occupant’s behavior will 
always be an unknown factor to consider. The results indicate that in developing a simulations-based assessment 
framework, it will be best to not assume just one household as in doing so, the system performance for is not 
properly checked with regards to health and energy use during the lifetime of the system and the expected variation 
in household types and sizes. The results in this paper confirm the necessity of a stochastic approach for assessing 
a smart ventilation system based on health-related pollutants (VOCs). 

2 KEYWORDS 

Smart ventilation, Volatile Organic Compounds (VOC), Health assessment, Energy use, DALY 

3 INTRODUCTION 

As there is a growing importance in energy efficient ventilation systems, one approach to 
minimize the energy use related to (fan energy) or caused by the ventilation (increased heating 
or cooling demand) is to replace conventional ventilation systems that supplies the nominal 
airflow rate continuously with smart ventilation systems (Durier et al., 2018). Smart ventilation 
systems use sensors or other means to continuously assess the actual need for ventilation and 
adapt the ventilation flowrates accordingly as doing so will lower the energy use of the 
ventilation system.  
The issue lies in the fact that today’s stand-alone residential smart ventilation systems sold in 
the EU typically focus on maintaining the same level of comfort with regards to Indoor Air 
Quality (IAQ). To do so, the humidity levels need to be kept within certain boundaries as well 
as the CO2 levels that for this purpose is used as indicator for human bio-effluents. This is an 
issue as in doing so, pollutants that are known to cause harm to the human health are not taken 
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into consideration while lowering the ventilation rates to save energy can elevate the exposure 
to these unhealthy pollutants (De Jonge and Laverge, 2021).  
The current ways to assess smart ventilation systems are described by Guyot et al. (Guyot et 
al., 2019). These assessment frameworks use IAQ simulations to predict the performance. 
Based on the results of the simulations, it is assessed if a certain control algorithm can meet the 
minimum requirements and a score (indicative of the energy saving potential) is given to the 
ventilation system. Such assessment frameworks define a specific set of inputs for the IAQ 
predictions.  
One of such inputs is the size of the household and the type of occupants. For smart ventilation 
systems focused on comfort, this is proven to be an important aspect (Caillou et al., 2014) as 
the number of occupants, will impact the CO2 concentration, which will impact how/when the 
ventilation airflow rates are increased: occupant-dependent smart ventilation is assessed based 
on occupant-dependent pollutants. 
An exception is the principle of ‘equivalence’ in the ASHREA standard 62.2. The governing 
idea of this method is to assume a fictive constant non-occupant dependent pollutant source and 
compare the exposure to this pollutant for a reference system and a smart ventilation system. It 
should be noted that this method is described for a 1-zone IAQ model. The fictive pollutant 
source makes abstraction of the actual pollutant sources and their dynamic behavior, not making 
it able to quantify the harmfulness of the indoor air. 
In a scientific paper by Sherman et al. describing the original conception of the equivalence 
method. The authors discuss the downside of the original method and mention an alternative 
method for which the harmfulness  is quantified using Disability Adjusted Life Years (DALYs) 
(Sherman et al., 2012).  
This research addresses the question what the impact of changing family sizes would be on the 
individual exposure to specific unhealthy pollutants, the associated health effects and 
contribution of the different contaminants on the total harm: assessing occupant-dependent 
smart ventilation using specific non-occupant dependent pollutants.  
This is an important question in the development of a new assessment framework which does 
include exposure to specific unhealthy pollutants and the further development of robust smart 
ventilation control algorithms. IEA EBC Annex 86: “Energy Efficient Indoor Air Quality 
Management in Residential Buildings” also points out the necessity of this topic as it addresses 
caveats in how smart ventilation systems should be assessed and developed (IEA EBC, 2021). 
 

4 METHODS & MODELS 

To address the research question, a simulation study is done. A combined thermal and IAQ 
model of the Belgian reference apartment is made using Modelica. In this model, the nominal 
ventilation system is replaced by a smart ventilation system and VOC emissions from building 
materials, furniture and activities are added. 

4.1 Simulation environment 
The modelling language Modelica is used to model the case study building. The thermal, BES 
and airflow model is modelled using the open-source IDEAS package. This library is an 
associated library of the IBPSA project 1 library (De Jonge et al., 2021; Jorissen et al., 2018).  
These models are complimented with proprietary Modelica models for modelling additional 
airflow paths, the sources of VOCs and the effects of moisture buffering. Additionally, specific 
models were developed to calculate the performance indicators during run-time.  
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4.2 Building model 
The building model used for this study is a typical Belgian apartment also used in previous 
studies concerning (smart) ventilation in Belgium (Caillou et al., 2014; Laverge et al., 2011; 
Laverge and Janssens, 2013). The walls are modeled as insulated brick cavity walls with the 
insulation thickness set to match the Belgian standard with regards to necessary U-values: 
0.24W/m².K. Only two out of the four orientations are outer walls, all others, as well as the 
floor and ceiling are connected to other heated spaces and assumed adiabatic. Combined with 
the large south facing windows for living and kitchen, this apartment can be assumed a low-
energy dwelling. 
Figure 1 shows the plan of the apartment including the furniture that is considered a source of 
VOCs in this study. 

   
Figure 1 - Floorplan of the modelled apartment including the furniture that is considered a source of VOCs  

(Ghijsels, 2022)  

Table 1 Room floor areas and nominal airflow rates according to NBN D50-001 (BIN, 1991) 

4.3 Pollutants 
Ghijsels et al. (Ghijsels et al., 2022) defined a shortlist of pollutants of concern for Belgian 
dwellings based on two criteria: 1) is the pollutant present in the Belgian dwellings according 
to the measurement campaign of Stranger et al. (Stranger et al., 2012), 2) and is the measured 

 Floor Area Nominal Airflow 
  Supply 

Livingroom 42.5 m² 108.32 m³/h 
Bedroom 1 17.0 m² 43.92 m³/h 
Bedroom 2 13.2 m² 35.26 m³/h 
Bedroom 3 16.4 m² 38.88 m³/h 

  Extraction 

Kitchen 13.5 m² 60 m³/h 
Bathroom 7.5 m² 60 m³/h 
Toilet 2 m² 30 m³/h 
Service room 7.7 m² 60 m³/h 
Hallway 10.8 m² 16 m³/h 
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concentration surpassing or close to health guidelines found in literature. Based on these criteria 
the following list of VOCs of concern was defined: 

 Benzene 
 Formaldehyde 
 Naphthalene 
 Limonene 
 Toluene 
 Nitrogen dioxide (NO2)  
 Ozone (O3) 

In the same study, sources and/or source schedules were defined for these sources. Ghijsels et 
al. also pointed to PM2.5 as additional pollutant of concern, but this is not part of the scope of 
this research. 

4.4 Smart ventilation system 
The smart ventilation system  under investigation is based on the nominal Belgian, balanced 
ventilation system with heat recovery (System D) with the nominal ventilation rates and the 
ventilation system design according to the Belgian standard for residential ventilation NBN 
D50 (Belgisch Instituut voor Normalisatie and BIN, 1991). The heat recovery is modelled with 
a constant efficiency of 85%. 
The ventilation flowrates of the smart ventilation system are varied according to the set of rules 
in Table 2. The exhaust airflow rates are adjusted according to the either RH, presence or CO2 
sensors. The total supply airflow rate is adjusted to always keep the total apartment supply 
airflow rate equal to the total apartment exhaust airflow rate, ensuring a balanced system. 
Nominal airflow rates are considered 100%. 

Table 2 Description of the smart ventilation control algorithm 

 Control parameter Ventilation rate 

Bathroom & 
Service room 

RH < 30% 15% 
30% < RH < 65% 30% 
65% < RH < 95% 60% 
95% < RH 100% 

Bathroom +∆2% RH in less than 5min (1timestep) 30min at 100% 

Toilet 
Presence 100% 
No presence < 15min after presence 100% 
No presence > 15min after presence 15% 

Kitchen 
∆450ppm < CO2 15% 
∆450ppm < CO2 < ∆550ppm Linear 
∆550ppm < CO2 100% 

Livingroom & 
Bedrooms 

Total supply airflow = Total exhaust airflow 15%-100% Flowrates of each supply changed proportionally 

4.5 Occupant schedules 
For the typical Belgian apartment (4.2) with a set of pollutants (4.3) and a certain smart 
ventilation system (4.4). Ten different simulations are done, each with a different household 
size. The occupants are introduced into the simulation environment as detailed (5-minute 
interval), weekly repeating schedules. Based on their activity level, there CO2 and humidity 
production by breathing increases or decreases. Additionally, activities that produce humidity 
and/or VOCs (e.g., taking a shower, cooking) are considered. The schedules are based on the 
work by (Heijmans et al., 2007) and are adapted by Ghijsels (Ghijsels, 2022) to include VOC 
emissions of the pollutants of concern.  
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Table 3 Households considered in the simulation study 

Occupants Household  

A B C D E F G H I J 

Working Adult X X X  X X  X X X 

Stay-at-home Adult X X X X X X X X X X 

Child going to school 1   X X X X X  X  

Child going to school 2  X   X X X X X X 

Child not going to school (Baby) 1   X  X  X    

Child not going to school (Baby) 2     X X     

Household size 2 3 4 2 6 5 4 3 4 3 

Table 3 shows the different types of occupants and how they are combined into households, of 
different sizes. The households are chosen to always have the stay-at-home adult as one of the 
occupants. This occupant is the topic of later analysis, as it allows the quantification of the 
change in exposure due to other people also present in the house. 

5 PERFORMANCE INDICATORS 

To quantify the IAQ performance with regards to health, the Disability Adjusted Life Years 
(DALYs) attributed to exposure to the different contaminants (4.3) of the stay-at-home adult is 
calculated using the same equation as in De Jonge et al. (De Jonge et al., 2022) which is based 
on the ID and IND method described in the paper by Logue et al (Logue et al., 2012). The 
results for the stay-at-home adult are extrapolated to 100.000 people as is commonly done for 
DALYs.  
Table 4 lists the input values used in the calculation of the DALYs. For the ID method, these 
values are adopted from Huijbregts (Huijbregts et al., 2005) and represent the mean value. For 
the IND method, the 5% confidence interval values are used from Logue et al., table 2 (Logue 
et al., 2012). 

Table 4 Values used for the DALY calculation 

ID method ∂Daly/∂Intake  
Carcinogenic 

(yr. kg-1) 

∂Daly/∂Intake 
Noncarcinogenic inhalation 

(yr. kg-1) 
Benzene 5.8e-3 3.1e-3 
Formaldehyde 7.6e-1 - 
Naphthalene 1.1e-2 6.1e-2 
Limonene 3.9e-3 - 
Toluene 2.2e-4 4.7e-3 
IND method y0 β Daly/Incidence 
Nitrogen dioxide (NO2)  

0.0095 1e-06 0.0004 

 0.0034 0.001 0.0004 
 0.8 0.002 0.0004 
Ozone (O3) 0.00018 0.003 0.0004 
 0.00021 0.003 0.0004 
 0.00058 0.002 0.0004 
 0.00024 0.002 0.0004 
 0.00077 0.001 0.0004 
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The energy use indicator of the ventilation system is the sum of two energy uses, the total 
heating energy use of the building and the total electrical fan energy use. The heating system is 
a room-based idealized heating system which provides the nominal heating power to the room 
only when someone is present and when the room temperature drops below the temperature 
setpoint Tset-1°C, it stops heating when the room temperature reaches Tset+1°C. The 
temperature set-points of the rooms are lowered during the night-time. This approach will 
quantify the total heating energy use instead of only looking at the ventilation heat losses 
allowing for a better estimate of the heat losses as it also considers the dynamic effects of 
passive heat gains (e.g., solar heat gains, heat dissipation by the occupants). Heat dissipation of 
appliances and other electrical devices are not included in the model. 

6 RESULTS 

As an example, the result for case A for 1 year are shown in  Figure 2.  

 
Figure 2 – DALYs of the stay-at-home adult and the energy use for case A 

It shows the cumulative energy use throughout the year (second axis) and a stacked area chart 
of the DALYs accumulated during the simulated period for the different VOCs considered in 
this study (first axis). The point where the total amount of DALYs touches the right axis is the 
total accumulated DALYs for the stay-at-home adult (15.09 DALY). The point where the 
cumulative energy use touches the right axis is the energy use indicator of that case (1154 kWh). 
Figure 3 summarizes the results for case A-J, it shows the DALY results of the stay-at-home 
adult for each of the household variations as well as the values for the energy use indicator. The 
horizontal subdivision shows the impact of the different pollutants on the total DALY count. 
Of the considered VOCs, formaldehyde shows to have the largest impact of total DALYs with 
a minimum share of 86.36% for case I. 
There is no correlation between the DALYs of the stay-at-home adult and the household size 
(correlation=-0.15), this indicates that the actual occupancy pattern of the other occupants is a 
more deciding factor with regards to the total exposure to VOCs then solely the number of 
occupants in the household. The family type, size and schedule affect the exposure of an 
individual in that household. For the ten cases, the average is 15.84 DALY with a standard 
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deviation of 0.8 or a relative standard deviation of 5%. To compare the absolute value of 
DALYs to other causes then exposure to contaminants, one needs to consider the uncertainty 
in the input values to calculate the DALYs and source emissions rates. However, for the purpose 
of comparing different scenarios as done in figure 3, the uncertainty in the input would be of 
equal size and origin scaling the results proportionally. The minimum DALY count of 14.75yr 
is noted for case I, and the maximum of 17.72yr if noted for case J. The additional CO2 
emissions by the additional child going to school in case I compared to case J triggers the smart 
ventilation system quicker, increasing the ventilation flow rate, which in turn results in lower 
formaldehyde exposure and a lower DALY count. 
With regards to the energy use, large variation in the total energy use can be noted because of 
the differences in occupancy. For the ten cases, the average is 987kWh with a standard deviation 
of 152kWh or a relative standard deviation of 15%. The average energy use is A minimum 
energy use of 731kwh is noted for case E and a maximum of 1319kwh is noted for case D.  
Interestingly, the highest energy use is obtained for the case with only two occupants and the 
lowest for six occupants. This is the result of the high energy performance (4.2, 4.4) of the 
building. As the heat losses of the building are minimal, the impact of the heat dissipation of 
the occupants becomes apparent in the resulting energy use as it counters part of the needed 
heating energy. Although one would expect higher ventilation heat losses due to a higher 
occupancy to lead to higher energy use on a yearly basis. For this building and smart ventilation 
(including the heat recovery), the overall energy use is lower for the higher occupancy 
households (correlation=-0.90). This is not necessarily the case for other combinations of 
buildings, smart ventilation systems and climate conditions (e.g., for hot climate condition 
where cooling dominates the needed energy use). 

 
Figure 3 - Overview of the total DALYs for the stay-at-home adult of each case, including a horizontal 

subdivision of the attributed DALYs due to each pollutant (left axis)  
and the associated energy use of the same case (right axis) 

7 CONCLUSIONS 

When designing a simulation-based assessment framework for residential ventilation, the 
occupant’s behavior will always be an unknown factor to consider. Not only does one family 
evolve over time but also inhabitants of a building can change.  
As expected, the results indicate that when only the household size and composition is varied. 
The presence and behavior of other occupants will influence the total DALYs of an individual 
in the household as well as the energy use of the household. For the VOCs considered in this 
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study and for the ten cases a difference in 5% relative standard deviation was found but no 
correlation with the number of occupants. For the energy use, a relative standard deviation of 
15% was found and a negative correlation with increasing family size. The VOC emission rates 
were kept constant in this study, but one can expect to find large variations in source emissions 
rates in reality. 
The result indicates that in designing a simulations-based assessment framework, it will not be 
possible to assume just one household type and size. This conclusion should be supported by a 
stochastic simulation study which does considers and quantifies the uncertainty of the input 
parameters of the DALY calculation, source emission rates and a better representation of the 
possible household sizes and types. 
A possible approach for a simulations-based assessment framework would be to develop a 
stochastic set of occupants with varying household sizes and rate the system based on the set of 
results rather than just one household. Such an approach is in line with the current comfort 
assessment for the Belgium that makes use of a Monte-Carlo approach (Caillou et al., 2014).   
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1 BACKGROUND 

Many countries have mandated the use of mechanical ventilation with heat recovery to limit 

heat loss in residential buildings. Nearly all these devices use temperature sensors to modulate 

bypass dampers and adjust heat recovery. These controls track a reference temperature for the 

supply or return air while maintaining exhaust temperatures above freezing. As a result, nearly 

all air-handling units (AHUs) come equipped with temperature sensors before and after the heat 

exchanger for both airflows. As Figure 1 indicates, these temperatures are often labelled 

‘outdoor’ (or ‘intake’), ‘extract’ (or ‘room’), ‘inlet’ (or ‘supply’) and ‘exhaust’. Nearly all 

AHUs indicate the position of the bypass damper around the heat exchanger, and if the AHU 

has a heating coil, the data will indicate the temperatures before or after the coil as well as its 

valve opening position. Using some basic knowledge about the physical design of the heat 

exchanger, data analysis can indicate the physical flows of heat and mass in the system. After 

applying several filters to the data, an energy balance can indicate the balance of airflows and 

required adjustments to the fan speeds to improve this balance. For most AHUs, these controls 

operate autonomously, but nearly every unit provides a potential communication link via 

Modbus, BACnet, KNX, or internet API. For this research, we used an API to access data from 

40 apartment-level AHUs and developed a novel method to assess their performance with 

regards to airflow balance and supply temperature configuration. 

 
Figure 1. Common data from a residential AHU with a plate heat exchanger. 

 

2 METHODS 

Firstly, we aimed to assess the control signals and regulation of the bypass damper. The 

bypass has two main purposes: (1) avoiding overheating during the summer by partially 

bypassing heat recovery if the supply air temperature exceeds its set point, and (2) avoiding 

freezing in the exhaust side of the heat exchanger when the humid exhaust air could drop 

below 0°C. We analysed the average position of the heat recovery bypass during the heating 

season to see if any AHUs bypassed heat recovery excessively. If the bypass percentage is 

non-zero but still consistently low, it may be that the AHU is using a too-low supply air 
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temperature set point, which could be increased. If the bypass percentage is consistently high 

in the heating season, it indicates an error leading to insufficient heat recovery. Secondly, we 

aimed to indicate the balance of supply and exhaust airflows using the AHU data, as most 

building regulations require balanced airflows (i.e. �������� 	 ���

��) to minimise heat loss. 

The temperature increase in the supply air will roughly equal the temperature decrease in the 

exhaust air if the supply and exhaust airflows are equal under certain conditions. That is, the 

bypass must be fully closed, with no condensation in the exhaust, while assuming roughly 

similar air densities. As Equation 1 shows, the ratio of the mass flow rates is inversely 

proportional to the ratio of the temperature changes, where  is temperature, ��  is mass flow, � is density and Q is airflow:  ���

�� � ��������
������� � �������� 	 �� ��������� ��

�� 	 �����������

�� ∙ ������������

�� � 	 �� �!"#$ &�#"', �& (1) 

Therefore, we assessed the balance of airflows (�������� ���

��⁄ ) from the temperature 

changes of both airflows (���

�� � �������� ������� � ��������⁄ ). We then balanced the 

airflows by adjusting the fan signals. A fan’s airflow is proportional to its speed (according to 

the fan affinity laws), and fan speeds are often proportional to the control signal, so we simply 

balanced the airflows by scaling the fan signals according to the capacity ratio in Equation 1. 

 

3 MAIN RESULTS AND CONCLUSIONS 

The overall analysis revealed errors during commissioning leading to poor performance and 

energy losses. Most of the AHUs received low supply air temperature set-points, leading to 

unnecessary heat recovery bypass for much of the heating season. After increasing the setpoint 

to eliminate this constant slight bypass, we gathered data and plotted the average bypass 

percentage during the next winter period. As Figure 2 shows, the bypass damper was open for 

more than 48% of the winter period in nine apartments. This revealed an error, where the supply 

air temperature sensor was not installed in the supply duct, so the sensor was measuring the 

temperature of the apartment air. All other sensors were hardwired into the AHU, but the supply 

air temperature sensor required installation to allow for a heating coil, leaving open the potential 

for this error. We subsequently analysed the balance of airflows in all other apartments. The 

indicator for the balance of supply and exhaust airflows, herein called the capacity ratio, 

revealed significant imbalances. As Table 1 shows, at least seven apartments had capacity ratios 

of 0.81 or less. We used the indicator and the proportional relationship between fan signals and 

airflows to obtain a scaling factor for the supply fan signal. With this scaling factor, we targeted 

a capacity ratio of 0.95. As Table 1 indicates, the scaling successfully balanced the airflows, 

obtaining a capacity ration between 0.93 to 1.00, likely reducing infiltration. 

 

Figure 2. Average bypass percentage for each 

apartment in the winter period. 

Table 1. The improvement of the capacity ratio 

before and after applying the new fan settings. 

Anonymised 

Apartment 

Capacity 

ratio before 

Capacity 

ratio after 

C1 0.72 1.00 

C5 0.79 0.95 

C10 0.78 0.93 

E0 0.78 0.97 

E1 0.81 0.95 

E2 0.70 1.00 

E4 0.65 0.95 
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SUMMARY 
 

Humidity-based DCV systems have been widely used in France for 35 years and are considered as a reference 

system, including for low-energy residential buildings. The on-going Performance 2 project delivers the new 

results of a thirteen-year monitoring in twenty-two social housing apartments. The involved consortium is 

composed of Cerema, Univ. Savoie Mont Blanc and two industrials partners: Aereco and Anjos. 

The initial project was a large-scale monitoring on thirty new occupied apartments equipped with this DCV system, 

which extended from 2007 to 2009. The equipment included IAQ sensors in different rooms of each dwelling 

(temperature, humidity, and CO2), as well as pressure and volume flow sensors for monitoring the ventilation 

system. Recordings were performed every minute over two years. This former study showed: The good IAQ in 

terms of CO2 and humidity, a good correlation between CO2 and airflows, savings on heat losses of 30 % in 

average compared to regulatory constant airflows. 

Thirteen years later the building is re-visited, and the monitoring system is turned back on with the intention to 

assess the ventilation system performance after a prolonged in-situ functioning period.  

Then, the components have been collected and tested in laboratory facilities, before and after cleaning, and then 

after light rehabilitation. In this article, we give the results of these data about the durability of ventilation 

components.   

In the context of the increasing awareness about smart ventilation, these feedbacks highlight as a crucial issue, the 

durability of the ventilation systems and its components (including the sensors) and their robustness to a lack of 

maintenance or even a bad use by occupants. 

 

KEYWORDS 
 

Smart ventilation, residential ventilation, IAQ, energy efficiency, durability, humidity 

  

1 INTRODUCTION AND OBJECTIVES 

 

1.1 General context towards demand controlled ventilation 
In Europe, two recently published directives – n°1253/2014 regarding the eco-design requirements for ventilation 

units and n°1254/2014 regarding the energy labelling of residential ventilation units (European  Parliament and 

the Council, 2014) – are moving towards a generalization of low-pressure systems, demand-controlled ventilation 

(DCV) systems and balanced heat recovery systems by 2018. Performance-based approaches generally guaranty 

the indoor air quality (IAQ) and the energy performance of DCV systems, through agreement procedures or 

certification (Guyot et al., 2018). As ventilation systems become more sophisticated (or ‘smart’) standards and 

regulations are changing to accommodate their use. A key smart ventilation concept is to use controls to ventilate 

more at times it provides either an energy or IAQ advantage (or both) and less when it provides a disadvantage. 

This paper discusses the favorable contexts that exist in many countries, with regulations and standards proposing 

‘performance-based approaches’ that both enable and reward smart ventilation. The paper gives an overview of 

such approaches from five countries. The common thread in all these methods is the use of metrics for the exposure 
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to an indoor generated parameter (usually CO2), and condensation risk. As the result, demand-control ventilation 

strategies (DCV) are widely and easily available on the market, with more than 20–30 systems available in some 

countries (Guyot et al., 2017). In Europe, several countries already enable and/or promote the use of DCV systems 

in ventilation codes, including Belgium, France, Spain, Poland, Switzerland, Denmark, Sweden, the Netherlands, 

Germany (Borsboom, 2015; Guyot et al., 2018; Kunkel et al., 2015; Savin and Laverge, 2011) 

Humidity-controlled mechanical extract ventilation (RH-MEV) systems have been widely used in France for 39 

years. Most of the new residential buildings complying with RT 2012 energy performance regulation, are equipped 

with such systems (Mélois et al., 2019). They are also considered today as a reference system. 

 

1.2 Technological context: presentation of the reference humidity based DCV system  
Humidity-based mechanical exhaust ventilation (RHMEV), further described in (Jardinier et al., 2018),  is based 

on the sweeping principle: an exhaust fan ensures an under-pressure in the dwelling, allowing the outdoor air to 

come in through air inlets situated in the “dry” rooms (bedrooms and living room) and go out through exhaust 

units located in the service or “wet” rooms (kitchen, bathroom, toilets). In the humidity-controlled MEV (RH-

MEV) system described here, both the exhaust units and air inlets are humidity sensitive. The unit aperture is 

controlled by a mechanical humidity sensor and actuator. If the air is dry enough, the unit’s opening area is 

minimum, so that the airflow is at its minimum. When a pollution episode – such as cooking or showering – occurs, 

or for prolonged occupation, the humidity rises in the room and is detected by the unit sensor. As a result, the 

opening area gets wider, according to the humidity level, and the volume of air passing through the room is 

increased, removing and diluting the pollutants. When no activity or occupancy is detected, minimum airflows are 

maintained, as required by the French regulation for correct dilution of pollutants not linked to occupancy. 

 

Figure 1 : a) Exhaust unit hygroscopic curve envelope. b) Inlet hygroscopic curve envelope (black curve).  

A RH-MEV unit is defined by its hygroscopic curve (Figure 1.a): for RH < RHmin, the airflow is minimum. For 

RHmin < RH < RHmax, the airflow varies more or less linearly, for RH > RHmax, the airflow is maximum. 

Air inlets (see a typical envelope on figure 1.b), exhibit higher sensitivity to small changes of relative humidity on 

lower ranges, such as the one brought by human breathing. As a result, in an occupied room, the inlet aperture 

widens-up in response to rising humidity, increasing the proportion of the total airflow passing through it. In the 

meantime, in an unoccupied room, the opening area remains minimum, reducing the airflow passing through the 

air-inlet.  

In addition, the humidity-charged air travels through the dwelling towards the humidity-controlled exhaust units, 

which become more opened, increasing the total airflow. 

In 2019, the “Performance 2” project was launched in three phases in order to (1) get a first full winter analysis of 

the system after 13 years of in-situ operation, with the installed sensors (non-recalibrated) and no major 

intervention, (2) collect the ventilation units and sensors for laboratory testing before and after cleaning and 

maintenance, (3) reinstall the cleaned and maintained ventilation units (hygroscopic components unchanged) with 

new calibrated sensors. The phase (1) has been described in (Guyot et al., 2022). In this article, we present the 

phase (2) of the Performance 2 project. 
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2 METHODS  

2.1 Case studies and previous ventilation diagnosis 
 

The two social housing buildings studied are :  

- a building of Paris Habitat where 19 dwellings had been instrumented by Aereco in 2007 (from the 4th 

to the 8th floor), 

- a building of Lyon Métropole Habitat where 12 dwellings had been instrumented by Anjos in 2007. 

The Performance 2 campaigns include continuous measurements at the ventilation terminals (CO2, Temperature 

and Relative Humidity (RH) sensors already in place since Performance 1 project 13 years ago, and Volatile 

Organic Compounds and Particulates added for Performance 2 for the building in Paris). In order to characterise 

the reliability of these sensors and also to characterise the current performance of the ventilation terminals, we 

intervened in the voluntary dwellings of the buildings in order to sample these terminals and sensors. These 

interventions allowed to carry out an inventory of the ventilation installations, partly applying the French 

Promevent protocol (Bailly Melois and Mouradian, 2018). Figure 2 illustrates, for example, the result of the 

inspections of the air intake conditions in the voluntary dwellings of the Villeurbanne building.  

 

   
Figure 2 : Representation of the state of the air inlets present in the living room (Left, Total: 7). B) and in the 

bedrooms (Right, Total: 16) in the volunteer dwellings in the Villeurbanne building 

 

 

2.2 Methodology for laboratory measurements on components 
Since the Performance 1 project, the ventilation terminals (extract units and air inlets) of the dwellings in the study 

buildings as well as the various sensors installed during Performance 1 have remained in the dwellings. A 

laboratory study of these terminals and sensors was carried out to: 

- Characterise the current hygro-regulated performance of the ventilation terminals; 

- Verify the operation and reliability of the on-board sensors: the sensors installed during Performance 1 (CO2, 

Relative Humidity (RH) and temperature), as well as the new sensors integrated in the acquisition cards in Paris 

(VOC and Particles) 

 

 

2.2.2 Characterisation of terminals and sensors - Paris site 

 

For 15 volunteer flats in the Paris building, Aereco sampled all ventilation terminals (extract units and air inlets) 

as well as all sensors dating from Performance 1 (replacement terminals were temporarily installed). Two 

characterisations were carried out in the laboratory.  

 

2.2.2.1 Ventilation components 

First of all, the performance of the 52 extract units was characterised, after 13 years of operation: 15 in the 

kitchen, 22 in the bathroom (SdB) and 15 in the WC. Their condition was evaluated and the extract units were 

classified in 4 categories: good condition / average condition / bad condition / degraded. The hygroscopic 
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performance of each vent was then assessed using tests carried out in laboratory rooms, with controlled 

temperature and relative humidity. The hygroscopic performance curves were plotted for the three test phases: 

• Vent in condition (directly from the sampling in the dwellings) ;  

• Cleaned vent;  

• Refurbished vent: a change of the dampers was carried out because the first tests showed a creep of 

the test material, modifying the shape and thus the operation of the dampers. In order to characterise 

the performance of the humidity sensitive device only, it was decided to carry out this maintenance 

operation for all the registers of the study. 

 

For each grille, the 3 curves obtained were compared to the curves of 2007, allowing to evaluate the evolution of 

the humidity sensitive device performance. 

In preparation of the in-situ campaign, the Hall effect sensors (which allow to measure the opening of the damper) 

embedded in the diffusers (dating from Performance 1) have been "calibrated", in order to link the airflow through 

the diffuser to the signal sent by the Hall effect sensor and to the signal of the pressure sensor. Thus, charts have 

been produced that will allow the evaluation of the real in-situ flow rates from the signals sent by the Hall effect 

sensors and the pressure sensors once the diffusers are reinstalled in the dwellings. 

 

A similar protocol was used to characterise the performance of the 54 air inlets. The tests were carried out on the 

air inlets : 

- in the state after sampling in the dwellings 

- cleaned ; 

- refurbished: shutters and acoustic foam changed.  

For each air inlet, 3 hygroscopic operating curves could be drawn and compared to the initial curves of 2007. 

As for the air inlets, the Hall effect sensors embedded in the air inlets were calibrated. 

 

2.2.2.2 IAQ sensors 

In parallel with the characterisation of the performance of the ventilation terminals, the functioning of the IAQ 

sensors that will be used during the in-situ campaigns was evaluated. These are : 

- temperature, relative humidity and CO2 sensors installed during Performance 1 ; 

- the temperature, relative humidity, CO2, VOC and particulate matter sensors fitted on the new electronic 

boards for Performance 2. 

Tests in a controlled environment were carried out by comparing the values obtained by the sensors with the values 

given by a reference for each parameter measured. The difference obtained is then compared to the technical 

specifications announced by the manufacturer, which take into account the 13 years of aging of the sensor. 

 

The accuracy of the sensors on the new cards was also evaluated for each parameter measured, including the 

implementation of an intercomparison of all cards: 

- for the VOC measurement, with the use of VOC-emitting wipes ; 

- for the particle counter, with a smoke emission generated by cigarettes (without measurement reference). 

 

2.2.3 Ventilation components and sensor characterisation - Villeurbanne site 
For the 7 voluntary flats in the Villeurbanne building, Anjos sampled all the ventilation terminals (extract units 

and air inlets) as well as all the sensors dating from Performance 1 (replacement terminals were temporarily 

installed). Two characterisations were carried out in the laboratory.  

 

2.2.3.1 Ventilation components 

First of all, the performances of the 10 humidity sensitive extract units were characterised: 4 in the kitchen, 6 in 

the bathrooms (in some dwellings, units were replaced by non similar units). The hygroscopic operation of each 

extract unit was evaluated from tests carried out in laboratory rooms, with controlled temperature and relative 

humidity. The hygroscopic operating curves were plotted for the three test phases: 

- vent in state (directly from the sampling in the dwellings) ; 

- cleaned vent; 
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- rehabilitated vent: the dampers and ducts were changed. 

For each vent, the 3 curves obtained were compared to the initial product specifications. 

 

In preparation for the in-situ campaign, the Hall effect sensors (which measure the opening of the damper) 

embedded in the diffusers (dating from Performance 1) were "calibrated", in order to link the airflow through the 

diffuser to the signal sent by the Hall effect sensor. Thus, charts were produced that will allow the evaluation of 

the real in-situ flow rates from the signals sent by the Hall sensors once the diffusers are reinstalled in the dwellings. 

 

A similar protocol was implemented to characterise the performance of the 14 air inlets (in some dwellings, air 

inlets were absent). The tests were performed on the air inlets : 

- in condition after sampling in the dwellings (for 6 air inlets) ; 

- cleaned and refurbished: shutters and acoustic foam changed.  

For each air inlet, one or two hygroscopic operating curves could be traced and compared to the initial 

specifications. 

As for the diffusers, the Hall effect sensors embedded in the air inlets were calibrated. 
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SUMMARY 
 

Ambitious goals regarding CO2 neutrality put the energy renovations of apartment buildings in the top places on 

the energy efficiency & sustainability agenda in Denmark. Improved airtightness and maximum primary energy 

requirements imply utilization of ventilation with heat recovery. The control of ventilation installed during 

renovations often considers a whole dwelling as one climate zone, which neglects differences among individual 

rooms. Increased insulation and tightness leads to higher sensitivity to solar and occupancy gains, moisture loads 

and pollutants. When controlled as a single zone, it is difficult to sense and react to loads. A common consequence 

is overheating and insufficient bedroom ventilation. The project called RoomVent Solutions had a goal to develop 

and demonstrate a residential ventilation controlled by demand in particular rooms. Furthermore, the project aimed 

to develop and demonstrate Cloud connected ventilation and thus enable monitoring of its performance as well as 

control via Internet. We focused on synergy between monitoring and control of indoor climate to enable 

“continuous commissioning” that ensures that the systems work as intended throughout their lifetime. 

 

KEYWORDS 
 

Smart ventilation, energy renovation, residential ventilation, IAQ, energy efficiency 

  

1 INTRODUCTION AND OBJECTIVES 

 

Residences represent 60% of Danish building stock and 40% of that are apartment buildings. 

At the same time, 90% of them were built before 2004 and about 25% are older buildings built 

in the period 1850-1930 (Odgaard 2019). At the same time, Denmark has a goal to use only 

sustainable energy sources for heating and electricity in buildings by 2035. It is evident that 

energy renovation is of outmost importance. Renovation measures notably increase building 

airtightness while the Danish Building Code- BR18 (BR18 2022) prescribes ventilation rates 

to keep acceptable indoor environmental quality and humidity conditions. This, together with 

energy efficiency requirements, mostly results in installation of mechanical ventilation with 

heat recovery (MVHR). Use of MHVR brings challenges related to installation and 

commissioning, indoor environmental quality and control. The project focused on addressing 

these challenges having two main objectives: 1) to develop and demonstrate a residential 

ventilation controlled by demand in particular rooms, 2) to develop and demonstrate Cloud 

connected ventilation that enabler performance monitoring and control via Internet. 

 

2 METHODS AND RESULST 

 

Two industrial partners further developed their room-based ventilation systems within the 

framework of the project. Consequently, we demonstrated both systems in real apartment 

buildings (see Figure 1).  A fan-based air distribution box that enables precise control of airflow 

to individual rooms. We added a control algorithm, which considered both thermal environment 
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and indoor air quality in particular rooms. The system connects to a Cloud portal, which serves 

for control and performance data visualization. We integrated the air distribution box with a 

decentralized ventilation system in four apartments in Copenhagen. Cloud based controller 

communicated with the air distribution box via a gsm gateway placed in the apartment. 

Moreover, data from indoor environmental quality loggers as well as operational data for air 

handling unit in the apartment fed into the Cloud controller. The second room-based ventilation 

system in focus were single-room ductless ventilation units providing balanced airflows on a 

room level, equipped with heat recovery (see Figure 1). We connected then to the Cloud for 

continuous performance monitoring and demonstrated this solution in three apartments in 

Birkerød (25 km north of Copenhagen). 

 

The results showed that room-based demand control could save upwards of 60% fan energy 

compared to standard decentralized ventilation. Online performance monitoring helped to 

identify installation faults as well as airflow unbalance in several apartments. The system 

appeared to be more demanding with respect to commissioning and as BR18 prescribes 

minimum ventilation  of 0.3 L/(s∙m2) during occupancy, its full potential cannot yet be fully 

utilized in practice. 

 

Air distribution box Demo-building Copenhagen 

 

 
Single-room ductless unit Demo-building Birkerød 

  

Figure 1: Tested room-based ventilation systems and demonstration sites (image credits: Ebm-papst, Dorte 

Krogh, Sustain Solutions, Anders Jansen) 
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SUMMARY 

 

The common demand control approach for MVHR systems using one CO2 sensor within the ventilation unit is 

assessed based on a typical residential apartment situation using CONTAM models. The simulation results confirm 

that air flow and therefore fan electricity and ventilation losses can be reduced compared to constant flow control, 

in particular for higher nominal air exchange rates. However, under certain boundary conditions, e.g. unevenly 

occupied dwellings indoor air quality in certain rooms may suffer with this DCV strategy.  
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1 INTRODUCTION & METHOD 

 

Demand control ventilation (DCV) is a viable approach to reduce air flow when residential 

dwellings are not occupied. A common approach is to position one single CO2 sensor in the 

common exhaust usually within the MVHR unit. This avoids sensor installation and cables 

within the dwelling. However, questions arose if this approach may impair air quality under 

certain boundary conditions. Therefore, a residential apartment was modelled with the software 

CONTAM as described in previous papers (Rojas, Pfluger, and Feist 2016). It represents a 

typical Austrian three-person household in a 76 m² dwelling (unless varied). The average 

exceedance (threshold deviation) of CO2-concentration during room occupation in the winter 

season (December through February) is evaluated as follows: 

 �� =
∑ (���	


)���� ����� ����� ���������

����� ���� �� ���� �������� 
 (1) 

It quantifies the extent and duration of all exposure events where the target value for CO2 of 

1000 ppm is surpassed. In a similar manner the shortfall of relative humidity (below 30%) is 

quantified. In previous work this evaluation method has been extended to include building 

material related pollutants and mould risk (Rojas et al. 2016). 

 

2 RESULTS & CONCLUSION 

 

Figure 1 shows the evaluation results as a function of the nominal air flow rate. Each point 

represents the result from one simulation run. The following four DCV strategies were 

compared against a reference case with constant air flow: 

- 2-point controller: 0.3 <700 ppm and 1 >900 ppm  

- 2-point controller: 0.3 <600 ppm and 1 >800 ppm 

- proportional controller: 0 <700 ppm ramping to 1 at 900 ppm 

- proportional controller: 0 <600 ppm ramping to 1 at 800 ppm 

Additionally, the results for the “extended” cascade ventilation principle with constant air flow 

is also shown. The extended cascade is a simplified air distribution concept with no dedicated 

633 | P a g e



supply air into the living room, see e.g. (Rojas, Pfluger, and Feist 2014). One can see that all 

DCV strategies can reduce total air flow rate (Figure 1, right) compared to the constant flow 

cases. Therefore, time periods with low air humidity (<30%) are also reduced (Figure 1, 

middle). However, the performance in terms of CO2 concentration in the bedroom is equal or 

worse than the constant flow case. The extended cascade ventilation achieves low CO2 

exceedance levels at a total air flow rate of >60 m³/h, at this flow rate the relative humidity 

shortfall is still small. 

 

Figure 1: Comparison of CO2 exceedance (left), relative humidity shortfall (middle) and reduction in total air 

flow (right) for different control strategies (see text). Note, that the dark blue line is below the yellow line (left) 

and below the light blue (right). (* during occupation in winter period) 

To point to potential problematic situations for DCV control strategies with only one CO2 

sensor, Figure 2 shows the simulation results for a two-person household, i.e. with a vacant 

children’s room. One can see that here most of the DCV strategies have substantially higher 

CO2 exceedance than with constant air flow. This is due to the fact that the concentration in 

the exhaust (where CO2 is measured) is “diluted” by “unused” air from children’s and living 

room, while the two adults are in their bedroom. Only the 2-point controller with low set-

point (600-800 ppm) performs equally well as the constant flow case. 

 

Figure 2: Comparison of CO2 exceedance (left), relative humidity shortfall (middle) and reduction in total air 

flow (right) for different control strategies (see text) with vacant children room. Note, that the dark blue line is 

below the yellow line (left, <115 m³/h)) and below the light blue (right). (* during occupation in winter period) 

The presented simulation results confirm that DCV strategies can effectively reduce air flow 

and therefore fan electricity usage and ventilation losses compared to constant flow strategies. 

However, care needs to be taken in the design of the actual control strategy, e.g. positioning 

of the sensor, set-points, etc. to avoid performance shortfalls in terms of IAQ under certain 

conditions, e.g. unevenly occupied dwellings (as presented here). It is also noted that for the 

investigated boundary conditions DCV will not substantially outperform the extended cascade 

ventilation principle, with constant air flow. However, this may change for other boundary 

conditions (e.g. little occupancy) and DCV may also be beneficially applied to this principle. 
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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 Belgium. 

 

INTRODUCTION 
 

This paper provides an overview of requirements and guidelines for building and ductwork 

airtightness in Belgium and observed trends in this airtightness. Although guidelines are 

generally published on national level in Belgium, building regulation differs from one region 

to another.  
 

BUILDING AIRTIGHTNESS 

 

In all three Belgian Regions (Flanders, Walloon and Brussels), testing is strongly recommended 

because of a high default by lack of a test.  

The major change regarding airtightness in Flanders was the implementation of the quality 

framework in 2015 including the qualification of airtightness testers and registration of all tests 

to facilitate random on site and desktop audits by the quality framework organization. Since 

2018, requirements on the global performance of the building envelope (S-level, taking into 

account thermal insulation, airtightness, solar gains, etc.) were set, which made airtightness 

testing implicitly mandatory for every new residential building in Flanders. Since 2015, the 

airtightness of buildings in Flanders seems quite steady and a further improvement in terms of 

v50-value and number of tests seems unrealistic.  

There are no changes planned regarding regulation in the near future.  
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DUCTWORK AIRTIGHTNESS 

 

In contrast to building airtightness, ductwork airtightness is much less promoted in Belgium. 

Despite its importance for well working ventilation systems at low power, the impact of this 

ductwork airtightness is only limited in the Energy Performance Regulation. If (although only 

in rare cases) a ductwork airtightness measurement is carried out in residential buildings, it can 

be valorised through a reduction in the factor m, which is a multiplication factor valorising the 

execution quality of the installed ventilation system. Ductwork airtightness measurements in 

non-residential buildings however cannot be valorised in energy performance calculations.  

There is no evolution to be expected regarding ductwork airtightness. 
 

 

KEYWORDS 
 

Building airtightness, ductwork airtightness, regulation, trends, Belgium 
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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 Czech Republic. 
 

BUILDING MARKET 
 
The Czech Republic is a country where building industry has significantly changed over the 
past 30 years including the attitude on the building and ductwork airtightness. 
The estimated number of the residential buildings in the Czech Republic is 2.4 million 
according to the data of the Czech Statistical Office. This figure includes single-family houses, 
multi-family residential buildings and other long-term residences e.g. students residences, 
children's homes, retirement homes, cloisters, etc. as well as non-residential buildings with 
dwellings.  About 50 % of the residential buildings were built or renovated between 1946 and 
2000, approximately 25 % before 1946 and 25 % after 2000. Relevant data about the number 
of the non-residential buildings are not available. 
On average, 51 000 building permits are issued yearly for new construction or renovation of 
buildings. The permits for the residential buildings represent approximately 2/3 of the total 
number, permits for the non-residential buildings represent the remaining 1/3.  Among the 
permits for the residential buildings, about 50 % represent new construction and 50 % 
renovations. Among the permits for the non-residential buildings, the share of new construction 
is about 40 %. 
The average number of the single-family houses and multi-family residential buildings 
commissioned yearly is approximately 16 500. About 6 % of these buildings are rated energy 
performance class A. The yearly average of the commissioned new non-residential buildings is 
approximately 1 500. 
 

BUILDING AIRTIGHTNESS 

 
During the last 2 decades, the excessive air leakage has been recognised as an important factor 
with a negative impact primarily on the energy efficiency of buildings and on the hygrothermal 
performance of building envelope structures (nevertheless, the relationship between the 
building airtightness and ventilation seems rather underestimated). Building airtightness 
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requirements were integrated into the technical standard specifying general requirements on the 
thermal performance of buildings. Nevertheless, the justification of compliance by means of 
systematic airtightness testing has never become mandatory, mostly due to the concerns about 
an increase of administrative burden, increase of costs, complications of the construction 
process (learning process, reparations after a failed test, etc.) and unreadiness of the market to 
a sudden change (lack of the skilled workmanship and the qualified testers and designers). 
The state energy performance programme providing financial support for construction of 
energy efficient and airtight buildings has considerably increased the awareness about the 
building airtightness and has stimulated a progress in knowledge and skills of the building 
professionals. On one hand, the success of the energy performance programme proved that the 
building market can deal with the new challenging situation such as mandatory airtightness 
testing with no major problems, at least in a particular segment of the building industry. On the 
other hand, the lessons learned have clearly pointed out a need of a solid regulative framework 
for the implementation of the systematic mandatory airtightness testing: 

 correctly defined requirements 

 detailed guidelines for the testing  

 detailed procedures for the compliance check  

 detailed rules for the control of the testers qualification including a system of 
supervision aimed at avoiding frauds and illegal practice 

Nowadays, a significant effort is being made to collect the requirements and testing guidelines 
spread over different documents, revise and update their content and integrate them into the 
system of the Czech technical standards. The results of this attempt would provide a unified 
regulative framework ready for a general use. With this aim, the requirements of the standard 
ČSN 73 0540-2 are revised, and linked with the new standard ČSN 73 0515 providing with 
detailed testing guidelines and, alongside, a more complex competent tester scheme has been 
prepared. 
An effort is needed to convince the state authorities that it is advisable to stimulate 
improvements of the building airtightness in a large scale in order to achieve the targets of 
energy efficiency and sustainability in the building sector. The experience from the energy 
performance programme shows that mandatory justification of compliance with requirements 
by means of systematic testing is an efficient and feasible approach. If this option was chosen, 
it would seem reasonable to implement the mandatory testing of different building types 
progressively.  A preceding information campaign and educational programmes for all the 
concerned building professionals seems to be highly advisable in order to avoid the long process 
of learning of one’s own mistakes. 
 
 

DUCTWORK AIRTIGHTNESS 

 
Despite the importance of the airtightness of air ducts, there are neither general guidelines nor 
national regulations. In the future, it would be appropriate to develop general recommendations 
and ensure that those carrying out practical installations are better informed. State regulation 
would not be beneficial in view of the large number of regulations already in place. It is 
expected that the specific requirements and their fulfilment will govern the relationship between 
the supplier and the purchaser of the duct system. 
In the Czech Republic there are standards and associated airtightness tests and certifications for 
the placing on the market of individual air duct products. However, these do not consider the 
actual installation. The only and very brief guide for on-site measurement is provided by 
standard EN 12599. 
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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 Estonia, more information can be found in the VIP 45.1. 

 

BUILDING MARKET 
 

Estonia is a country of 1.3M inhabitants. According to the Estonian Building Registry, the 

number of private houses of known area taken into use before 2000 (included) is 155.150, their 

total floor area amounting to 19.998.000 m². The number of apartment buildings of known floor 

area taken into use before 2000 (included) is 22.600, their total area amounting to 28.378.000 

m². The Building Registry includes 375.000 non-residential buildings that are in use and have 

been taken into use before 2000 (included). Their total floor area amounts to 62M m². As 

illustrated in Figure 1, there are non-residential buildings with climate control (office, 

educational and commercial buildings, etc.) and without climate control (ancillary buildings of 

residential buildings, agricultural buildings, pumping stations, etc.). There are around 32.000 

such buildings with a total floor area of 28M m². Most of the Estonian residential buildings are 

under private ownership. According to the population and housing census of 2011, 97% of 

dwellings were under private ownership. State or local authorities owned just 2% of dwellings. 

 

In recent years, about 10.000 building permits and 6.400 use permits have been issued annually 

(see Figure 2). The difference between the number of the building and use permits is because 

not every building permit has been subject to realization and the permit for use has not always 

been applied for. 

                       
Figure 1: Division of all buildings (top) and residential buildings (bottom) in Estonia constructed before 2011. 
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Figure 2: Annual building permits and building use permits issued 

 

BUILDING AIRTIGHTNESS 

 

Year after year, the airtightness of the building envelope has become an increasingly 

important issue in Estonia. As expected, the median air leakage (qEA50) of older buildings 

between 11 and 14 m³/(h∙m²) has decreased to 1.1 m³/(h∙m²) after the minimum requirements 

for energy performance have taken effect (see table 1) in 2008. The increasing prices in the 

building market make it harder to use the base values of air leakage rate which tend to 

overestimate the actual air leakages and need to be compensated by improving other elements 

of the building. The overall knowledge and quality of workmanship related to airtightness has 

increased in the market and this trend is expected to continue. 

 
Table 1: Effect of different factors on air leakage rate and its distribution 

Please see more in detail from: Hallik, J., Kalamees, T. 

2019. Development of Airtightness of Estonian Wooden 

Buildings. Journal of Sustainable Architecture and Civil 

Engineering https://doi.org/10.5755/j01.sace.24.1.23231 

Number of 

buildings 

Air leakage rate qEA50, m³/(h∙m²) 

median mean q50,base 

All wooden buildings 

<1945 97 11 13 18 

1946 – 1994  7 14 17 27 

1995 – 2008  72 3.2 5.2 9.5 

>2009 137 1.1 1.8 3.0 
 

DUCTWORK AIRTIGHTNESS 

 

Ductwork airtightness is an insufficiently researched and poorly regulated field in Estonia. To 

change the situation, the first thing that could be done is to study the current situation of 

ductwork airtightness. Some scientific research could certainly help to raise awareness on this 

problem. At the moment, there is no plan to update standards or regulations of ductwork 

airtightness. In the following years, it is planned to update the quality requirements for 

ventilation installation. The requirements for the airtightness of the ventilation ductwork can 

also be added to the guidance manual of quality requirements for ventilation installation.  
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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 France. 

 

 

BUILDING AIRTIGHTNESS 

 

Undoubtedly, the regulatory measures and control procedures have profoundly changed the 

building airtightness market in France. Within a few years, they have led to significant 

improvements in airtightness test results. Note however that this change is the result of a number 

of measures and procedures that have been implemented, including: 

- Minimum requirement for residential buildings and substantial reward for better-than-

default values for non-residential buildings; 

- Compulsory justification for residences and better-than-default values with 2 routes: 

systematic testing or application of a certified QMA; 

- Mandatory qualification of testers and certification of QMA to justify airtightness 

values;  

- Follow-up of test results, including statistical analysis to monitor the impact of the 

regulation.  

In addition, the BBC-Effinergie label in 2006 has been a fundamental step both to raise 

awareness and to experiment measures to revise the regulation. Given the number of 

simultaneous changes, the impact of each one is difficult to isolate from the others. 

The overall approach has produced very positive results with regard to its original objectives; 

however, several points merit further attention, in particular: 

- Testers are under pressure to please their clients with the present third-party testing 

requirement. They are also under time pressure, which may affect the quality of their 

measurements. This calls for dissuasive controls by the scheme holder. Improvements 

have been done by Qualibat to strengthen control of testers. 
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- Test performed at commissioning do not reflect the airtightness during the buildings’ 

lifetime, especially when last-minute corrections are implemented to meet the target 

value. Durability issues are considered thanks the research project Durabilit'Air that 

concluded that airtightness of houses may deteriorate mainly during the first two years 

(a mean increase of around +20% in the air permeability observed from two samples of 

30 low energy houses each) (Moujalled et al. 2021). 

Now with the latest regulation RE2020, the French authorities strengthen building airtightness 

requirements by adding a new minimum requirement for non-residential buildings. It also 

focuses on ventilation performance in order to ensure that new airtight dwellings are ventilated 

right. Therefore, it includes mandatory requirements to control ventilation systems in new 

residential buildings based on what has been done for building airtightness (tester qualification 

scheme, national database).  

 
 

DUCTWORK AIRTIGHTNESS 

 

The Effinergie certifications, with their mandatory tests of ductwork airtightness since 2013, 

have participated in France to the development of the ductwork airtightness tests with the 

creation of the tester’s scheme qualification and the database. The possibility to use in the EP-

calculation a class better than default (A, B or C) and thus, advantage airtight ductwork 

regarding energy performance of the buildings, is also a driver for the ventilation 

performance.  

With the new regulation RE2020 and the mandatory inspection and measurements of the 

ventilation systems in residential buildings, the ventilation system is finally identified in the 

construction process and we can hope that the quality of the ductwork will improve, even if 

the airtightness test is not mandatory. A dedicated observatory will be developed, gathering 

all inspections and measurements regarding ventilation systems. It will be on-line and will be 

directly filled by the testers: some analyses will be public and the data will be automatically 

updated. 
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ABSTRACT 
 

Low or Zero Energy buildings are becoming increasingly popular and the use of passive-house principles are 

providing a solid foundation for achieving energy consumption targets and good indoor quality. However, this 

design methodology has been well received in central and northern Europe than in south and the Mediterranean, 

where people are used to houses that are open to the external environment. This habit is in contrast to the basic 

principles of the good airtightness, the energy efficiency and the achievement of a good Indoor Air Quality. 

Because of this mentality and the current construction methods, it is noticed according to the European 

Environment Agency, that the average heating consumption of residential properties in Greece is almost double 

than in Sweden. To unlearn a given situation is more difficult than to learn something new and the current crisis 

is an opportunity to investigate new design principles and methodologies, to face the critical construction issues 

and challenges, to develop practical manufacturing solutions as well as to communicate that the good airtightness 

is not a disadvantage. 

A Zero Energy building procedure in southern and Mediterranean climate, should balance the proper design 

requirements with the, often contradictory, local ways and demands of using the buildings. Furthermore, this 

procedure should place much importance on the human experience and satisfaction with the building’s architecture 

and user’s habits, rather than just the national or European legislations based on numbers.  

A building needs a good airtightness but this requirement sounds like a negative and deterrent request to the local 

communities. The research of the last 12 years over the Greek experience, constitutes a practical field of 

experiments with different results to take under consideration and avoid to compromise the way to a low-

consumption society with the proper Indoor Air Quality. 

Especially regarding the airtightness, there cannot be any achievement without the acceptance and the contribution 

of the local population. This research is based on BlowerDoor tests applied in Greece since 2010, reflects the 

situation on the existing building stock and along with interviews of home owners and professionals (engineers, 

architects, contractors) provide conclusions and suggestions for similar cases. 
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1 INTRODUCTION 
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This presentation is the recording of the first 100 airtight tests in Greece, from 2010 until 

today. The inspections were carried out in private homes and in large-scale commercial 

buildings, of different construction dates, renovated or not, in various cities of the country and 

on islands. Most of the inspections were carried out in the area of Attica and in the city of 

Athens. From the above recording, very useful conclusions emerge about how energy 

sustainable the cities that have been built in the last 60 years are, their energy footprint and 

above all the habits of the population that lives in them. Wasteful buildings have created 

wasteful people and habits with the result that there is a risk of failure of energy upgrade 

moves, energy savings and a substantial reduction of the energy footprint. The construction 

techniques used in the past have evolved little, resulting in the use of state-of-the-art materials 

with old techniques. This results in the failure of new materials and often has more negative 

consequences than the problems they are trying to solve. A specific method was followed to 

record the results and the final conclusions described at the end. In addition to recording the 

inspections, building users, engineers and craftsmen were interviewed on the subject of the 

airtight housing. 

 

2 METHODOLOGY OF AIRTIGHTNESS MEASUREMENTS 

 

The date of construction of the building, the surfaces of each apartment and the volume were 

recorded. Subsequently, the facilities that had remained in the same conditions since they were 

built were separated, those that underwent a general renovation and the new premises. Most of 

the new construction was large commercial buildings, a 100-room hotel and LIDL stores. The 

following (Table 1) is a detailed list of all measurements with the corresponding results. 

 

Table 1: The list of the first 100 measurements in Greece 

Nr 
Day of 

measurement 

n50 (Air 

changes 

per 

Hour) 

Residential 

use 

Commercial 

use 

Year of 

Construction 

Refurbished 

/ Existing or 

New 

Location 

1 26/04/10 
3,58 

1  
1998 

E 
Athens 

2 23/05/10 7,80 1  1985 E Athens 

3 14/05/11 3,08 1  1985 E Athens 

4 01/12/11 7,65  1 1980 E Athens 

5 26/02/12 6,12 1  1983 E Athens 

6 17/05/12 5,84 1  1980 E Athens 

7 30/11/12 4,02 1  1982 E Athens 

8 05/12/12 4,34 1  2004 E Athens 

9 17/02/13 14,58 1  1968 E Athens 

10 04/06/13 12,11 1  1982 E Athens 

11 13/07/13 6,91 1  1982 E Athens 

12 05/05/14 7,49 1  1977 E Athens 

13 14/05/14 6,85 1  1985 E Athens 

14 19/08/14 4,95 1  1968 E Athens 

15 24/10/14 8,65 1  1985 E Athens 

16 14/12/14 6,54 1  1985 E Athens 

17 12/02/15 11,53 1  1968 E Athens 

18 29/03/15 9,85 1  1983 E Athens 

19 17/05/15 5,64 1  2013 E Athens 

20 23/07/15 7,56 1  1985 E Athens 

21 26/10/15 6,24 1  1980 E Athens 

22 02/11/15 4,56 1  1973 R Athens 

23 04/02/16 5,36 1  1968 E Athens 

24 29/04/16 4,65 1  1985 R Athens 
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25 08/05/16 3,95 1  1995 R Athens 

26 09/07/16 4,58 1  1994 E Athens 

27 23/09/16 4,96 1  2011 E Athens 

28 15/01/17 6,58 1  1968 E Athens 

29 24/02/17 8,59 1  1975 E Athens 

30 03/04/17 4,61  1 2017 N Mitilini 

31 29/05/17 3,98 1  1987 R Athens 

32 27/08/17 5,78 1  1968 E Athens 

33 23/11/17 6,85 1  1968 E Athens 

34 12/02/18 1,12  1 2017 N Tripoli 

35 14/03/18 3,97 1  1969 R Athens 

36 26/03/18 5,48 1  1985 R Athens 

37 05/04/18 6,58 1  1974 E Athens 

38 15/05/18 1,68  1 2017 N Athens 

39 18/10/18 1,41  1 2018 N Mesologgi 

40 03/02/19 6,45 1  1960 R Athens 

41 23/02/19 0,98  1 2019 N Amaliada 

42 05/03/19 3,00 1  1974 R Athens 

43 26/04/19 2,58 1  1990 R Athens 

44 07/05/19 4,85 1  1972 R Athens 

45 13/06/19 5,60 1  1985 E Athens 

46 27/10/19 4,80 1  1998 E Athens 

47 25/11/19 6,50 1  1989 E Athens 

48 07/12/19 1,31  1 2019 N Arta 

49 14/12/19 3,54 1  1975 R Athens 

50 01/02/20 1,68  1 2020 N Limnos 

51 01/04/20 8,89  1 2020 N Kos 

52 30/04/20 3,25 1  2005 R Athens 

53 04/05/20 1,45  1 2020 N Moudania 

54 30/05/20 1,32  1 2020 N Kasandria 

55 15/06/20 4,52 1  1974 E Athens 

56 28/07/20 4,68 1  1985 R Athens 

57 09/08/20 3,62 1  1995 R Athens 

58 03/11/20 1,44  1 2020 N Athens 

59 18/04/21 2,65 1  1972 R Athens 

60 17/05/21 1,24  1 2021 N Thasos 

61 06/06/21 3,56 1  1972 E Athens 

62 12/06/21 2,89 1  1974 R Athens 

63 15/06/21 6,45 1  1985 E Athens 

64 04/07/21 4,58 1  2005 R Athens 

65 13/07/21 0,90 1  1992 R Voula 

66 15/07/21 4,06 1  1995 E Athens 

67 27/08/21 3,58 1  1972 R Athens 

68 11/09/21 2,96 1  1973 R Athens 

69 15/09/21 6,27 1  1975 E Athens 

70 18/09/21 4,65 1  2005 E Athens 

71 27/09/21 3,54 1  1972 R Athens 

72 04/10/21 4,85 1  1972 E Athens 

73 07/10/21 6,35 1  2004 E Athens 

74 13/10/21 2,45 1  1985 R Athens 

75 19/10/21 1,56 1  2009 R Athens 

76 27/10/21 6,52 1  1995 E Athens 

77 31/10/21 3,54 1  1997 R Athens 

78 04/11/21 2,58 1  1985 R Athens 

79 16/11/21 3,65 1  1999 R Athens 

80 25/11/21 4,75 1  1972 E Athens 

81 29/11/21 3,65 1  1982 R Athens 

82 09/12/21 5,89 1  2021 N Egina 
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83 11/12/21 4,85 1  1986 E Athens 

84 28/12/21 2,75 1  2015 R Athens 

85 13/01/22 4,77 1  1980 R Voula 

86 17/01/22 6,45 1  1976 E Athens 

87 19/01/22 3,25 1  2011 R Athens 

88 23/01/22 2,94 1  2015 R Athens 

89 29/01/22 5,23 1  1985 E Athens 

90 03/02/22 4,32 1  1978 E Athens 

91 05/02/22 5,28 1  1995 E Athens 

92 07/02/22 3,25 1  2005 R Athens 

93 10/02/22 6,45 1  1969 E Athens 

94 11/02/22 2,54 1  1972 R Athens 

95 16/02/22 6,98 1  2005 E Athens 

96 18/02/22 5,85 1  1972 E Athens 

97 19/02/22 8,65 1  1969 E Athens 

98 09/03/22 4,85 1  2015 E Athens 

99 29/03/22 8,95 1  1967 E Athens 

100 04/04/22 1,08  1 2021 N Sparta 

 

From the above list, 52 existing buildings (Figure 1) were measured in which no additional 

intervention had been made since they were constructed. It is observed that the average air 

exchange is n50 = 6.49. 
 

Figure 1:  The airtightness of 52 premises build from 1967 to 2015  
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It is observed (Figure 2) that in the 14 new buildings that were measured and constructed 

from 2017 until today, the average air exchange is n50 = 2.44. 

 
 

Figure 2:  The airtightness of 52 14 new built premise from 2017 to 2021  

 

Finally, (Figure 3) 34 buildings were originally constructed from 1960 and renovated in 

recent years. To a large extent, the apartments that were renovated from 2000 until today, 

chose to replace their sliding frames with opening ones. The average air exchange is n50 = 

3.43. 
 

Figure 3:  The airtightness of 34 premises built from 1960 to 2010  

 

The trend of airtight controls in Greece (Figure 4) shows an upward trend, without being 

particularly impressive, given that they do not exceed 30 measurements per year. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4:  The trend of airtight controls in Greece since 2010 
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The following graph shows the maximum and minimum temperatures in the region of Attica 

during a year (Figure 5). The green line indicates the ideal temperature for the internal 

comfort of man. The red line indicates the registered temperatures in Attica (region of 

Athens). It is confirmed that the requirement for space heating is about five months a year 

(from November to March), the requirement for cooling is about two months (July and 

August) while for the remaining five months the buildings in Attica are enough to stay with 

windows open and achieve ideal temperatures indoors. 
 

Figure 5:  The monthly diurnal average temperature in Attica  

 

According to the Hellenic Statistical Authority (www.statistics.gr) from 2018 to 2020, the 

number of building permits increased from 15,342 to 18,928 (approximately 23.4%) while the 

new buildable areas for the same period increased from 3,532 .675 m² to 4,129,281 m² 

(approximately 17.9%). At the same time there is a large building stock (4,105,637 buildings) 

last recorded in 2011 of which 2,990,324 are residential. The rest are public buildings 

(schools, hospitals), shops and business premises, hotels, churches, etc. Of the above total 

number of buildings, only 19,968 are made of wood, 34,868 are made of metal, 723,249 are 

made of stone and 2,368,696 are made of concrete and bricks. The average primary energy 

consumption in Greek residential buildings is 306.55 KWh/m², in temporary accommodation 

buildings (hotels) it is 451.06 KWh/m², while in public buildings it is 791.32 KWh/m². New 

buildings under construction are required to issue an energy certificate but there is no 

prevention, specification or requirement to check the airtightness of the building envelope. 

It is obvious that there has been a noticeable improvement in the airtightness of the buildings 

since 1960 but this is due more to the advanced technology of the frames and not to the new 

sealing practices of the buildings. It is observed that a renovated apartment reduces its losses 

by only 47.15% (from 6.49 to 3.43) compared to its original condition. A modern construction 

is only improved by 28.86% compared to a renovated property of 1960 (from 3.43 to 2.44) 

while it achieves only 24.59% of its target given that the ideal airtightness would be n50 = 

0,6. 
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The above numerical results lead to the conclusion that no matter how advanced technological 

products appear in a market, if end users do not want to achieve the goal of airtightness, any 

move towards sustainability and green growth will be incomplete and in the end much more 

harmful. This is because huge sums of money will have been spent on research, materials and 

labor without ever being amortized due to poor application and use. 

 

2.1 Recording of the habits and the local mentality 

 

In addition to the above measurements of the buildings, the habits of the residents were also 

recorded. The results show that to a large extent the term airtightness creates a very negative 

impression and that the largest percentage 56.3% live in buildings that do not offer suitable 

living conditions. It is also striking that heat losses in both winter and summer, due to air 

changes, are considered acceptable and necessary, even though they cause large increases in 

energy costs. Τhe conflicting opinion on the term airtightness and the use of a sealed building 

are also interested to keep and shows the general confusion about the subject. Τhe following 

list (Table 2) shows the answers of the respondents.  

 

Table 2: The results of the questionnaire 

Question Options % Replies 

How do you feel by the phrase: "the house is hermetically sealed”? 
 

 - Positive feeling of hygiene   0.0% 

 - Negative feeling, that I am "suffocating" and lacking oxygen 87.5% 

 - Neutral feeling, doesn't affect me  12.5% 

 

How attractive is a fully airtight house to you?  

 - Very much, I want it. 50.0%  

 - Not at all, I would avoid it 43.8% 

 - Indifferent   6.2% 

 

How effectively do you think you ventilate your home when it's very cold?  

 - Fairly effective, I ventilate as much as needed 50.0% 

 - Very effective, I ventilate all day 25.0% 

 - Not so efficient because we are away most of the time 25.0% 

 

How effectively do you think you ventilate your home when it's very hot?  

 - Fairly effective, I ventilate as much as needed 50.0% 

 
- Very effectively, windows and patio doors are almost always 

half-closed or tilted 18.8% 

 - Not so efficient because we are away most of the time 31.3% 

 

Do you think ventilation burdens energy consumption in large temperature differences in winter or 

summer?  

 
- Yes, it is burdensome to some extent but it is a necessary 

necessity of the house, so it is a waste in an acceptable context 62.5% 

 
- No, it does not particularly burden energy consumption and daily 

ventilation is mandatory 12.5% 

 
- Yes, it greatly burdens energy consumption and I keep the house 

as long as it becomes closed in large temperature differences 25.0% 

 

In your home, do you think you have more problems in winter or in summer? 

 - In the winter when it is very cold 18.8% 

 - In the summer during the great heat 18.8% 

 - In both periods 56.3% 
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- We have no problem in any case, we live with satisfactory 

thermal comfort conditions    6.1% 

 

How often do you ventilate your house in the very cold winter? (In 24 hours) 

 - Less than an hour 56.2% 

 - Between one and two hours 25.0% 

 - More than 3 hours   0.0% 

 
- There is always a small window always open and tilted (usually 

the bathroom) 18.8% 

 

In the summer with the air conditioner running, do you leave any windows open? 

 
- No, when the air conditioner is on, all windows and patio doors 

are closed 56.8% 

 - Yes, there is always a tilted window or a balcony door ajar 43.8% 

 

 

 

 

In the summer with the use of the air conditioner, do you feel discomfort and some unpleasant 

conditions? (Headache, dizziness, dry mouth or other?)  

 - No, I don't mind using the air conditioner in the summer at all 31.3% 

 
- Yes, that's why I only keep the A/C on for a few hours in the hot 

weather and with the windows open 

68.8% 

 

 

Have you noticed in the winter in extreme cold, raising the internal temperature but still not feeling 

well and feeling that something is wrong? (Chills, cold fingers, discomfort, etc.)?  

 - No, whenever the heating works, we have no problem 50.0% 

 - Yes, although the heating works, we feel some kind of discomfort 50.0% 

 

Place in order of priority and importance (from 1 the most to 4 the least), the reasons why we need to 

ventilate our home   

 - To renew oxygen and create well-being 62.0% 

 - To prevent the formation of liquefaction and mold 23.0% 

 - For sanitization (elimination of germs and prevention of diseases) 12.0% 

 - To remove the stench    3.0% 

   

 

 

3 CONCLUSIONS 

 

The main conclusion is that the concept of good airtightness in the Mediterranean regions 

refers more to a negative feeling and therefore is a deterrent effect for the population. For this 

reason, special emphasis should be placed on informing, educating and raising public 

awareness, starting even from a young age in primary schools. It should be widely understood 

that the daily way of life and behavior of a population has a direct effect and consequence on 

the economy, health, and even the energy independence of a country. Regulations and laws 

are not enough if they are not understood, just as it is not enough to supply expensive and 

advanced products without proper training of applicants and users. Unfortunately, it turns out 

that in hot climates, habits and lifestyle create conditions that lead to greater energy waste and 

a worse quality of life. 
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ABSTRACT 
 

Ninety per cent of New Zealand classrooms are naturally ventilated by opening windows. Achieving a suitable 

ventilation level will rely on teachers. A survey showed that less than half of the teachers opened windows during 

teaching time. Due to the high occupant density in classrooms and a low natural ventilation rate, it is challenging 

to provide adequate ventilation during the southern hemisphere winter months (June to September). From 9 am to 

3 pm, school hours align well with the optimum solar radiation, providing opportunities for solar ventilation. A 

crossover intervention study was performed to investigate the effect of operating a 3 m2 roof-mounted solar air 

heater (SAH) on classroom ventilation. This study was carried out in six primary schools from June to September 

2014. In each school, two adjacent classrooms were randomly assigned to a treatment group (SAH installed and 

operated) or a control group (SAH installed but not operated). The outlet air velocity from the SAH was monitored 

at a 10-min interval. Classroom carbon dioxide (CO2) level was monitored at a 2-min interval. The classroom 

hourly ventilation rate was estimated using CO2 as the tracer gas. The hourly CO2 levels in the treatment 

classrooms ranged from 551 ppm to 4992 ppm, with a mean (standard deviation) value of 1309 (619) ppm. In the 

control classrooms, the hourly CO2 levels ranged from 550 ppm to 4830 ppm, with a mean (SD) value of 1405 

(702) ppm. The CO2 levels in the treatment classrooms were statistically significantly lower than in the control 

classrooms (p < 0.01). The mean volumetric flow rate of the outlet air was around 34.0 m3/h with a mean incoming 

temperature of 28.9 °C. The mean air changes per hour (ACH) in treatment and control classrooms ranged from 

1.3/h to 3.4/h and 1.1/h to 3.2/h, respectively. Overall, the flow rate coming from the SAH was insufficient to keep 

a CO2 level below the 1000 ppm threshold. However, increasing the SAH area could provide alternative classroom 

ventilation during the COVID 19 pandemic. A follow-up project is currently investigating the use of nanofluid 

coating and improving the collector design to increase the efficiency of the SAH. 

 

KEYWORDS 
 

Ventilation, solar air collector, primary school, COVID 19 outbreak 

  

1 INTRODUCTION 

 

The inadequate ventilation in schools is of public concern. The level of carbon dioxide (CO2) 

can be used as a surrogate to estimate the classroom ventilation rate (ASTM, 2012; Bearg, 
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1993). The estimation uses tracer gas techniques under a well-mixed1, single zone2 and 

homogeneity3 assumption (Persily, 1997; Sherman, 1990). Based on ASHRAE (1989), the NZS 

4303:1990 (current New Zealand "Ventilation for Acceptable Indoor Air Quality" standard) 

recommends a minimum ventilation rate of 8 l/s/p, with an assumed maximum occupant density 

of 0.5 users/m2). This minimum ventilation rate is required to achieve an indoor CO2 

concentration below 1000 ppm (ASHRAE, 2016; CEN, 2007 Standards New Zealand, 1990). 

At this ventilation rate, a classroom will have an average ACH of 4/h (BRANZ, 2007). 

 

Ninety per cent of New Zealand (NZ) classrooms are naturally ventilated by opening windows. 

Achieving a suitable ventilation level will rely on teachers to open windows. A survey showed 

that less than half of the teachers open windows during teaching time. Inadequate ventilation 

rates, found in NZ schools during the winter season, could adversely affect occupant respiratory 

health (Wang et al., 2020a; Smedje et al., 2000) and school attendance (Mendell et al., 2013). 

Also, it could contribute to a higher virus transmission rate during the COVID pandemic 

(Morawska et al., 2020). Therefore, solutions to increase ventilation rates in schools are needed. 

Research shows that well-designed, well-maintained, and well-operated mechanically 

ventilated classrooms have an acceptable ventilation rate (Canha et al., 2013; Gao et al., 2014). 

However, mechanical ventilation systems are capital and energy expensive and need 

maintenance (Cutler-Welsh, 2006; Angelon-Gaetz et al., 2015). Mechanical ventilation systems 

are not affordable for most NZ schools, especially following the introduction in 2010 of a 

capped budget for purchased energy4 (Ministry of Education, 2010). Consequently, an 

alternative and affordable method is needed to improve the winter ventilation rate in NZ 

primary schools. 

 

School hours, 9 am to 3 pm, are well aligned with the optimum solar radiation and provide 

opportunities for solar ventilation (Jaquiery, 2018). This paper aimed to investigate the changes 

in ventilation rate in twelve NZ primary classrooms from when a roof-mounted solar air heater 

(SAH) was operating and not operating. Results reported in this paper focus on the change in 

CO2 concentration and ventilation rate during occupied school hours (Monday to Friday from 

9 am to 3 pm).  

 

This paper is organised as follows: Section 1 introduces the study. Section 2 presents materials 

and methods to investigate the effects of operating a roof-mounted SAH on CO2 and ventilation 

rate in schools. Section 3 presents and discusses the results. Section 4 concludes the paper. 

 

 

2 MATERIALS AND METHODS 

 

A crossover intervention study was conducted in Palmerston North (PN), located in the lower 

North Island. PN (40°S) is close to the midline of NZ (from 34°S to 47°S). During the winter 

months (June to August), PN's mean solar radiation levels were close to the mean NZ solar 

radiation levels (77.2 W/m2 vs 77.9 W/m2). The mean daily sunshine hours were 0.8 hours 

 
1 In a well-mixed zone, any outside air or inject tracer gas becomes instantaneously and homogeneously dispersed 

within the zone. 

2 The zone only communicates with the outside, an area whose concentration of the tracer gas is unaffected by the 

zone. 

3 The fluid properties (i.e., density and tracer gas concentration) are assumed to be the same at every point within 

the zone. 

4 The operational funding for N.Z. schools was fixed in 2010 at a level based on an average of each school’s last 

three year’s use. This funding covers electricity, gas, coal and wood, and water supply. 
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lower than the mean NZ sunshine hours (3.3 vs 4.1 hours). The mean ambient temperature 

levels in PN were 1.1°C higher than the mean NZ ambient temperature (9.0°C vs 7.9°C) 

(NIWA, 2018). Overall, compared with the mean levels of NZ winter weather, PN has medium 

solar radiation levels, sunshine hours, and ambient temperature. This means performances of 

the SAH in PN could be assumed to be at the medium level in NZ.  

 

To be selected in this study, schools were required to meet five criteria: (i) schools have a decile 

rating from 1 to 65, (ii) classrooms were not experiencing any weathertightness issues, (iii) 

classroom buildings were oriented within ± 30° of the north, (iv) two adjacent classrooms had 

the similar construction characteristics, and (v) no building alterations would be conducted 

during the time of the study. The selected school principals received an invitation to participate. 

The schools and classrooms were recruited based on principals' and teachers' willingness to 

participate.  

 

Twelve classrooms from six primary schools (School 1 to School 6) were selected. The schools 

were all located within a 5 km radius around PN city centre. Before monitoring, the SAH 

(treatment) was installed on the sun-facing (North in the southern hemisphere) roof of all 

participating classrooms. The two adjacent classrooms in each school were randomly assigned 

either to a treatment group (SAH installed and operated) or a control group (SAH installed but 

not operated). Figure 1 shows the SAH located on the roof of a school building. There was one 

SAH installed for each participating classroom. 

 

 

Figure 1: Solar air heater (SAH) located on the roof of the school building 

(A: SAH front view; B: SAH backplate; C: Air duct inside the classroom and the location of the hot wire 

anemometer. 

 

This SAH, from the front to the back, is composed of a transparent cover (double layer 

polycarbonate with a solar transmission of 0.77 and visible transmission of 0.85), an absorber 

layer (black felt), a perforated backplate (aluminium) and an aluminium frame. The diameter 

of the outlet air duct is 125 mm. The air inlet holes in the perforated backplate are 1.5 mm in 

diameter. These holes are evenly distributed in a grid, 15 mm apart (approximately 4300 

holes/m2). The length, width, and air channel depth of this SAH are 3000 mm, 1020 mm, and 

75 mm, respectively. The gross collector area and the absorber layer effective area are 3 m2. 

The SAH has a fan with a power consumption of 5.1W, a fan speed and on-off controller, and 

an outlet duct. An 18W photovoltaic panel powers the fan. The ambient air enters the SAH 

through the perforated backplate (Figure 1B). The heated air is pushed into the outlet duct by 

the fan. The velocity of the outlet air is controlled by the fan speed controller (regulator). The 

fan speed was set at 75%, the maximum fan speed in all classrooms.  

The outlet air temperature and velocity were monitored at a 10-min interval, 24/7. The hot wire 

anemometer was placed centrally at the end of the outlet duct, as shown in Figure 1C. The 

 
5 The primary schools in NZ are decile rated from 1 to 10. The deciles relate to the socioeconomic status of the 

community living around the school and determine the level of government funding. Low decile rated schools 

have more government funding than high decile rated schools Ministry of Education. 2019. School deciles. 

Wellington, NZ: New Zealand Ministry of Education. 
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weather data (ambient temperature, solar radiation, wind speed and rainfall) were retrieved from 

a local climate monitoring station. Table 1 shows the construction characteristics for each 

classroom and control and treatment status during fieldwork. For privacy, the classrooms were 

anonymised using the format "S1R1". The first number represented the school (S) identification 

number from 1 to 6. The second number represented the room (R) identification number and 

was 1 or 2.  

 

Table 1: Construction characteristics for each classroom and control and treatment status during fieldwork 

School 

(S) 

Room 

(R) 

Volume 

(m3) 
Term 2 Term 3 

Student 

number 

and age 

(years) 

When 

school 

buildings 

built 

Roof 

Windows 

(type and 

glazing) 

Heaters 

S1R1 221.0 
Control 

(C) 

Treatment 

(T) 
21, 8 – 10  

1963 
Skillion 

roof 

Awning, 

single 

Central 

radiator 
S1R2 221.0 

Treatment 

(T) 

Control 

(C) 
21, 8 – 10  

S2R1 212.5 T C 
28 (10 – 

13)  
19131 

Skillion 

roof 

Awning, 

single 

Inverter 

heat pump 
S2R2 230.6 C T 

27 (10 – 

12)  

S3R1 227.7 C T 
27 (9 – 

11)  

1958 
Skillion 

roof 

Louvre, 

single  

Unflued 

gas 

heater, 

Inverter 

heat pump 

S3R2 227.7 T C 
20 (9 – 

12) 

S4R1 313.6 T C 
26 (8 – 

10) 
1928 

Gable 

roof 

Awning, 

single 

Inverter 

heat pump 
S4R2 295.2 C T 

22 (8 – 

10) 

S5R1 175.8 T C 
30 (12 – 

13) 
1953 

Skillion 

roof 

Awning, 

sliding, 

single 

Electric 

heater 
S5R2 175.8 C T 

21 (10 – 

12) 

S6R1 182.8 C T 21 (7 – 8) 
1975 

Skillion 

roof 

Awning, 

single 

Central 

radiator S6R2 182.8 T C 22 (7 – 9) 

 

These classrooms were all light timber-framed single-storey buildings and naturally ventilated. 

The classrooms kept the same control or treatment status for the entire school Term 26. During 

Term 3, the treatment classrooms became control classrooms and vice versa. In the control 

classrooms, the SAH fan was off, and the outlet air duct was sealed to avoid air coming into or 

out of the classroom. The fieldwork was carried out from June to September 2014.  

 
6 NZ schools have four terms per year. Each school term consists of 10 or 11 weeks. There are two-week term 

breaks between each term, except for the term break between Term 4 and Term 1 (in the following year). Among 

these four terms, Term 2 and Term 3 cover the winter month (June, July and August). 
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The classroom CO2 levels were monitored at a 2-min interval, 24/7, including school days, 

weekends, and public holidays. The monitoring devices were either a Gas Probe IAQ monitor 

(BW Technologies Ltd, Canada) or a Model 8552 Q-Trak IAQ monitor (TSI Incorporated, 

USA) or a Model 7545 IAQ-Calc Meter (TSI Incorporated, USA). These devices were placed 

inside a custom-made support structure at 1.1 m above the floor (average height when students 

were seated at desks). The devices were located in the best available location in classrooms. All 

instruments were away from the doorway and direct sunlight. All monitoring devices involved 

in this study were calibrated and checked before and after the fieldwork. 

 

Data analysis focused on NZ school hours, from 9 am to 3 pm. During the occupied (Monday 

to Friday) school hours, the hourly average values of the CO2 were calculated. Results were 

presented with a mean (SD) and 95% CI. The difference in CO2 levels between treatment and 

control classrooms was compared (t-test). All classrooms' ventilation rates (air changes per 

hour, ACH, /h) were estimated using the tracer gas technique (ASTM, 2012; Bearg, 1993). The 

CO2 level has been used in different studies to evaluate the ventilation rate (Gao et al., 2014). 

 

The volume of each classroom was measured (Table 1). The number of occupants in all 

classrooms was the enrolment (Table 1). The CO2 generation rate used in this study was 0.0052 

l/s/person for an adult and 0.0029 l/s/person for a pupil under office work activity (ASTM 

2012). The PN ambient air CO2 concentration was 400 ppm. This level was also assumed in the 

European Standard EN13779 (CEN 2007). Table 2 shows the number of occupied fieldwork 

days for each school. 

 

Table 2: The number of unoccupied and occupied days 

School (S) S1 S2 S3 S4 S5 S6 

The number of school days 70 82 82 73 72 74 

 

All calculations were conducted using the statistical computing and graphics platform 

programming language R version 4.1.3 (R Core Team, 2021). The statistical significance was 

defined at a level of 0.05.  

 

3 RESULTS AND DISCUSSION 

 

3.1 Temperature and volumetric flow rate of the outlet air 

 

Table 3 shows the mean (SD) and 95% CI of the SAH outlet air temperature and the mean (SD) 

and median (minimum-maximum) volumetric flow rate of the SAH outlet air in different 

schools. 

 

The mean outlet air temperature in the six schools ranged from 26.4°C to 32.2°C. The minimum 

level of 11.3°C was obtained at 9 am when solar radiation was 92 W/m2, the ambient 

temperature was 5.6°C, and the wind speed was 1.9 m/s. The maximum outlet air temperature 

of 50.2°C was achieved at 11 am when the solar radiation was 656 W/m2, the ambient 

temperature was 11.4 °C, and the wind speed was 11.1 m/s. The outlet air temperature was 

above 18 °C for at least 62% (minimum-maximum: 62–85%) of school hours. 
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Table 3: Air temperature coming from the solar air heater (°C), flow rate (m3/h), mean (SD) and 95% CI 

Schools 

(S) 

Temperature (°C) 
 

Volumetric flow rate 

(m3/h) 

Mean (SD) 

[95% CI] 

% of the time with 

temperatures above 

18 °C 

 

Mean (SD) 

[95% CI] 

Median 

(minimum-

maximum) 

S1 32.2 (10.4) 

[30.0–34.3] 

85.4% 
 

25.0 (7.7)  

[23.4–26.6] 

26.2 (4.3–

43.6) 

S2 28.9 (10.8) 

[26.7–31.1] 

75.6% 
 

31.5 (9.8)  

[29.5–33.6] 

32.7 (4.7–

46.4) 

S3 29.2 (11.4) 

[26.5–31.9] 

76.1% 
 

30.0 (13.9)  

[26.7–33.2] 

25.7 (8.0–

61.1) 

S4 27.3 (11.7) 

[22.6–32.0] 

62.5% 
 

37.1 (8.6)  

[33.6–40.5] 

39.3 (21.0–

49.2) 

S5 26.4 (9.8) 

[23.7–29.0] 

68.5% 
 

30.7 (11.7)  

[27.6–33.8] 

29.9 (7.4–

55.7) 

S6 27.9 (10.8) 

[25.8–29.9] 

73.8% 
 

33.7 (13.1)  

[31.2–36.2] 

33.3 (6.0–

63.4) 

 

The mean volumetric flow rate of the outlet air in the six schools ranged from 25.0 m3/h to 37.1 

m3/h, with the minimum and the maximum values of 4.3 m3/h and 63.4 m3/h, respectively. It 

was found that the mean (SD) volumetric flow rate of the outlet air was 34.0 (12.9) m3/h with 

a temperature of 28.9 (10.6) °C at a velocity of 0.8 (0.3) m/s. This flow rate will take 6.5 hours 

for a complete air change of a 220 m3 classroom. This ventilation rate was 25 times lower than 

the recommended ventilation rate by NZS 4303 "Ventilation for Acceptable Indoor Air 

Quality", as 864 m3/h of fresh air are required for a classroom occupied by 30 pupils (Standards 

New Zealand 1990)7. 

 

3.2 Classroom carbon dioxide and ventilation rates 

 

Amongst all schools, the hourly CO2 levels in the treatment classrooms ranged from 551 ppm 

to 4992 ppm, with a mean (SD) value of 1309 (619) ppm. In the control classrooms, the hourly 

CO2 levels ranged from 550 ppm to 4830 ppm, with a mean (SD) value of 1405 (702) ppm. The 

CO2 levels in the treatment classrooms were statistically significantly lower than in the control 

classrooms (p < 0.01), with a mean difference of 96 ppm. Table 4 shows the mean levels of 

CO2 in all classrooms. 

 
Table 4: Mean (standard deviation) and 95% CI of carbon dioxide (ppm) in control and treatment classrooms 

School (S) Control classrooms Treatment classrooms Difference1 p 

S1 1095 (447) [1051–1140] 1011 (404) [970–1053] -101 (466) [-151– -51]  < 0.01 

S2 1083 (362) [1044–1121] 1007 (337) [972–1042] -68 (362) [-107– -30]  0.01 

 
7 NZS 4303:1990 – Ventilation for Acceptable Indoor Air Quality requires 8 l/s/person of fresh air. Assuming 30 

children, the required fresh air is 864 m3/h (8 l/s/person * 30 persons * 3600 * 0.001). 
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School (S) Control classrooms Treatment classrooms Difference1 p 

S3 1933 (892) [1853–2012] 1729 (701) [1667–1791] -204 (648) [-262– -146]  < 0.01 

S4 1521 (592) [1465–1577] 1411 (473) [1366–1455] -111 (700) [-178– -45]  < 0.01 

S5 1877 (845) [1796–1958] 1854 (783) [1779–1929] -26 (860) [-108–56]  0.64 

S6 1175 (488) [1125–1225] 1208 (492) [1158–1257] 39 (477) [-11–89]  0.29 

1 The carbon dioxide difference between the treatment classroom and the control classroom. 

 

In 4 out of 6 schools, the CO2 levels in the treatment classrooms were significantly lower than 

in the control classrooms. It was found that the CO2 levels in S3 and S5 were higher than in 

other schools. The device used in this study had a maximum CO2 detection limit of 5000 ppm. 

This maximum CO2 level of 5000 ppm was attained in S3 and S5. This data was checked, and 

it confirmed that the high level of CO2 reading was not caused by someone who had exhaled 

onto the CO2 sensor, as CO2 levels above 4800 ppm lasted from 0.8 hours to 1.7 hours in S3 

and S5 in both the control and the treatment classrooms. There are two reasons for higher levels 

of CO2 in S3. Firstly, S3 was built to the Dominion Basic Plan, consisting of a row of four 

classrooms, with a corridor built along the long axis of the classroom block. There was a 

cloakroom between the classroom's main entrance door and outside. This meant the classroom 

only had two external walls. This design would limit the cross ventilation and the possible 

infiltration. Second, it was observed that there were thick curtains on the north side windows in 

the two classrooms from S3, which were always pulled across the windows during the winter 

to reduce the heat loss from the classroom. In combination, these factors reduced the fresh air 

coming into the classroom. 

 

The small volume of the S5 classroom and the high density of the occupants caused a high level 

of CO2. The classroom volume in S5 was 175.8 m3, which was smaller than the other 

classrooms, where the volume was from 182.8 m3 to 313.6 m3. More importantly, the number 

of students in S5 in both the control and treatment classrooms (mean 29 students per room) was 

higher than in the other classrooms (mean 25 students per room). Additionally, the students in 

S5 classrooms were from 10 to 13 years old and older than in the other classrooms, who were 

5 to 10 years old. Children aged 10 to 13 generate higher levels of CO2 than students aged 5 

and 10, assuming the same physical activities (Persily and de Jonge, 2017). 

 

Table 5 shows air changes per hour (ACH, /h) in all control and treatment classrooms. The 

results include mean (SD) and 95% CI. The ACH was estimated using the tracer gas (CO2) 

technique. 

 
Table 5: Mean (standard deviation) and 95% CI of air changes per hour (ACH, /h) in all classrooms 

School (S) Control classrooms Treatment classrooms Difference1 p 

S1 2.5 (1.6) [2.4–2.7]  2.8 (1.6) [2.6–2.9]  0.3 (2.1) [0.1–0.5]  0.03 

S2 3.2 (2.2) [3.0–3.5]  3.4 (2.1) [3.2–3.6]  0.1 (2.6) [-0.2–0.3]  0.74 

S3 1.3 (1.2) [1.2–1.4]  1.4 (1.2) [1.3–1.5]  0.1 (1.0) [0.0–0.2]  0.13 

S4 1.1 (0.7) [1.1–1.2]  1.3 (0.9) [1.2–1.4]  0.1 (1.0) [0.0–0.2]  0.01 

S5 2.1 (2.0) [1.9–2.3]  1.8 (1.4) [1.7–1.9]  -0.2 (2.1) [-0.4–0.0]  0.04 

S6 2.9 (2.1) [2.7–3.1]  2.7 (1.9) [2.5–2.9]  -0.2 (1.9) [-0.4–0.0]  0.13 

1 Difference between the treatment classroom and the control classroom. 
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The mean ACH in treatment classrooms ranged from 1.3 /h to 3.4 /h and from 1.1 /h to 3.2 /h 

in control classrooms. In 2 out of 6 schools (S1 and S4), the ACH levels in treatment classrooms 

were significantly higher than in control classrooms. However, the contrasting result was 

obtained in S5, where the ACH level in the treatment classroom was significantly lower than 

in the control classroom. This unexpected result was explained earlier in the CO2 concentration 

section. It was the combination of the small volume of the classrooms and the high density of 

the occupants. 

 

High levels of CO2 in classrooms indicate inadequate ventilation. Inadequate ventilation was 

also reported in overseas naturally ventilated classrooms. Canha et al., 2016 reported that the 

median weekly CO2 concentration was 1250 ppm (Q1–Q3: 970–1670 ppm) in 51 French 

classrooms (17 schools). Batterman et al., 2017 found that, in 147 classrooms of 37 schools, 

90% of the median level of CO2 during the school days was above 2000 ppm. Fisk, 2017 

summarised the ventilation rate during occupied school hours in 3494 classrooms from 1242 

schools in 14 countries. These samples consisted of 550 naturally ventilated classrooms, 1182 

mechanically ventilated classrooms, 866 mixed ventilated classrooms and 731 classrooms 

where the types of ventilation were not specified. The remaining 165 classrooms were from 62 

naturally ventilated and two mechanically ventilated schools. This review showed maximum 

CO2 concentrations in these classrooms ranged from 3000 ppm to 6000 ppm during school 

hours. The average CO2 concentration during school hours exceeded 1000 ppm in most schools, 

with the maximum levels between 1400 ppm and 5200 ppm. Overall, Fisk (2017) reported that 

inadequate ventilation rates in school buildings are a worldwide issue. 

 

NZ Ministry of Education requires a minimum ACH of 4 /h during the winter (Ministry of 

Education 2017). The mean ACH ranged from 1.1 /h to 3.4 /h, not meeting this ventilation 

requirement. Across all these classrooms, the occupants were exposed to ACH above 4 /h for 

15% of school hours. Of this, 46% and 54% occurred in the control and treatment classrooms. 

This means operating the SAH increased the ventilation rate in the classrooms, although there 

was insufficient airflow to satisfy the ventilation requirements. 

 

The study has potential limitations. First, windows and doors in control and treatment 

classrooms from the same school were assumed to have the same open-closed conditions. 

However, according to the observational data during the fieldwork, this assumption may not be 

accurate for some schools. Second, the ventilation rate was estimated using CO2 as a tracer gas. 

The source strength number (the student number) was the enrolment in each classroom rather 

than in the attendance report or the class curriculum. This might potentially overestimate the 

ventilation rate.  

A side project has investigated the efficiency of the SAH. The thermal efficiency increased from 

34% at the airflow between 0.021 kg/s and 0.023 kg/s to 47 % at the airflow ranging from 0.032 

kg/s to 0.038 kg/s, to 71% at the airflow of 0.056 kg/s. The maximum thermal efficiency of 75% 

was obtained at the airflow of 0.057 kg/s (Wang, 2020b).  

 

 

4 CONCLUSION  

 

This paper investigated the ventilation performance of a SAH roof-mounted on 12 classrooms. 

The results showed that the outlet air temperature was above 18 °C for at least 62% of school 

hours. The CO2 levels in the treatment classrooms were significantly lower than in the control 

classrooms, with a mean difference of 96 ppm. In 4 out of 6 schools, CO2 levels in the treatment 

classrooms were significantly lower than in the control classrooms. 
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Operating the SAH increased the classroom ventilation rate (a valuable supplement to natural 

ventilation). However, there was insufficient airflow to satisfy the NZ Ministry of Education 

ventilation requirements. We are currently investigating using nanofluid coating and improving 

the collector design to potentially increase the SAH's efficiency. In addition, another study is 

closely monitoring the opening and closing of windows and doors (sensors) to better inform on 

ventilation behaviour in NZ classrooms.  
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ABSTRACT 

The COVID-19 pandemic has prompted huge efforts to further the scientific knowledge of 

indoor ventilation and its relationship to airborne infection risk. Exhaled infectious aerosols 

are spread and inhaled as a result of room airflow characteristics. Many calculation methods 

and assertions on relative airborne infection risk assume ‘well-mixed’ flow conditions. 

However, ventilation in buildings is complex and often not relatable to well-mixed conditions.  

Ventilation guidance is typically based on the provision of generic minimum ventilation flow 

rates for a given space volume, floor area or occupancy level, irrespective of the effectiveness 

in the delivery of the supply air. Furthermore, the air movement might be influenced by the 

specific room characteristics and conditions (for example the opening of windows), which 

would potentially generate draughts (an example of a secondary consideration) and non-

uniform flows. As a result, fresh air dilution could be highly variable depending upon a 

susceptible person’s position in a room and, as a result, associated airborne infection risk. 

A computational fluid dynamics (CFD) framework is presented to assess relative infection 

risk in a real building.  The coupled influence of wind on the internal airflow characteristics 

resulting from open windows is evaluated to test the framework’s capabilities. Using the 

‘transfer efficiency’ approach to evaluate relative infection risk , the results clearly 

demonstrate the importance of understanding detailed indoor airflow characteristics and 

associated dilution patterns in order to provide detailed ventilation design guidance, e.g. 

occupancy, vents and furniture layouts, to reduce relative airborne infection risk. 
 

KEYWORDS 
COVID-19; Indoor Ventilation; CFD;  

 

 

1 INTRODUCTION 

Research and innovation on ventilation design in buildings has been recently gaining 

significant momentum due to a major scientific effort to identify the way SARS-CoV-2 has 

spread in buildings, helping to drive the COVID-19 pandemic (Morawska & Milton, 2020). 

Research over the last year has provided additional clarity that the airborne transmission 

route, involving particles travelling through air dominated by advection over gravitational 

effects, is the main vector for the virus to be transported and therefore transmitted in the near 

as well as the far field (Buonanno et al., 2020). Click or tap here to enter text. 

Airborne transmission is mainly driven by the ventilation patterns in buildings. Dynamic 

thermal modelling (DTM) is considered the state-of-the-art method for energy and thermal 

comfort assessments supporting the design of mechanical and natural ventilation systems 

(Chartered Institution of Building Services Engineers., 2020). While DTM is generally 

reliable and robust, one key ‘simplification’ it operates is a mixed-zone approach to 
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calculating the heat and air transport pattern / exchange between neighbouring zones as its 

calculations are based upon a nodal network. A more complex method, computational fluid 

dynamics (CFD), calculates the ventilation performance of a building at a much finer spatial 

scale, e.g. millimetres or centimetres instead of metres.  Strengths and weaknesses of different 

physics models also exist. 

Some recent CFD studies have specifically focussed on SAR-CoV-2 transport in air, and risk 

of outbreaks (Mohamadi & Fazeli, 2022). While there is a significant body of evidence being 

generated as part of the pandemic response which will potentially influence future policy 

and/or guidance for ventilation design, e.g. along the lines of the new Approved Documents F 

and O (HM GOVERNMENT., 2022b, 2022a), there is already sufficient evidence that room 

ventilation and layout play an important role in transmission.  This, in turn, means that the 

localised flow patterns are able to affect the airborne infection risk in a building (Bhagat et al., 

2020).  A good review of CFD-related studies can be found here (Mohamadi & Fazeli, 2022). 

In this study, a methodology framework is proposed to assess airborne infection risk. The 

CFD model scenario and associated surface temperatures are informed by DTM results. The 

relative airborne infection risk is calculated following well-established intake fraction 

methods that are modified to post-process a steady CFD output . The methodology is 

implemented to perform a sensitivity study, investigating the effect of the season, viral 

parameters, and outdoor openings on the relative airborne infection risk. 

 

2 METHODOLOGY 

2.1 Background to method 

The methodology framework implemented in this study follows well-acclaimed analytical 

methods of airborne infection risk, as explained in several major international studies 

(Buonanno et al., 2020). Besides the fact that the methods are well-established, the COVID-

19 pandemic has highlighted the need for better ways of incorporating viral parameters into 

more resilient, safer ventilation designs.  

Amongst available methods, the intake fraction method is based on the calculation of the 

intake fraction of the emitted infectious dose that is conveyed to a susceptible receptor 

(Nazaroff, 2021). This method is more developed and better suited to deal with variable 

concentrations of respiratory fluid as those predicted in CFD. Nevertheless, the hypothesis of 

well-mixed condition is still central to this method (Nazaroff, 2021).  

The importance of the well-mixed condition assumption within the formulation of different 

analytical calculation methods is not normally investigated in detail but it is accepted that its 

adoption helps to reduce the complexity of the calculations. This study argues the importance 

of considering how the flow behaves, which is only possible by simulating or measuring it. 

Our proposed way of simulating the flow is to combine DTM and CFD calculation 

techniques, also in recognition of their inherent limitations . 

 

2.2 Methodology framework 

Figure 1 shows the methodology framework implemented in this study which includes the 

following steps with some addition details provided in the sections below: 

1) DTM calculation to capture thermal environment throughout the year on an hourly 

basis.  

2) Incorporation of a simple CO2 calculation in 1) above by defining number of people in 

each zone (CO2 sources) and an outside air condition with background CO2 levels.  

The latter is effectively a CO2 sink (reducing concentrations) as the diluting fresh air 

comes in through the open windows and also, to a lesser extent, via uncontrolled 

infiltration (not represented in the CFD model in this instance). 

3) A CFD design scenario is then chosen.  This is a given day and hour with a peak CO2 

level in a zone of interest.  Note the DTM captures the impact of a variation in 
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occupancy and ventilation profiles amongst other varying elements such as climate 

and internal heat gains which may all directly or indirectly influence ventilation flow 

rates.  The peak CO2 level is chosen as this represents a time when the combined 

factors indicate higher occupancy / lower ventilation ratios.  This therefore acts as an 

indicator to when there might be increased airborne infection risk although there is not 

a direct correlation. 

4) The CFD model is set up using the DTM surface temperatures.  Ideally, the CFD and 

DTM models should have some correlation on surface naming and even zonal 

definitions if other transposition of DTM-parameters is required, such as a mean 

radiant temperature, but this was not undertaken in this study. 

5) Inclusion of any convective component of the DTM internal heat gains in the CFD 

model at the given time as the DTM would have resolved all the solar-thermal radiant 

exchanges.  It is important to ensure that there is no double-counting or omission of 

heat gains.  Note there are a number of ways to approach this which might be a heat 

flux instead of a fixed surface temperature and it could be applied at a surface or in a 

zone or at a point, but this does not form the focus of this study. 

6) The CFD includes a representation for individual occupants at fixed points noting that 

only a small subset will be applied as infectious persons.. 

7) CFD results are then post-processed manually to calculate the intake fraction at each 

susceptible person’s location (i.e., throughout the computational domain), based on the 

spatially varying concentration of exhaled breath.  This uses an Eulerian ‘volume-of-

fluid’ (VOF) approach without resorting to Lagrangian particle tracking models.  

8) Viral parameters are chosen, and a probability-based methodology is applied to 

calculate the relative airborne infection risk.  

9) The sensitivity of several viral or ambient parameters is then investigated by 

modifying relevant values and help drive the decision-making process on how to 

improve the ventilation design within given constraints through reducing airborne 

infection risk. 

 

 

Figure 1. Methodology framework 

2.3 Sensitivity study 

The above modelling process is used to evaluate the effect of ambient and viral parameters on 

the relative airborne infection risk. In particular, the following effects are tested using the 

combined DTM & CFD approach: 

- Effect of different period of year (cool and warm natural ventilation modes) 

- Effect of viral load (i.e. respiratory activity and viral load) 

- Effect of opening / window design (one wind direction). 

 

2.4 DTM model overview 

Figure 2 shows a view of the assessed floor level with the perimeter offices mainly on the 

left-hand side of the image (predominantly square in plan except for the corner offices) and 

then the zoning elsewhere for open floor plan office connected by corridors.  The DTM was 
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also split into 3 zones vertically (floor plenum, occupied zone and above). It also shows the 

full building model noting that surrounding buildings were included as shading elements but 

are not shown below. 

A detailed description of the DTM is not provided here as a standard approach was used other 

than the inclusion of CO2 calculations (initially discussed above). Occupancy profiles were 

applied with resulting estimates for CO2 levels in the occupied zones of the three key zones 

shown in Figure 2.  Peak values were then used to assign a CFD design scenario of interest.  

In constant supply air flow rate systems, the peak CO2 levels would often correlate quite well 

with peak occupancy periods. 

 

Figure 2. (LHS and centre) Views of the DTM model - internal zoning on assessed floor level and external full 

building model.(RHS) Occupancy profiles and CO2 estimates in three key occupied zones over a 2-day period. 

The DTM model was setup to assess the variation in indoor air conditions on an hourly basis 

over a full year accounting for variations in outdoor wind and thermal conditions including 

sun position and humidity levels. In addition, CO2 levels have been simulated which can 

complement the assessment of ventilation performance in the CFD and act as a proxy for 

exhaled air. A comparison between DTM and CFD CO2 concentrations was made giving 

increased confidence in the results.  The details of this verification activity has been omitted 

from this paper as the focus of this paper is on the framework. 

 

Figure 3. Detailed geometry with mannequin models to introduce infectious flow in form of exhaled breath. 

 

2.5 CFD model overview 

The investigated building consists of an open plan office partially surrounded by perimeter 

offices. The total floor plan area is ~12,000m2 and 340 occupants are included in the model. 
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Figure 3 shows the CFD model with each workstation and person modelled individually.  The 

person ‘mannequins’ represent both susceptible and infectious persons at a specified 

occupancy density representative of a typical working day. The heat gain from equipment or 

lighting in this model is applied on the top surface of every table.  The heat gain from 

occupants is applied as a differential heat flux applied to the different parts of the mannequin.  

The CFD model has been constructed in a way that findings of the DTM analysis could be 

easily incorporated in the CFD setup. Boundary walls, windows, ceilings and flooring are 

therefore named individually with DTM-generated surface temperatures applied to the CFD 

model. 

Supply and extract air flow rates along with operational profiles including occupants in the 

DTM analysis. The internal heat gains modelled in the DTM were represented in the CFD for 

the specified design scenario.  

The simplified mannequin model included mouths with a mass flow rate of exhaled breath of 

0.5 m3/hr. This value takes into account the alternation between exhalation and inhalation.  

The average air speed at the mouth is consistent with the statistical averages of respiratory 

activity observed in transient experiments and simulations(Buonanno et al., 2020). 

 

 

Figure 4 CFD computational grid. 

CFD simulations use the Reynolds Averaged Navier-Stokes (RANS) technique implementing 

the k-� realisable turbulence model, with the computational grid shown in Figure 4. The 

assessment of airborne infection risk is carried out through the use of species transport 

equations. This approach is chosen over the most commonly found Eulerian-Lagrangian 

particle tracking approach as RANS flow features do not have a resemblance of the 

instantaneous flow features an aerosol would disperse into. Two species have been set up in 

the model, having the same physical properties: 

 Fresh air supplied through vents 

 Exhaled air from occupants’ mouths. 

Air is also extracted via grilles located at high level and close to the building services core.  

Of the 340 occupants modelled in each floor, 17 emitters are identified, representing infected 

people. They are placed around the building, so they would test the risk within different types 

of rooms/areas within the office.  

The CFD simulations yield the dilution ratios �� for each i-th species modelled. The dilution 

ratio is used within the airborne infection risk calculation process, and it could also be 

monitored to assess CO2 levels within the office. Although CO2 concentration within a space 

has limited validity as a proxy for potential risk of infection (other than poor ventilation in 

combination with high occupancy at the extreme) (Zivelonghi & Lai, 2021), it was a useful 

parameter to gain confidence over the assumptions of the CFD model correlating with DTM 

results.  
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The background levels of CO2 are assumed at 412ppm. The proportion of CO2 within exhaled 

breath per occupant was assumed to be approximately 4.5% or 45000ppm. This calculation 

considers the CO2 emitted by all occupants and was verified with zonal results from DTM.  

 

2.6 COVID-19 relative Airborne Infection Risk Assessment 

An AIRR assessment is undertaken following the procedure identified in Buonanno et al. 

2020 with breathing parameters calculated following (Nazaroff, 2021). Results are presented 

in terms of an Hourly Airborne Infection (HAI) rate, which is calculated dividing the diluted 

infectious phase by an infectious dose, defined as indicated in literature (Buonanno et al., 

2020). Rather than representing a realistic scenario, HAI is here used to stress test the 

ventilation system and assess its response against the transport of airborne infection sources. 

 

3 RESULTS AND DISCUSSION 

3.1 Stress-testing the space: the hourly airborne infection rate 

In support of the framework, a sensitivity study for winter and summer design scenarios is 

shown in Table 1. 

Table 1. Sensitivity analysis parameters 

Run Season 
Viral Load 

cv 
Activity 

Opening 

pressure cp 

1 - Baseline Winter 3e9 Mouth breathing - 

2 - Season Summer 3e9 Mouth breathing - 

3 - Viral load Winter 1e7,1e10 Mouth breathing - 

4 - Activity Winter 3e9 Coughing - 

5 - Opening  Winter 3e9 Mouth breathing 0.0 

 

The most significant areas of relative risk were observed in small meeting rooms on the lower 

floor (see Figure 5). The office space in the south-west corner in winter and summer shows 

HAI~15% or more with slightly different spatial distributions. The open space areas of the 

office show a higher transport of the viral material due to the large number of vents and 

increased mixing of the exhaled breath and its transport over longer distances. 

 

Figure 5. Estimated HAI in winter and summer (Lower Floor). 
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3.1.1 Effect of season 

The small changes in the flow characteristics of the room, in this test case, between summer 

and winter conditions including a small variation in surface-to-air temperature differences and 

localised buoyancy effects leads to slight variations in the estimated HAI. In some spaces 

with greater seasonal variations, it could be important to adapt the safety of occupants 

depending on the seasonal performance of the ventilation system and room airflow 

characteristics. 

3.1.2 Effect of respiratory activity and viral load 

Figure 6 shows the lower floor of the building in the winter with variations in the viral load 

and respiratory activity. Traditionally an increased infection source would lead to perceptions 

of increased risk of infection but this link is less well defined in well-ventilated spaces.  

 

Figure 6. Estimated HAI for different viral loads:  3e9 (right) and 1e10 (left) RNA-copies/ml equivalent to mouth 

breathing and coughing respectively (Lower Floor). 

The estimate HAI supports this hypothesis, i.e. the space is well-ventilated, however, there are 

two features of note: 

- A higher viral load (i.e. concentration of RNA-copies per ml of respiratory fluid) 

can result from an increase in concentration at infector source and/or from a 

different  respiratory activity. Further research is needed on how the direct 

modelling of particles using droplet transport (Lagrangian methods) may differ 

from the results shown here as two different aerosol sources may behave 

differently in an instantaneous flow. That said, the ‘relative’ influence of different 

viral loads presented here does provide insights into ventilation performance and 

potential for improved safety.  

- Areas with high ventilation rates are less sensitive to changes in the viral 

parameters with similar concentrations shown at a relatively short distance from 

the emitter. Not shown here, but areas with insufficient ventilation would show a 

strong increase of HAI akin to the small office estimates. 
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While the variability of results is an issue in the context of absolute risk, tuning the viral 

parameters can be useful to stress-test the ventilation system and assess its resilience against 

potential ‘super-spreader’ events as well as basic improved safety. 

 

3.1.3 Effect of window openings 

The introduction of window openings modifies the air velocity and air temperature 

distribution significantly with increases of air speed up to ~40-60% in the winter case as 

shown in Figure 7 for the associated estimated HAI.  

 

The general effect of increased ventilation resulting in reducing estimated HAI from the 

opening the windows is evident. However, the following should be noted: 

- HAI reduces greatly in single and small offices that have openable windows. 

- A change in relative airborne infection risk in a specific area around the emitter 

and how it transports viral material some distance away is evident due to the 

change in room airflow characteristics. 

- Although open spaces tend to show a greater overall reduction in HAI due to the 

open windows, close to the emitter the estimated HAI may in fact increase as a 

function of local flow / dilution conditions, i.e. the infectious material is 

distributed differently 

- Neighbouring spaces in open floor plans worsen as viral material is transported to 

larger distances through doorways in the given test case (circled area in RHS of 

Figure 6). 

The wider variation in conditions due to opening windows demonstrates the impact of closing 

windows on the relative airborne infection risk when there are higher natural ventilation flows 

in a hybrid ventilation system due to larger indoor-outdoor air temperature differences.  The 

impact of openings on energy, comfort and draught risk is also an important consideration. 

 

Figure 6. Estimated HAI for closed (left) and open (right) windows (Upper Floor) in winter. 
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4 CONCLUSIONS 

In this study, a methodology framework is proposed, which is CFD based and aided by DTM 

techniques. that the framework could help designers to investigate the performance of a 

ventilation system in a real building against airborne infection risk. An easy to interpret 

parameter is proposed, the hourly airborne infection rate (HAI).  This captures the airborne 

concentration of viral material and normalises it to a human infectious dose value of interest, 

such as the HID63 (Buonanno et al., 2020) and could be easily modified within this methodology 

for different diseases or on new available research results. 

Assumptions to set up this methodology relied upon sparse and highly uncertain SARS-CoV-2 

emission data. There is also broad scientific debate on airborne infection that might require 

building designers and ventilation specialists to adapt quickly and tune their methods to design 

ventilation systems capable of reducing airborne infection risk in a future airborne infection 

outbreak. Our results confirm that the framework is extremely versatile and could easily 

respond to  any necessity future adaptations on the quantification of risk although the 

comparative qualitative uses to guiding designs may still be valid.  

The main conclusions to the work can be summarised as follows: 

- There is a marked difference in airborne infection risk in spaces with different 

ventilation systems. In particular, safety levels depend on the ability of the system 

to displace the infectious emission locally which can greatly differ in a single or 

small office with a few vents compared to a large open space with many vents. 

- Increasing ventilation rate does not significantly influence the airborne infection 

risk in well-ventilated areas, i.e. the open space office in this building. It is 

therefore important to consider using other means to control the spreading of the 

virus in well-ventilated environments. 

- Increasing the ventilation rate is of extreme importance to poorly-ventilated 

spaces. Conversely, design guidance based on occupancy alone might not be 

sufficient to guarantee that a space is well-ventilated. In general, single offices 

with small occupancy and small offices with medium occupancy are the least safe 

spaces with same ventilation rate per person rates. 

- Viral parameters have a large impact on risk although the impact is less defined in 

the well-ventilated open space tested here. 

- Adding natural ventilation openings to a mechanically-ventilated space may have a 

counter-intuitive effect on safety in some locations. They may reduce risk 

generally in small and large offices, however, there might be an increase in risk in 

the vicinity of the emitter depending upon local room airflow characteristics. Far-

field transport of viral material may also lead to a different safety distribution in 

the same and/or adjacent rooms with open doorways.  

- Wider impacts on thermal comfort, energy and draught risk can also be assessed 

with the CFD outputs using further analysis. 

The spatial detail with CFD outputs and room-specific recommendations to improve safety 

(e.g. moving a desk or vent) can be captured by the CFD whereas this may not be possible 

using methods reliant upon the ‘well-mixed’ hypothesis. Background data outputs in CFD 

related to aerosol transport are extensive including, for example, air velocity, local turbulence 

/ mixing levels and dilution ratios. 

This preliminary work shows the need for more research towards the formulation of guidance 

to design ventilation systems capable of reducing airborne infection risk. However, the value 

to building designers is available using this framework which is quite flexible in nature. The 

limitations of this study could be extended in further studies to include: 

- Modelling of opening with an effective area depending on type of opening 

- Modelling of pressure conditions at openings using actual aerodynamic coefficient 

of building depending on weather conditions and wind direction 
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- Identification of metrics to normalise airborne infection rate effectively, e.g. based 

on occupancy 

- Identification of probability distribution of viral parameters to calculate airborne 

infection risk and individual risk of infection 

- Identification of occupancy patterns and metric to include those into risk 

assessment. 
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ABSTRACT 
 

During the corona-19 pandemic waves in 2020 and 2021, many cultural and recreational activities inside buildings 

could no longer take place to prevent virus transmission. In order to allow cultural and recreational sectors to 

reopen in a safe way by the summer of 2021, a ventilation task force of the corona commissioner's office of the 

Belgian federal government prepared recommendations for the practical implementation and monitoring of indoor 

air quality in the context of COVID-19. This implementation plan was conceived as an instrument for building 

owners or facility managers to evaluate whether existing ventilation facilities, possibly in combination with other 

technical measures such as opening of windows and doors, or air purification devices, would provide sufficient 

ventilation to allow a certain number of occupants in a room. 

In preparation of the resumption of indoor sports activities, a research consortium investigated the applicability 

and consequences of the federal guidelines specifically for sports infrastructures in Flanders, Belgium. To this end, 

various sports federations organized a number of test events in the first half of June 2021. The test events took 

place in four different indoor sports facilities, including fitness centres, a climbing gym and a sports hall, for 

varying group sizes of athletes and public. In preparation of the test events, the mechanical ventilation systems 

were inspected and installed ventilation flow rates measured. During the test events, CO2 measurements were 

carried out throughout the sports infrastructures, and the concentrations were permanently logged.  

This paper discusses the main results of the ventilation inspections, CO2 monitoring and subsequent analysis. By 

applying the recommendations of the implementation plan to the test events in sport, the paper further discusses 

the feasibility of implementing the plan in practice, what the consequences are for the maximum permissible 

occupation in sports halls (both for athletes and spectators), and provides guidelines on how the ventilation in 

existing infrastructure can be improved based on the findings.  

 

KEYWORDS 
 

Ventilation, Corona virus, Inspection, Indoor sports infrastructure, CO2 monitoring  

  

1 INTRODUCTION 

 

In preparation of the resumption of sports activities in the summer of 2021 in Belgium after 

more than half a year without activities, various sports federations organized a number of test 

events to evaluate how activities could be organised in a ‘covid-safe’ way, in consultation with 

the Belgian Ministry of Health. The Flemish Sports Federation (VSF) investigated the 

importance of ventilation for good air quality in sports infrastructures. More specifically, during 

the test events, the recommendations for the practical implementation and monitoring of indoor 

air quality in the context of COVID-19 of the ventilation task force of the corona 

commissioner's office of April 2021 were put into practice, the applicability of these guidelines 

for the sports sector was evaluated, and guidelines developed specifically for sports 

infrastructures on the basis of the evaluation. 

674 | P a g e



The test events took place between June 1 and 12 2021, in four different indoor sports facilities, 

for varying group sizes of athletes and public, see Table 1 and Figure 1. Participants to the 

events were tested with an antigen test. In case of a negative result they were allowed to 

participate and refrain from wearing mouth caps. Occupancy logbooks were kept for each event. 

  

Table 1: Overview test events in Sports infrastructure 

Type of facility Activity Number of participants Length of activity 

Fitness centre (FC1) Individual fitness 50 1.5h 

Fitness centre (FC2) Group classes in 4 rooms 20+16+28+16 4x1h 

Indoor climbing hall 

(CH) 

Rope climbing and 

bouldering 

40+40 4x2h 

Sports hall (SH) Basketball match with 

audience 

550 3h 

 

       

Figure 1: Impressions of sport infrastructure during events, from left to right: individual fitness room in fitness 

centre 1, group class in fitness centre 2,  rope climbing in indoor climbing hall, basketball match in sports hall. 

 

2 RECOMMENDATIONS TASK FORCE VENTILATION  

 

The ventilation task force of the corona commissioner developed recommendations for the 

practical implementation and monitoring of ventilation and indoor air quality in the context of 

COVID-19 (Taskforce Ventilatie 2021). The purpose of this implementation plan was to 

evaluate whether the existing ventilation facilities, possibly in combination with other technical 

measures such as opening windows and doors, or air purification devices, can provide for 

sufficient (equivalent) ventilation of the room.  

The plan defines a CO2 concentration lower than 900 ppm, assuming 400 ppm outdoor 

concentration, as a maximum acceptable value for limiting the spread of the virus via aerosols. 

This value is in line with the requirements for workspaces in the Belgian Codex Well-being at 

work, and with recommended concentrations to achieve sufficient ventilation to prevent the 

spread of the coronavirus (REHVA 2021). For a light activity this concentration corresponds 

in steady state to an outdoor air flow rate of 40 m³/h/person. The first version of the 

implementation plan (April 2021) assumed a light activity for ventilation rate guidelines, but 

based on the outcome of the test events discussed in this paper, a new version of the plan was 

published in July 2021, with recommendations as a function of the type of activity. 

The plan consists of an assessment scheme to develop mitigation measures based on the 

presence and performance of ventilation systems, occupancy, openable windows, and/or CO2-

monitoring. Mitigation measures may include in the short term opening windows and reducing 

occupancy, or in the mid to long term installing air cleaners and improving ventilation 

provisions. By applying the recommendations of the implementation plan to the test events in 

sport, the aim is to investigate which are possible problems with ventilation, what are 

consequences for the maximum permissible occupancy in sports halls (both for athletes and 

spectators), and how the indoor air quality in existing halls can be improved if necessary. 
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3 INSPECTION OF MECHANICAL VENTILATION SYSTEMS 

 

Table 2: Characteristics of mechanical ventilation systems present 
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Individual fitness room FC1 yes yes no - 
900 

ppm 

9781 

m³/h 

9781 

m³/h 

Cycling room FC2 yes yes no - 
600 

ppm 

5795 

m³/h 

5795(1) 

m³/h 

Cross-fit room FC2 no no - - - - - 

Group class FC2 yes yes no - - 
16661 

m³/h 

9697(3) 

m³/h 

B&M-room FC2(2) -  - - - - - - 

Rope climbing room CH(4) no yes 
- 

- - 
600 

m³/h 

600 

m³/h 

Bouldering room CH(4) yes yes yes 35% (5) 900 (5) 

ppm 

6944 

m³/h 

6944 

m³/h 

Sports hall SH(6) yes yes yes 0% (6) (6) 34503 

m³/h 

34503 

m³/h 

(1) Normal flow rate setting 3600 m³/h, but increased to maximum for test event. 

(2) Room equipped with mechanical ventilation, but deliberately not used for test event 

(3) Normal setting due to noise problems at maximum flow rate. 

(4) Ventilation characteristics and flow rates originally unknown to organizers 

(5) Outside air fraction increased to 100% and CO2 set point decreased to 200 ppm for test event to ensure 

maximum outside air supply. 

(6) The operation of ventilation systems was found to be substandard due to incorrectly connected or 

controlled mixing valves in air groups and dirty extraction grilles. These issues were fixed for the test 

event. Demand control present but switched off (permanent maximum flow rate). 

 

Knowledge about the presence, performance and operation of ventilation facilities is important 

for operators in order to obtain an initial indication of the maximum occupancy in the halls in 

order to meet the requirements of the implementation plan. It requires specific expertise to 

understand the operation of the often complex systems and to measure the available fresh air 

flow rates. In the context of the test events, it was evaluated whether it is practically feasible to 

roll out this type of measurement on a larger scale, and whether the fresh air flows supplied in 

sports halls meet the recommendations of the ventilation task force. For the inspection of the 

ventilation systems, the research team was supported by a HVAC engineering office and 

specialized inspection companies. These companies were chosen on the basis of previous 

collaborations giving guarantee of the necessary competence. Table 2 summarizes the results.  

An analysis of the installed ventilation facilities shows that there is a wide variety of sometimes 

complex mechanical ventilation systems. In the fitness centres, there was generally a good 

knowledge of the available systems; the fresh air flow rates estimated by the manager 

corresponded quite well with the results of the ventilation inspection organized in the context 

of the study. In the other sport facilities, however, the knowledge of the available systems was 

incomplete or incorrect, and the ventilation inspection contributed to a more correct 

determination of the type and operation of the mechanical ventilation facilities, of the fresh air 

flow rates that the systems could provide, and of deficiencies in the systems. If necessary, the 
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company that performed the inspection made adjustments to ensure correct operation and 

maximum ventilation of the rooms during the test events. 

In the sports hall (SH), the functioning of the ventilation system turned out to be substandard 

due to poor maintenance and installation, and the necessary adjustments had to be made. These 

problems are not exceptional in mechanical ventilation systems (Janssens et al. 2022). The 

results of the inspection again emphasize the importance of inspection, adjustment and 

maintenance of ventilation systems. Many of the inspected systems were equipped with a 

BEMS system to set flows and controls, but in the event of technical defects in the installations, 

such as in the sports hall, these do not necessarily correspond to reality, and the operator should 

therefore not blindly rely on the display on the control panel or in the building management 

system. However, even when the installations worked properly, the installation quality or 

control settings were not always optimal for maximum air exchange (eg. FC2, CH). 

 

4 OUTDOOR AIR FLOW RATE PER PERSON 

 

The total available air flow rate in the sports halls consists of the flow rates provided by 

mechanical ventilation and the natural ventilation flow rate through open windows and exterior 

doors. The latter flow rate was estimated conservatively on the basis of a rule of thumb 

described in the implementation plan of the ventilation task force. The rule of thumb of 160 

m³/h per m² open window was derived using EN 15242 for single sided ventilation, no wind, 

and a 3°C inside-outside temperature difference. With this information, the available airflow 

per person during the test events could be calculated, see Table 3 and Figure 2. The available 

flow rates per person shown are based on the effective number of participants during these 

events, which in most cases was significantly lower than the normal room capacity. 

These flow rates should be compared with the ventilation flow rate required to keep the CO2 

concentration below 900 ppm. In the first version of the implementation plan of the ventilation 

task force, this was standard set at 40 m³/h per person. However, the amount of ventilation 

needed to keep the CO2 concentration below 900 ppm also depends on the nature of the physical 

activity being performed in a room. The more strenuous activities people perform in a room, 

the more CO2 (and aerosols) they produce through their respiration, so more ventilation is 

required. Based on the work of Persily and De Jonge (2017) and Ainsworth et al. (2011) 

ventilation needs for a number of classes of physical activity (characterized by a certain Met 

value) were estimated to maintain CO2 concentration difference below 500 ppm in steady state, 

based on mean CO2 production rate of 12.3*Met l/h/person: 

• Sedentary activity (1.5 Met):  37 m³/h/person 

• Light activity (1.8 Met):   44 m³/h/person 

• Moderate activity (3.0 Met):   74 m³/h/person 

• Heavy activity (4.1 Met):   101 m³/h/person 

• Very heavy activity (5.2 Met):  128 m³/h/person 

• Intensive activity (7.3 Met):   180 m³/h/person 

 

Many sports activities can be classified as heavy to intensive activities, but the classification 

depends on the average over a large number of people over a longer period of time, and can 

therefore only be estimated approximately. 

The corresponding ventilation needs for standard, heavy and intensive activities are shown in 

Figure 2. The comparison shows that the ventilation available at the fitness test events should 

be sufficient for the effective number of participants, even if all participants were constantly 

exerting a heavy or even intensive effort. At the rope climbing room, the available means of 

ventilation during the event may be insufficient if all participants continuously make a heavy 

effort. At the basketball tournament, the available ventilation is sufficient, since more than 90% 

of those present are seated audiences who do not have to make efforts. However, the correctness 
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of these evaluations must be confirmed by the CO2 monitoring during the events. Also, at a 

number of events, the supply of sufficient outside air is to a large extent dependent on opening 

windows and doors (FC2 Crossfit and B&M, Rope Climbing CH). 

These conclusions only apply to the effective occupancy during the test events and, for the 

proportion of natural ventilation, assuming that all available windows and exterior doors are 

open with sufficiently favourable climate conditions during the test events. If the rooms were 

used at their normal capacity, the available flow rates per person would be lower. In B&M room 

FC2, rope climbing room CH and sports hall (SH) the flow rate per person would then probably 

be too low to keep the CO2 concentration below 900 ppm. 

 

Table 3: Outdoor air flow rate per occupant as a result of mechanical and natural ventilation 
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Individual fitness room FC1 70 61 - - 160 m³/h - 

Cycling room FC2 45 22 - - 263 m³/h - 

Cross-fit room FC2 30 18 22.5 m² 5855 m³/h - 325 m³/h 

Group class FC2 50 29 - - 334 m³/h - 

B&M-room FC2 30 18 8.8 m² 2290 m³/h - 127 m³/h 

Rope climbing room CH 60 35 9.6 m² 2485 m³/h 17 m³/h 71 m³/h 

Bouldering room CH 60 35 10.0 m² 2602 m³/h 198 m³/h 74 m³/h 

Sports hall SH 2400 572 (2) 57.6 m² 
16419 

m³/h 
60 m³/h 29 m³/h 

(1) At some events these numbers are higher than in Table 1 because of presence of teachers, technicians 

and/or press. 

(2) 453 public + 45 basketball teams and staff + 74 logistics and press. 

 

 

Figure 2: Available outdoor air flow rate per person by mechanical and/or natural ventilation provisions for the 

effective occupancy during the different test events, with indication of minimum flow rates necessary to ensure 

that the CO2 concentration remains below 900 ppm. 
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5 MEASURED CO2 CONCENTRATIONS COMPARED TO TARGETS 

 

During the test events, CO2 measurements were carried out throughout the sports facilities, and 

the concentrations were permanently logged. To this end, the following measuring equipment 

was used: 

• 15 Indoor@Box sensor units from Environment and Health, calibrated annually by 

VITO, and recalibrated after the test events. The reported values are based on the 

recalibration. 

• 16 Netatmo modules from BBRI, calibrated at the end of May before the start of test 

events on fresh outside air (400 ppm). A number of these were also installed in 

secondary usage areas (changing rooms, sanitary facilities). 

 

Figure 3 summarizes the results based on the sensor units of the Environment and Health 

Department. BBRI's modules have similar results. The figures show resp. the average and 

maximum measured CO2 concentrations over the duration of the events, compared to the target 

value of 900 ppm (red line). The value shown by the bar is the average value over the different 

sensor locations in a room, the error flags show the spread over the different locations. The 

number of sensor units differed from room to room, ranging from 3 units (FC2 Cycling, B&M), 

4 units (FC2 Cross-fit, Group class), 6 units (FC1), 7 units (CH) to 15 units (SH). 

The results show that the CO2 concentrations in only 4 of the 8 rooms studied remained below 

the target value of 900 ppm for the entire duration of the event and at all sensor locations. These 

are FC2 Cross-fit, FC2 Group class, FC2 B&M and SH. In FC1, the CO2 concentration of a 

single sensor exceeded the target value of 900 ppm, but the exceedance was minimal and limited 

in time, and remained within the typical measurement uncertainty of 50 ppm. These results thus 

confirm the previous comparison between the available ventilation per person and the 

ventilation needs of the participants. In FC2's Cross-fit and Group class, the air flow rate per 

person was the highest of all rooms (> 300 m³/h/person). In FC1 and FC2 B&M, the flow rate 

was sufficient for activities involving very heavy activity (≥ 128 m³/h). In the Sports Hall SH, 

the available flow rate per person was the lowest of all rooms (~90 m³/h/person), but sufficient 

for the predominantly seated participants. The monitored CO2-concentrations didn’t show a 

significant difference between facilities with mechanical ventilation and facilities which had to 

rely on opening of windows and natural driving forces to achieve ventilation (FC2 B&M, FC2 

Cross-fit, CH Rope climbing).   

 

 

Figure 3: Average and maximum CO2 concentration over the duration of the test events; the error flags represent 

the spread across the different sensor locations in each room. Scale of grey grid lines is 400-800-1200 ppm. 

 

679 | P a g e



The average CO2 concentrations in 7 of the 8 rooms examined remained well below the target 

value at all sensor locations. This indicates that in rooms where the maximum concentrations 

were higher than the guideline value in some places, the exceedance was limited in time. 

In one room, FC2 cycling, the target value of 900 ppm was exceeded at all sensor locations, 

and in one location even the alarm level of 1200 ppm. At this location, the average value is also 

higher than the target value. This is surprising, as this room is equipped with mechanical 

ventilation with a more than sufficient flow rate per person. However, the poor CO2 values are 

the result of a misunderstanding in the setup of the installation. The research team had asked 

the organizer to ensure that the ventilation would operate at maximum flow without CO2 based 

demand control. In response to this question, the set point of the CO2 based control was raised 

to 1400 ppm by the operator. As a result, the ventilation never reached the maximum flow rate 

during the event. This incident illustrates how sensitive the indoor air quality is to the correct 

operation and setting of the mechanical ventilation system, and how important it is for the 

manager to have good knowledge of this. 

In demand-driven ventilation systems where the ventilation flow rate is adjusted on the basis of 

the CO2 concentration measured in the extraction duct, such as in FC2 cycling and FC1, it is 

important to set the setpoint for regulation significantly lower than the target value of 900 ppm, 

preferably lower than 400 ppm to always have the maximum possible fresh air flow. This is 

necessary to avoid excessive concentrations due to a delayed reaction of the system. This 

probably explains why even in FC1, despite the generously dimensioned ventilation system, 

the CO2 concentration in one place in the fitness room slightly exceeded 900 ppm; the demand 

control was set to this value. 

With regard to the climbing rooms: for the rope climbing room it was expected that it would be 

difficult to limit the CO2 concentration sufficiently due to the limited available flow per person 

(~90 m³/h/person, mainly by opening the room doors) . Here, the target value of 900 ppm was 

exceeded in a few locations, especially higher in the room. For the bouldering room, where a 

large flow rate per person was available, the exceedances of 900 ppm are probably the result of 

an insufficient distribution and mixing of the supplied outside air. As a result, it is possible that 

despite the presence of a mechanical ventilation system with sufficient capacity, the pollutants 

in the zone where the participants were active were insufficiently diluted. 

Finally, the test events showed that problems can arise due to inadequate ventilation of 

secondary areas, such as sanitary facilities and changing rooms, especially when large groups 

of people gather. The highest CO2 concentrations were not measured in the sports halls, where 

the organizers took measures when they observed that the concentrations rose too high, but in 

the sanitary areas and changing rooms, more specifically those of the Sports Hall SH. 

Concentrations up to 1500 ppm were measured here by the BBRI. Despite the generally short 

residence time in these types of rooms, these high concentrations could have entailed risks, also 

depending on the use of mouth masks. 

 

6 ESTIMATION OF FLOW RATES BASED ON CO2 MEASUREMENTS 

 

The implementation plan of the ventilation task force provides a method for estimating the 

mechanical ventilation flow rate based on the measured CO2 concentrations. One of the 

objectives of the test events was to test this procedure. An important condition for the 

application of this procedure is that the CO2 concentration has reached a steady state, a value 

that remains more or less constant. During the test events, this was only the case in 4 facilities: 

FC1, FC2 Cycling, FC2 Group class and SH. In the other rooms, the opening of external doors 

was used to limit the CO2 concentration, so that the concentrations in those rooms continued to 

vary greatly and no stationary regime occurred. 

The first-mentioned rooms all have a short time constant (ratio between volume and ventilation 

flow) in relation to the duration of the event, which makes it logical that a stationary regime 
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was reached during the event. This requires a time of 3 times the time constant. The time 

constants were resp. 7, 4, 8 and 45 minutes for FC1, FC2 Cycling, FC2 Group class and SH. 

 

The following formula allows to derive the flow rate from the measured concentration: 

 ����� �
��	

∙���

�,������
 (m³/h/person) (1) 

With Qvent the ventilation flow rate per person, M the average metabolism of the participants, 

Ci,stat the stationary CO2 concentration inside (ppm) and Ce the CO2 concentration outside 

(ppm). 

 

The maximum measured concentration averaged over all sensor locations was considered as 

the stationary CO2 concentration indoors. The CO2 concentration outside is typically taken as  

400 ppm, but the measurements during the test events showed it to be generally higher. 

Therefore a value of 450 ppm was assumed, and the sensitivity of this assumption was checked. 

A determining parameter in the formula is the value of the participants' average metabolism. 

For this the activity classes and corresponding metabolisms listed in §4 were used: 

• FC1, average of 82% participants with very heavy activity and 18% participants light 

activity (press): 4.6 Met 

• FC2 cycling, intensive activity: 7.3 Met 

• FC2 Group class, very heavy activity: 5.2 Met 

• SH, average of 98% sedentary participants and 2% intensive activity: 1.6 Met 

 

Figure 4 shows the result of the calculation, and compares the mechanical ventilation flow rates 

measured during the inspection with the ventilation flow rates derived from the CO2 

measurements. In the latter, the error flags indicate how the calculated flow rate varies with the 

assumed CO2 concentration outside (lower error flag 400 ppm, upper error flag 500 ppm). 

Except for FC2 Cycling, for which it has already been shown that the system has not worked at 

full capacity, the estimated flow rates appear to correspond reasonably well with the values 

measured during the inspection, albeit with a large margin of uncertainty. Even though the 

procedure can only be applied to a limited extent in practice due to the condition of a stationary 

regime, if the conditions are met, the method does allow the determination of incorrect 

functioning of ventilation systems, cf. the result for FC2 cycling. 

The comparison also shows that the estimation of the metabolism based on activity classes leads 

to a fairly reliable estimate of the CO2 emissions and ventilation needs in sports facilities. 

 

 

Figure 4: Comparison between mechanical flow rates measured during the inspections, and estimated from CO2 

measurements and estimated average Met value; the error flags show the sensitivity of the estimated flow rate to 

the assumed outdoor CO2 concentration (bar 450 ppm, lower error flag 400 ppm, upper error flag 500 ppm). 
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7 CONCLUSIONS 

 

This paper presented the results of ventilation inspections, CO2 monitoring and subsequent 

analysis during a series of test events organised in sports facilities in June 2021, with the 

objective to evaluate the feasibility of recommendations for the practical implementation and 

monitoring of indoor air quality in the context of COVID-19, developed by the Belgian task 

force ventilation. 

At two sports facilities, there was good knowledge about the available systems, and the fresh 

air flow rates estimated by the manager corresponded with the results of the ventilation 

inspection organized in the context of the study. At two other facilities however, knowledge of 

the available systems was incomplete, and the ventilation inspection revealed problems with 

the installation, maintenance or operation. Remedial measures needed to be taken to maximize 

the fresh air flow rates that the systems could provide.  

In sports facilities ventilation flow rates need to be increased compared to standard design flow 

rates to take account of higher effort during exercise, with a larger CO2 (and aerosol) production 

rate by athletes. Ventilation rates for a range of classes of physical activity were proposed. The 

comparison between directly measured ventilation flow rates, and flow rates estimated from 

measured CO2 concentrations during the events showed that the estimation of the metabolism 

based on activity classes leads to a fairly reliable estimate of the CO2 emissions and ventilation 

needs in sports facilities. 

 

Based on the above findings, the following recommendations for sports infrastructure managers 

were formulated to ensure good ventilation: 

• Invest in a ventilation inspection that calls on an expert to inspect the operation and flow 

rates of mechanical ventilation systems, to detect and repair problems, to maintain and 

adjust systems. 

• When designing ventilation for a given occupancy, take into account the activity level 

of the athletes in order to safely estimate the necessary fresh airflow rate per person. In 

some sport halls it turned out that the maximum occupancy had to be kept considerably 

lower compared to the normal hall capacity in order to keep the CO2 concentrations 

under control. 

• Because of uncertainties in CO2 production and good mixing of fresh air in sports halls, 

it remains important to monitor the concentrations at representative locations, even 

when ventilation systems are present, so that timely action can be taken, for example by 

improving the functioning of the system or by opening windows and doors. 

• In rooms without a mechanical ventilation system, the flow rates provided by opening 

windows and doors can be estimated based on rules of thumb from the recommendations 

of the ventilation task force. The test events showed that these rules of thumb are on the 

safe side. 

• In rooms with a small time constant in relation to the duration of occupancy, monitoring 

the CO2 concentration makes it possible to derive the effective fresh air flow rate per 

person, and to estimate the maximum occupancy that can be allowed. 

• Also pay attention to the good ventilation of secondary areas (sanitary, changing 

rooms), where the highest CO2 concentrations were measured during the test events in 

one of the locations. Despite the generally short residence time in these types of rooms, 

these high concentrations can pose risks.  
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ABSTRACT 
 

In response to the COVID-19 pandemic, many organizations have recommended improved ventilation to reduce 

the risk of indoor airborne infectious disease transmission. These recommendations include increasing outdoor 

air rates and filtration efficiencies, as well as verifying that ventilation systems are operating as intended. There 

have also been many recommendations to monitor indoor CO2 concentrations as indicators of ventilation or 

infection risk, in some cases with quantitative concentration limits. However, the technical basis for these 

recommendations to monitor CO2 and, more importantly, the basis for the concentration limits are not always 

clear. CO2 monitoring and analysis has also been used in many research studies of the risks of airborne disease 

transmission and the potential effectiveness of mitigation measures. This paper reviews research applications of 

indoor CO2, as well as recommendations for CO2 monitoring and interpreting measured concentrations issued 

during the pandemic. As described in the paper, some of the research applications and recommendations employ 

CO2 as an indicator of the adequacy of outdoor air ventilation rates, essentially an application of well-established 

tracer gas measurement methods. In other cases, CO2 is used as a proxy for exposure to infectious aerosols. In 

yet other cases, the motivation for measuring indoor CO2 concentrations and recommended levels is not well 

explained. This paper reviews the application of indoor CO2 in response to pandemic and raises several questions 

regarding their technical basis and the potential for improvement. 
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1 INTRODUCTION 
 

In response to the COVID-19 pandemic and in anticipation of future airborne infectious 

diseases, the importance of ventilation as a control option to manage disease transmission has 

been widely recognized. Many organizations have made recommendations on building and 

ventilation system operation, as well as changes to existing standards and guidance 

(ASHRAE, 2022a; CDC, 2021; REHVA, 2021; WHO, 2021). These recommendations 

include engineering approaches such as increased ventilation rates, enhanced particle 

filtration, and the use of portable air cleaners, as well as administrative controls such as face 

coverings and distancing. Many organizations have also recommended, or suggested 

consideration of, monitoring indoor CO2 concentrations in real-time as an indicator of the 

adequacy of ventilation (EMG-SPI-B, 2021; EPA, 2022; REHVA, 2021). Recommendations 

for CO2 monitoring vary in the degree to which they include a description of their technical 

bases and in specified guideline concentrations. In addition, CO2 has also been used in 

modelling and experimental research studies motivated by the pandemic. 

 

The application of CO2 to the topics of ventilation and indoor air quality (IAQ) is not new, 

with some of the earliest discussions occurring many centuries ago. Those discussions have 

evolved over time to focus on 1) how CO2 concentrations relate to occupant perceptions of 
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bioeffluent odors, 2) the impacts of CO2 exposure on building occupants, 3) the use of CO2 as 

a tracer gas to measure air change rates and other aspects of ventilation performance, and 4) 

outdoor air intake control using CO2 concentrations (i.e., demand control ventilation or DCV). 

More recently, CO2 has been discussed and employed in the context of managing the risk of 

airborne infectious disease transmission. All of these topics are discussed in the recent 

ASHRAE Position Document on Indoor Carbon Dioxide (ASHRAE, 2022b). Research into 

the application of CO2 to ventilation and IAQ continues with recent focuses on DCV (Lu et 

al., 2022) and metrics (Persily, 2022; Wargocki et al., 2021). In addition, the ASHRAE 

Position Document recommends research on the health and performance impacts of CO2, 

indoor CO2 concentration measurement including sensor performance, the relationship of CO2 

to airborne infectious disease transmission, and other topics. ASTM Standard D6245 (2018) is 

a guide to the use of CO2 for evaluating ventilation and IAQ and addresses many of the topics 

covered by the Position Document. Therefore, a solid knowledge base exists to support the 

application of CO2 monitoring and analysis in practice, including to airborne disease 

transmission. The objective of this paper is to review how CO2 monitoring and simulation 

have been applied in response to the pandemic in research and in recommendations. It is not 

intended to be a systemic literature review, but examples of each application are discussed. 
 

2 CO2 APPLICATIONS IN STUDIES OF COVID 
 

In response to the COVID-19 pandemic, there have been a number of research studies and 

guidance documents in which indoor CO2 has been applied or mentioned. Most of these 

applications use well-established concepts that have been described previously (ASHRAE 

2022b). However, in some cases the technical bases for the applications or recommendations 

and the supporting discussion are not always clear, which has led to the continuation of 

longstanding confusion regarding the relationship of indoor CO2 to ventilation and IAQ 

(Persily, 1997). This paper reviews these applications, citing examples of each and in some 

cases noting how CO2 could be used more rigorously. These applications include tracer gas 

measurements of air change rates and ventilation performance (section 2.1), the use of CO2 as 

an indicator or proxy of infection risk (2.2), measurement and reporting of indoor CO2 

concentrations as indicators of ventilation or IAQ (Error! Reference source not found.), and 

recommendations on the use of CO2 monitoring (2.4). One study, which does not fall into 

these categories, examined the accumulation of exhaled CO2 behind face masks in a study of 

potential breathing difficulty and discomfort associated with wearing face coverings (Huo and 

Zhang, 2021). 
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Figure 1: Number of papers related to indoor CO2 as a function of year 

As an indication of increased interest in CO2, Figure 1 is a plot of the number of papers 

published by year, based on Google Scholar searches, using the phrase " 'carbon dioxide' 

ventilation building" and the same phrase with the additional term "infectious disease." The 

2022 value is adjusted using the number of papers identified on 22 August 2022 and assuming 

the number of papers per day will be constant for the year. Interestingly, the number of papers 

without "infectious disease" has been increasing since 2016, perhaps due to the availability of 

lower-cost sensors and interest in the impacts of CO2 exposure on humans (ASHRAE 2022b). 

However, there was a definite increase in 2021, presumably due to the pandemic generating 

more interest in indoor CO2. The lower line, which includes "infectious disease," was more 

stable over the first four years, with a clear increase starting in 2020. 

 

2.1 Tracer gas measurements of air change rates and ventilation performance  

 

Many reported air change rate measurements in field settings used single-zone tracer gas 

decay or constant injection (ASTM, 2011), with the latter typically assuming the CO2 

concentration is at steady state. These measurements have been made in studies intended to 

evaluate transmission risk or to assess IAQ in schools, gyms, buses, retail buildings, and other 

spaces (Bain-Regious et al. 2022, Deol et al. 2021, Miranda et al. 2021, Querol et al. 2021, 

Schibuola and Tambani 2021; Shinohara et al. 2022; Ye and Zhang 2022). Others have 

employed transient or integral mass balance analyses that are not standardized (Blocken et al. 

2021, Li et al. 2021, Nusseck et al. 2020). Some measurements have been conducted in 

naturally ventilated spaces, e.g., Styczynski et al. (2021), which investigated a number of 

healthcare areas. It should be noted that applying tracer gas dilution methods to naturally 

ventilated spaces can be challenging given the potential difficulty in achieving the required 

levels of tracer gas concentration uniformity in such spaces.  

 

Two studies used tracer gas dilution to determine the air change rate in laboratory chambers 

used to study air cleaner performance (Kong et al.2022, Zeng et al. 2021). Such environments 

are more well-controlled than spaces in buildings, making the measurements more 

straightforward and likely to yield valid results. In fact, a standard method of testing portable 

air cleaners within employs tracer decay to verify the airtightness of the test chamber 

(AHAM, 2019). CO2 has been used as a tracer gas to quantify air distribution in a test space to 

study aerosols emitted by speaking (Singer et al. 2021), but this is a less common application. 

 

These studies vary in the thoroughness of their discussion of key assumptions and inputs 

required to estimate air change rates. For example, the analysis of peak CO2 concentrations 

using the constant injection tracer approach requires the rate at which CO2 is generated in the 

space. Not all studies explain the basis of the generation rate used in sufficient detail to judge 

its reasonableness, which is critical as CO2 generation rates vary depending on the number of 

occupants in a space, their characteristics (i.e., age, body mass, gender), and their level of 

physical activity. Also, some studies involve measurements of outdoor CO2 concentrations 

while others use an assumed value, with the latter being questionable given known variations 

in outdoor concentrations as a function of time, season, and locality. A key assumption in 

applying these tracer gas approaches is that the space being studied behaves as a single zone. 

This assumption is required by all of the tracer gas methods employed in these studies and 

means that a single tracer gas concentration can be used to characterize the space of interest, 

i.e., that the concentration is sufficiently uniform in the space. Also, single-zone methods do 

not account for air or tracer transported to and from zones adjacent to the zone being tested. In 

general, spaces within buildings are not isolated from other spaces, leading to potential errors 

in air change rate measurements that can be difficult to quantify. Most studies do not mention 

686 | P a g e



this assumption or the justification for its use. Finally, these studies generally do not report 

the measurement uncertainty associated with reported air change rates, making it difficult to 

interpret the results and understand their significance. Note that the ASTM (2011) tracer gas 

dilution test method describes how to estimate these uncertainties. 

 

2.2 Indicator or proxy of exposure or infection risk  

 

Several studies have used CO2 as an indicator or proxy of exposure to infectious aerosols or 

infection risk. These include field measurements in occupied buildings and test chambers as 

well as simulations using computational fluid dynamics (CFD) and other modelling 

approaches. Experimental studies have been conducted in a range of spaces, including concert 

halls and healthcare facilities (Beato-Arribas et al. 2015; Lu et al. 2021; Schade et al. 2021; 

Styczynski et al. 2021; Ye and Zhang 2021), as well as laboratory chambers (Good et al. 

2021; Kappelt et al. 2021; Parhizkar et al. 2022; Zhang and Bluyssen 2022). Many of these 

studies involved the simultaneous measurement of CO2 and airborne particle concentrations 

to explore the relationship between the two. In other studies, CO2 was monitored with the 

concentration used as an indicator of exposure or risk. Sometimes the connection was 

described in detail, in many cases using the Wells-Riley equation, but in others CO2 was 

presented as an indicator of exposure and/or risk without explaining the basis for the 

connection. Many studies employed the concept of rebreathed air (Rudnick and Milton 2003). 

Some studies focused on the impact of specific activities, such as breathing, talking, and 

singing, or features such as physical partitions, ventilation rates, and filtration. 

  

A number of other studies used modelling approaches applying CO2 as an indicator of aerosol 

exposure and infection risk. Several of these used CFD to study the relationship in detail 

(Xiaoping et al. 2011; Castellini et al 2022; Su et al. 2022a; Rivas et al. 2022). The first three 

references studied the impacts of air distribution, while the fourth also studied exposure on 

semi-indoor terraces. Other studies used more general mass balance modelling approaches to 

evaluate CO2 variations in space and time as an exposure or risk indicator (Cammarata and 

Cammarata 2021; Li and Cai 2022; Peng and Jimenez 2021; Shinohara et al. 2022. Stabile et 

al. 2021). Tung et al. (2021) used CO2 to study potential disease transmission between units in 

a multifamily building. Barone et al. (2022) modelled the impact of ventilation strategies on 

infection risk and indoor CO2 levels in railway coaches and their effect on energy, cost, and 

atmospheric CO2 emissions. Boonmeemapasuk and Pochai (2022) developed an infection risk 

model using CO2 as an indicator of exhaled aerosols to study disease transmission and 

vaccine efficacy in an outpatient room. While acknowledging that there is no direct evidence 

correlating CO2 concentrations with virus-containing aerosol levels, Nusseck et al. (2020) 

measured CO2 generation rates associated with a number of vocal and instrumental musical 

activities to support ventilation assessments geared towards reducing infection risk. 

 

Ai et al. (2020) discussed the use of CO2 as a surrogate for infectious aerosols, summarizing 

arguments for and against. The reasons why CO2 and other tracer gases might be a good 

surrogate include: if fine droplets are responsible for disease transmission, then tracer gases 

can adequately capture their fate and transport; studies exist showing that tracer gases can be 

"good enough" for characterizing particle dynamics; and, tracer studies, both experimental 

and simulation, are less complex. On the other hand, counterarguments include the following: 

particle dynamics are different from those of gases due to the effects of gravity, inertia, and 

deposition onto surfaces; particle airflow is two-phase, given that infectious aerosols are 

composed of both solids and liquid; tracer gases cannot simulate coagulation, evaporation, 

and resuspension of particles; and tracer gases cannot capture the differences between 

particles over the range of aerodynamic diameters relevant to virus transmission. 
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2.3 Measurement of indoor CO2 as an indicator of ventilation and IAQ 

 

Many field studies of infection risk or building performance during the pandemic have 

included measurements of CO2 concentrations, generally as metrics of ventilation and IAQ, 

although the links between CO2, ventilation and IAQ are not always explained. In many 

cases, ASHRAE Standard 62.1 (ASHRAE 2019) is cited as the source of concentration limits 

of 1000 ppmv or 700 ppmv above outdoors, despite the fact that the standard does not contain 

either value (ASHRAE 2022b). Other studies cite CO2 limits in documents associated with 

the country where the measurements were conducted. 

 

Among these studies was a survey of the indoor environments in taxis in Paris before and 

after lockdown (Hachem et al. 2021), an examination of the effectiveness of ventilation in 

buses in Spain (Querol et al. 2021), and evaluations of the impacts of ventilation operation 

and natural ventilation in schools (Kuwahara and Kim 2022, Miranda et al. 2021). Other 

studies presented assessments of ventilation and IAQ in a fitness club (Peixoto 2021), a 

concert hall (Kitamura et al. 2021), a “green” commercial building (Su et al. 2022b), and a 

number of mechanically ventilated buildings (Lastovets et al. 2022). Many of these studies 

simply report the measured CO2 concentrations, sometimes comparing to a local limit, but 

generally not questioning the value of CO2 as a ventilation or IAQ metric. As discussed in 

ASHRAE (2022b), indoor CO2 concentrations are not good indicators of overall IAQ but can 

serve as a measure of ventilation using tracer gas concepts as discussed in section 2.1. 

 

2.4 CO2 measurement for ventilation monitoring or control 

 

There have been several studies using CO2 measurement or analysis to investigate strategies 

for monitoring or controlling building ventilation. While these studies generally do not 

quantify infection risk, they are motivated by the need to manage that risk. Stabile et al. 

(2021) conducted a simulation study of infection risk in a high school classroom as a function 

of ventilation strategy (including periodic airing), class duration, and masking. They proposed 

a feedback control strategy using CO2 monitoring to schedule airing periods in naturally 

ventilated classrooms. Based on another simulation study, Wang et al. (2022) proposed a 

metabolism-based ventilation control method for gymnasiums to reduce infection risk and 

energy use, while Li and Cai (2022) suggested a CO2-based DCV approach. Kitamura et al. 

(2021) studied CO2 concentrations during a musical performance in a concert hall and noted 

the potential benefits of displaying real-time concentrations to concertgoers. Estrella et al. 

(2021) and Eykelbosh (2021) reviewed studies and recommendations on CO2 monitoring, 

noting the challenges in identifying concentration limits for different spaces and in linking 

CO2 concentration to infection rates. Similarly, Lu et al. (2021) considered CO2 monitoring 

for hospitals, recommending the installation of systems to provide warnings of poor 

ventilation, while Olsiewski et al. (2021) noted the use of CO2 above 1000 ppmv as a proxy 

for inadequate ventilation in schools. Based on measurements of ventilation and CO2 in buses, 

Querol et al. (2021) recommended monitoring CO2 and occupancy for improving ventilation, 

noting the need to also monitor outdoor concentrations. Two recent reviews of occupancy 

behavior modelling and ventilation approaches respectively also discussed selected CO2 

concentration guidelines (Deng et al. 2022; Franceschini and Neves, 2022) 

 

3 INDOOR CO2 CONCENTRATION MONITORING 

 

As noted in the ASHRAE Indoor CO2 Position Document (ASHRAE 2022b), there are 

numerous recommendations, and in some cases requirements, to monitor indoor CO2 

concentrations to manage the risks of airborne infection. These recommendations and 
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requirements often include a reference concentration for comparison or for more formal 

compliance. Many of these concentrations are based on CO2 as an indicator of ventilation and 

the associations of low-ventilation rates with increased risk (WHO 2021). Other limits are 

based on CO2 as a direct or indirect indicator of infection risk, though the rationale for those 

limits is not always clearly described. A complete review of all pandemic-motivated CO2 

limits is beyond the scope of this paper, but a summary is presented here. 

 

Indoor CO2 limits have existed for decades, generally based on the management of generic 

IAQ concerns and sick building syndrome symptoms (Health Canada 2021; Toyinbo et al. 

2022). These limits have tended to be on the order of 1000 ppmv but range as high as about 

1500 ppmv. Of particular note is the 1000 ppmv limit in Japan that was issued in 1970; since 

then, thousands of buildings have been tested annually to determine if they comply (Hayashi 

et al. 2020). During the COVID-19 pandemic, many additional recommendations have been 

made to monitor indoor CO2 concentrations. Among the many organizations and government 

bodies making these recommendations, the Centers for Disease Control and Prevention (CDC 

2021) in the United States, the Federation of European Heating, Ventilation and Air 

Conditioning Associations (REHVA 2021) in Europe; and Environmental Modelling Group 

and Scientific Pandemic Insights Group on Behaviours (EMG/SPI-B 2021) in the United 

Kingdom have provided guidance on using CO2 as an indicator of outdoor ventilation rates. 

However, AIVC (2020) noted a measured “CO2 concentration does not indicate with much 

certainty that the occupants of a building are safe from airborne exposure to the SARS‐CoV‐2 

virus and is not recommended as a reliable proxy of the risk of airborne exposure to the 

virus.” Some recommendations differentiate between spaces with an elevated risk of infection 

based on occupant density or activities likely to increase the rate at which people generate 

respiratory aerosols. Mandatory CO2 concentration limits have also been issued by some 

governments, e.g., Belgium (BFG 2021). A website displays a world map showing where and 

how CO2 is being monitored to manage the risk of airborne transmission, including guideline 

values that have been issued by governments and other organizations (AIREAMOS, 2022) 

 

Many of these indoor CO2 limits are based on CO2 as an indicator of the outdoor ventilation 

rate per person, which implicitly involves the use of CO2 as a tracer gas along with a target 

ventilation rate. However, the bases for these limits are not always explained. CO2 limits 

based can be estimated using the requirements of ventilation standards, e.g. ASHRAE 

Standard 62.1, which are not based on the control of airborne disease transmission, or some 

other ventilation rate intended to control transmission. The CO2 limits that have been issued 

generally do not differentiate between space types, occupant characteristics, or required 

ventilation rates, despite their impact on indoor concentrations. For example, the steady-state 

CO2 concentrations corresponding to the ventilation requirements and default occupancy 

densities in Standard 62.1 range from about 1000 ppmv in office spaces and classrooms with 

younger students to between 1500 ppmv and 2000 ppmv in restaurants, lecture classrooms, 

and retail spaces to above 2500 ppmv in conference rooms and auditoriums. A space-specific 

CO2 metric for ventilation has recently been developed that allows the user to identify target 

CO2 levels based on the space, occupants, and target ventilation rate (Persily 2022), and an 

online tool, QICO2, is available to facilitate its application (Persily and Polidoro 2022). 

 

4 CONCLUSIONS 

 

This paper summarized the application of indoor CO2 to ventilation and IAQ studies 

motivated by the COVID-19 pandemic. Many of these studies used CO2 as a tracer gas to 

estimate air change rates or as an indicator of ventilation or IAQ. These applications are not 

new to the pandemic as they have been used for decades (ASHRAE 2022b). Others have 

689 | P a g e



focused on CO2 as a proxy or indicator of airborne infectious aerosols exhaled by building 

occupants. This concept is not new either but has been the subject of more work in the last 

two years. As has been the case for decades (Persily 1997), these applications of CO2 have not 

always reflected a sound technical understanding of the relevant mass balance theory, the 

significance of human CO2 exposure, and the relevance of indoor CO2 to overall IAQ. For 

example, the studies employing CO2 as a tracer gas are variable in terms of how well they 

reflect awareness of established measurement standards. These studies include varying levels 

of detail and thoroughness in describing the measurement methodology, limited discussion 

and confirmation of key assumptions including that the space is behaving as a single zone, 

and a lack of measurement uncertainty in reported values. 

 

In summary, the application of indoor CO2 in light of the pandemic reflects much of the 

confusion that has existed for decades. For example, many papers cite ASHRAE Standard 

62.1 as a reference for an indoor CO2 limit of 1000 ppmv, or 700 ppmv above outdoors, 

despite the fact that the standard last contained the 1000 ppmv value in 1989 and never 

contained a 700 ppmv limit (ASHRAE 2022b). The studies cited in this summary reinforce 

the need for improved guidance on the application of indoor CO2, including concentration 

measurement protocols, as well research on the use of CO2-based DCV, CO2 emission rates of 

building occupants, measurement of indoor CO2 concentrations including sensor performance 

and location, and the relationship of indoor CO2 to airborne infectious disease transmission.  
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ABSTRACT 
 

Occupant exposure to airborne pathogens in buildings can be reduced by a variety of means, including adequate 

provision of outdoor air by ventilation. This is particularly important in buildings, such as hospitals, which may 

house a higher number of infected individuals relative to the wider population. In tropical Africa, however, there 

is evidence that new hospitals built with air-conditioning to cope with the extreme heat are poorly ventilated 

compared to existing hospitals that were designed to be naturally ventilated. As a proxy for indoor air quality, the 

carbon dioxide concentrations in two hospitals in Ghana were monitored over a period of one week. All wards 

were naturally ventilated, but some also had mechanical ventilation or recirculating air-conditioning. Air-

conditioned wards generally had the poorest indoor air quality, with measured maximum CO2 concentrations of 

3286 ppm indicating insufficient ventilation relative to occupancy levels. Staff reported keeping windows closed 

in these wards to prevent mosquitoes from entering and to provide thermal comfort for the patients. 

Recommendations are that staff working in air-conditioned rooms should regularly open windows to allow outdoor 

air to enter. Mosquito netting should be installed on all windows to encourage staff to open the windows. Future 

hospital design should better consider the interplay between thermal comfort, ventilation, and indoor air quality. 

 

KEYWORDS 
 

Hospitals; Tropics, Indoor air quality; Ventilation; Thermal comfort; CO2 measurement. 

 

 

1 INTRODUCTION 

 

Hospital acquired (nosocomial) infections are widespread across tropical Africa (Rothe et al., 

2013). Scarce data, however, means that these infections are likely to be underestimated 

(Allegranzi et al., 2011), since many microorganisms remain viable in the aerosolised state, 

even though they are non-culturable (Beggs, 2003). Airborne transmission is the main route 
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for infection by pathogens, such as, tuberculosis, measles, chicken pox, SARS (J. W. Tang et 

al., 2006), and SARS-CoV-2 (S. Tang et al., 2020). Several routes for airborne transmission 

exist, including short-range airborne (droplet) and long-range airborne (aerosols) (Ribaric et 

al., 2022). Aerosol transmission of pathogens occurs in tropical hospitals even where 

healthcare workers do not have close contact with infected patients (Lee et al., 2003; Wong et 

al., 2004). SARS-CoV-2, for example, has been found in the air in Indian and Singaporean 

hospitals between 3 and 5 m away from infected patients (Ang et al., 2022; Dubey et al., 

2021). 

 

Respiratory viruses (and other pathogens) are known to be highly transmissible within 

healthcare settings in tropical Africa (Rothe et al., 2013) and other tropical regions. Airborne 

transmitted infections are common (Wang et al., 2021), with lower respiratory tract infections 

being responsible for between 8% and 14.5% of all nosocomial infections in tropical Africa 

(Rothe et al., 2013). Nosocomial airborne transmitted infections include tuberculosis as found 

in Cote d’Ivoire (Kassim et al., 2000), Zimbabwe (Corbett et al., 2007), South Africa (Matuka 

et al., 2021; Naidoo & Jinabhai, 2006; O’Donnell et al., 2010; Tudor et al., 2014), Uganda 

(Kayanja et al., 2005) and Malawi (Harries et al., 2002), as well as in Vietnam (Lien et al., 

2009). Additionally, nosocomial rubella and measles were reported in Uganda (Lewis et al., 

2006), SARS-CoV-21 in India (Dubey et al., 2021) and Singapore (Ang et al., 2022), and 

respiratory syncytial virus (RSV), e.g. in South Africa (Madhi et al., 2004; Visser et al., 

2008). RSV is a leading cause of lower respiratory tract infection in children worldwide (Rose 

et al., 2021). Hospital-acquired pneumonia was among the most common nosocomial 

infection in a review of papers from ten developing countries in Africa (Nejad et al., 2011). In 

Ghana, 16.3% of nosocomial infections in a study representing 32.9% of all acute care beds in 

government hospitals, were respiratory (Labi et al., 2019). 

 

Adequate ventilation provision is needed to dilute and remove airborne viruses and other 

pathogens contained in aerosols (Dai & Zhao, 2020; di Gilio et al., 2021; Morawska & Cao, 

2020). This is especially important in healthcare buildings, where both a high number of 

infected individuals are likely to congregate, and where the building occupants are likely to be 

vulnerable, e.g., neonates, pregnant women, and the immunocompromised. Ventilation design 

in hospitals should consider three key factors: ventilation rate (dilution), ventilation direction 

(from clean zones to dirty zones and not moving air from one patient to another), and air flow 

distribution (mixing) to ensure all the air in a space is replaced (Eames et al., 2009; J. W. 

Tang et al., 2006). 

 

There are limited data on indoor air quality in hospitals in tropical Africa. However, a study 

of operating theatres in Ghana with positively-pressurised non-laminar ventilation with high-

efficiency particulate air (HEPA) filters found that air samples taken during surgical 

procedures contained substantial microbial contamination due to excessive door opening and 

the high numbers of people present (Stauning et al., 2018). Also in Ghana, high airborne 

bacterial and fungal loads were found in the outpatients’ department and theatre ward, with 

high loads of bioaerosols found in most wards, due to overcrowding (Larrey et al., 2020). 

Similar results have been obtained in hospitals in Ethiopia (Fekadu & Getachewu, 2015) and 

Nigeria (Ekhaise & Blessing, 2012; Okolo et al., 2020). 

 

Dust transported on winds from the Sahara Desert presents a health risk due to the particulates 

(PM10) entering the airways and causing nontransmissible respiratory diseases, such as asthma 

and bronchitis (de Longueville et al., 2013; Marone et al., 2020). Inhaled dust particulates 

 
1 It is believed that 11-15% of SARS-CoV-2 infection is acquired in hospitals (Ribaric et al., 2022). 
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expose the throat to infection from other airborne disease, such as bacterial meningitis 

(Codjoe & Nabie, 2014). The Saharan dust itself may also harbour bacteria and fungi that can 

have negative health impacts if inhaled (Marone et al., 2020). Some authors, therefore, have 

recommended that mechanical ventilation is used in tropical African hospitals to prevent 

outdoor dust from entering (Larrey et al., 2020). Alongside dust, mosquito entry is also a 

concern for such hospitals (Mohammed et al., 2013). 

 

Concerns around supplying adequate ventilation whilst considering dust (the inherent 

particulates and the associated pathogens) and mosquito entry might make mechanical 

ventilation systems an attractive option. Indeed, because hospitals in tropical regions are 

increasingly exposed to extreme heat (Codjoe et al., 2020), which is being exacerbated by 

climate change (Wilby et al., 2021), incorporating cooling into mechanical ventilation 

systems may also be desirable. Mechanical ventilation systems, however, may transport 

pathogens including viruses like SARS-CoV-2 (Correia et al., 2020). For example, in Hong 

Kong, 50 healthcare workers were infected with the SARS virus (Lee et al., 2003); this 

nosocomial transmission was partly attributed to the hospital ventilation system, which mixed 

incoming outdoor air with potentially infected indoor air (70% recirculation) (Wong et al., 

2004). Mechanical ventilation systems, which were old and poorly maintained, were also 

identified as a bacterial transport mechanism at a hospital in Jordan (Qudiesat et al., 2009). 

Futhermore, SARS-CoV-2 RNA was detected in 25% of samples taken from 10 air-handling 

units in hospitals in the USA, although the samples were not evaluated for viral infectivity 

(Horve et al., 2021). Dust on air-conditioning filters was a significant source of airborne 

bacteria and fungi in Egyptian hospitals (Osman et al., 2017). 

 

Ventilation and cooling systems, however, may be beneficial, as demonstrated in Iranian 

hospitals where ductless (recirculating) air-conditioners had filters that reduced bioaerosols 

(Eslami et al., 2016). Ductless (recirculating) air-conditioning systems are used to ensure 

thermal comfort and reduce patient heat stress. Their use is likely to increase worldwide due 

to climate change (Davis & Gertler, 2015). If windows are closed and recirculating air-

conditioning systems are relied on for cooling, indoor air quality may deteriorate, potentially 

increasing the transmission of airborne infectious diseases (Lu et al., 2020; Zhou et al., 2015). 

 

The foregoing review points to a tension between natural ventilation, mechanical ventilation, 

and ductless air-conditioning. The low cost and high ventilation rates that are possible with 

natural ventilation may dilute airborne pathogens, whilst allowing dust and mosquitoes to 

enter. The higher cost ductless air-conditioning may ensure thermal comfort at the expense of 

indoor air quality. Mechanical ventilation systems may ensure satisfactory indoor air quality, 

thermal comfort, and prevent dust and mosquito ingress but are the highest cost, difficult to 

retrofit, and if not properly maintained may be a pathogen transmission pathway.  

 

Therefore, the aim of this paper is to examine whether the ventilation of two hospitals located 

in tropical climates is adequate to ensure good indoor air quality and reduce the transmission 

of airborne pathogens, and to identify how the indoor air quality can be improved. To achieve 

this aim, the air quality in 14 wards and waiting rooms in two hospitals in Ghana were 

measured; four of the wards had re-circulating air-conditioning and two had air-conditioning 

supplied by a central ventilation system. Carbon dioxide (CO2) concentration was measured 

as a proxy for exposure to exhaled breath, which potentially contains virus-laden aerosols. 
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2 METHODS 

 

2.1 Location and context 

 

Ghana was selected as the location for this research because it is located in a region of sub-

Saharan Africa that experiences a high number of extreme heat days, which are predicted to 

rise in future (Garland et al., 2015; Wilby et al., 2021). To cope with the temperature increase, 

greater air-conditioning uptake is likely in hospitals (Codjoe et al., 2020), which may reduce 

indoor air quality if recirculating systems are installed. 

 

Two hospitals are the focus of this study, located in the cities of Accra and Tamale. Accra, in 

the south of Ghana, near the coast, is the capital and largest city (population 2.4 million); 

whilst Tamale is a rapidly growing intermediate-size city in northern Ghana (Gough et al., 

2019), with a population of 701,171 in 2022. The climate of Accra is coastal savannah with 

local mean daily maximum temperatures ranging from 33°C in March (peak of the dry 

season) to 28°C in July-September (the rainy season); in Tamale mean daily maximum 

temperatures are 38°C in March and 30°C in July-September (Gough et al., 2019). 

 

2.2 Case study hospitals 

 

Data were collected from Accra Hospital (AH) and Tamale Hospital (TH)2. Both hospitals 

treat inpatients and outpatients. Accra Hospital is a 74-bed bed hospital that was built in 1928, 

with later additions, and serves the most critically ill neonates and children of Accra, Ghana 

(Figure 1a). Tamale Hospital is an 800-bed hospital that was built in 1974, with later 

additions, and serves patients of all ages from across the Northern Region of Ghana (Figure 

1b). It is used to treat adults, children, and neonates. 

 

The monitoring took place during the rainy season in Ghana. Outside AH, the mean outdoor 

dry bulb temperature was 28.8°C (min = 24.3°C; max = 34.6°C). Outside TH, the mean 

outdoor dry bulb temperature was 28.5°C (min = 25.8°C; max = 31.8°C). 

 

  
(a) Accra Hospital (AH) (b) Tamale Hospital (TH) 

Figure 1: Exterior photographs of the case study hospitals. 

 

 

 

 

 
2 The hospital names have been changed to maintain anonymity. 
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2.3 Spaces monitored 

 

Wards of interest were identified in collaboration with the hospital staff who were asked to 

highlight wards that were prone to high temperatures, low temperatures, or olfactory 

sensations of stuffiness. This ensured a variety of indoor environments were captured to allow 

for comparison. Additionally, hospital staff were asked to recommend wards which would be 

frequently or continuously occupied, where particularly vulnerable patients would be, or 

where crowding would occur (e.g., in waiting rooms). 

 

Table 1: AH – wards monitored, patient type, dimensions, natural ventilation type, presence of mechanical 

ventilation, and presence of air-conditioning (A/C), height of sensor from floor. 

Space 

monitored 
Patient type 

Floor 

area 

(m2) 

Volume 

(m3) 

Natural 

vent. 

Mech. 

vent. 
A/C 

Ceiling 

fans 

Sensor 

height 

(m) 

Physiotherapy 

(Physio) 

Child 

(outpatients) 

29 79 Adjustable 

louvres 

No No 2 1.6 

Outpatients’ 

department 

waiting room 

(OPD) 

Child 

(outpatients) 

 

 

- - Semi-

outdoor 

No No 3 2.2 

Paediatrics 1 Child 

(inpatient)  

47 138 Adjustable 

louvres 

No No 4 1.9 

Paediatrics 2 Child 

(inpatient) 

47 138 Adjustable 

louvres 

No No 4 1.6 

Malnutrition Malnourished 

child 

65 215 Adjustable 

louvres 

No No 4 1.6 

Neonatal 

Intensive Care 

Unit (NICU) 

Neonatal 

(premature 

unstable) 

23 75 Sliding 

panes 

No Ductless 2 1.6 

Emergency  Child 45 125 Sliding 

panes 

No Ductless 2 1.6 
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Table 2: TH – wards monitored, patient type, dimensions, natural ventilation type, presence of mechanical 

ventilation, and presence of air-conditioning (A/C), height of sensor from floor. 

Space 

monitored 
Patient type 

Floor 

area 

(m2) 

Volume 

(m3) 

Natural 

vent. 

Mech. 

vent. 
A/C 

Ceiling 

fans 

Sensor 

height 

(m) 

Neonatal 

Intensive 

Care Unit 

(NICU) 

Neonatal 

(premature 

unstable) 

33 89 Sliding 

panes 

Yes Ducted 0 2.2 

Kangaroo Neonatal 

(premature 

stable) 

39 104 Adjustable 

louvres 

Yes Ducted 0 1.6 

Pre-natal Pregnant 

women 

63 206 Adjustable 

and fixed 

open 

louvres 

Yes No 4 1.6 

Post-natal New mothers 

and neonatal 

(full-term 

stable) 

46 153 Adjustable 

and fixed 

open 

louvres 

Yes No 4 1.6 

Maternity 

waiting room 

Pregnant 

women and 

neonatal 

133 379 Fire exit 

door 

Yes Portable 4 2.2 

Emergency All 105 283 Sliding 

panes and 

bottom-

hung 

casement 

No No 6 1.6 

Paediatrics 

U6m 

Children 

under 6 

months 

34 113 Adjustable 

and fixed 

open 

louvres 

No Ductless 2 1.6 

 

2.4 Ventilation and cooling of wards 

 

All wards had the ability to be naturally ventilated, i.e., there were openings present. A variety 

of ventilation openings were observed in the wards: sliding panes, adjustable louvres, fixed 

louvres, bottom-hung casements, and doors (Table 1, Table 2, Figure 2, and Figure 3). 

Mechanical ventilation was supplied to some wards in TH (Table 2) but staff reported that 

this did not provide climate control, except in the NICU and Kangaroo wards (ducted air-

conditioning). Staff had no control over the operation of the ducted mechanical ventilation. 

There was one portable (recirculating) floor-mounted air-conditioning unit in the TH 

Maternity waiting room and one ductless (recirculating) wall-mounted air-conditioning unit in 

the TH Paediatrics U6m ward. In AH there were two ductless units in the Emergency ward 

and two in the NICU (all wall-mounted). In all cases, staff were responsible for the control 

and operation (i.e., setting the temperature and duration of use) of the ductless air-

conditioning, often in response to requests from patients or their carers. 

 

Ceiling fans were installed in most, but not all, wards (Table 1 and Table 2) and were 

generally observed switched on when researchers visited to download the data, except in the 

TH Post-natal ward, the TH Pre-natal ward, and the AH NICU. In the TH Emergency ward, 

three ceiling fans were switched on above the staff areas but three fans above the patients 

were switched off. In the AH Malnutrition ward, three of the four fans were switched on, two 

of these close to where the staff congregated. 
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Mosquito nets were observed installed in most ventilation openings in AH, but generally not 

in TH. Many windows at TH had external shading systems as is visible in Figure 1, which 

may influence the ventilation rate. Within wards and around beds there were no privacy 

curtains (medical screens), except in the TH Emergency ward (and these were observed open 

and tied up). Therefore, it can be assumed that air should move unimpeded around the ward. 

 

  

(a) Ventilation openings in the TH Emergency 

ward. Sliding windows and bottom-hung 

casement windows. 

 

(b) Ventilation openings in the TH Post-natal ward. 

Adjustable glass louvre blades in lower portion with 

open fixed metal louvres in upper portion. 

Figure 2: Ventilation openings in TH. 

 

 

 
Figure 3: Ventilation openings and air-conditioning unit in the TH Paediatrics U6m ward. Sliding windows in 

lower portion and fixed glazed units in upper. External shading to windows is visible. 

 

2.5 Installing sensors 

 

Poorly ventilated indoor environments are likely to enable greater transmission of airborne 

viruses such as SARS-CoV-2 (Jones et al., 2021) and other airborne pathogens. The 

measurement of CO2 concentration is useful because it is a proxy for exhaled breath, which 

may contain suspended aerosols containing pathogenic particles (Peng & Jimenez, 2021). 

High concentrations of CO2 in a space indicate low levels of ventilation, high occupancy 

relative to the space volume, or a combination of both (Malki-Epshtein et al., 2022). 

 

Combined temperature, relative humidity, and carbon dioxide sensors were placed in seven 

wards in each hospital (Table 1 and Table 2) and one was installed outside of each hospital to 
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measure the local ambient conditions (Table 3). The sensors were battery-powered and logged 

data to the internal memory on each device. Calibration of the sensors was performed by the 

manufacturer in the month prior to the installation. The outdoor sensors were placed in 

locations that were protected from direct solar radiation, rain, away from external air-

conditioning units, and where security staff could monitor them. 

 

Table 3: Sensors installed 

Sensor Variable Logging 

interval 

(mins) 

Units Range Resolution Accuracy 

 

 

Eltek 

MS47B 

Temperature 15 °C -30 to +65 0.1 ±0.4 (+5 to +40) 

±1.0 (-20 to +65) 

±1.5 (-30 to -20) 

Relative humidity 15 % 0 to 100 0.1 ±2 (10 to 90) 

±4 (0 to 100) 

Carbon dioxide 

(CO2) 

15 ppm 0 to 5000 3 ±50 

 

One sensor was placed in each ward of interest, where possible in a central location. All of the 

sensors were wall mounted and affixed to the wall using adhesive wall hanging strips, except 

in the TH Maternity waiting room, the AH OPD waiting room, and the outdoor sensors, which 

were nailed or screwed to walls using metal brackets for security reasons. The sensors in each 

ward were generally placed at a height of 1.6 m from the floor, however, in some instances 

they were placed higher (1.9 – 2.2 m, see Table 1 and Table 2) due to concerns regarding 

potential tampering by patients and visitors. In the TH Neonatal Intensive Care Unit, there 

was a shiny painted wall coating to allow for effective cleaning, hence the sensor was placed 

above this at a height of 2.2 m to avoid risk of dislodging the adhesive fixing. Sensors were 

placed away from direct sunlight, doors, windows, sources of heat (e.g., medical equipment), 

and outlets of mechanical ventilation and air-conditioning units. 

 

In AH, data were analysed from 13/06/2022 at 12:15 to 17/06/2022 at 09:15 (3 days and 21 

hours). In TH, data were analysed from 10/06/2022 at 12:00 to 12/06/2022 at 10:15 (1 day, 22 

hours, and 15 minutes). Further monitoring is ongoing and will continue for at least one year. 

 

2.6 Air quality classification 

 

Concerning transmission of airborne viruses, The Scientific Advisory Group for Emergencies 

for the UK Government (SAGE-EMG) recommended that spaces frequently reaching CO2 

levels above 1500 ppm should be improved (SAGE-EMG and SPI-B, 2021). Similarly, BS 

EN 167983 (BSI, 2017) states that occupants with a need for high indoor environmental 

quality, such as hospital patients, should occupy spaces with indoor CO2 levels of 950 ppm4 

or less. Importantly, cognitive function may be impaired at higher CO2 concentrations, for 

example, there is a 15% lower cognitive function at ~945 ppm and 50% lower at ~1400 ppm 

against a baseline of 550 ppm (Allen et al., 2016). Air quality in this paper will be classified 

according to the BS EN 16798 Category I target. 

 

 

 
3 BS EN = British Standards European Norm. 
4 Strictly, this is 550 ppm in addition the outdoor concentration, assumed for simplicity to be 400 ppm. 

701 | P a g e



 

2.7 Informal discussions with staff 

 

It was important to understand ventilation behaviours and how the staff used the ductless air-

conditioning systems that they had control over. These data are vital for interpreting the CO2 

measurements in the context of the use of the ventilation and cooling systems. When the 

researchers visited to install sensors and returned 2-4 days later to download the data, 

conversations were held with staff working in each ward. These comprised explanations of 

how the sensors worked, seeking advice on convenient and unobtrusive placement of the 

sensors, and briefly explaining the data gathered. During these conversations, staff were asked 

about their experiences of the indoor environment and how they operated the windows, doors, 

and ductless air-conditioning systems. 

 

3 RESULTS 

 

3.1 CO2 monitoring 

 

In both hospitals, a range of CO2 concentrations were observed between spaces. The 

maximum CO2 concentrations ranged from values expected of near ambient conditions (400-

500 ppm) to the highest concentration of 3286 ppm in the AH Emergency ward (Figure 4 and 

Figure 5). Consequently, three wards5 had mean CO2 concentrations that exceed the BS EN 

16798 (BSI, 2017) concentration guideline of 950 ppm, indicating consistently poor indoor air 

quality (Figure 6 and Figure 7). 

 

Wards with ductless air-conditioning installed (see Table 1 and Table 2) generally had higher 

mean and maximum CO2 concentrations, indicating poor ventilation relative to the occupancy 

levels. Naturally ventilated and mechanically ventilated wards without ductless air-

conditioning generally had lower CO2 concentrations indicating better indoor air quality 

(Figure 4, Figure 5, Figure 6, and Figure 7). 

 

Occupancy is a clear driver of CO2 concentration. The large difference between mean and 

maximum CO2 concentration in the TH Maternity waiting room occurred because it was 

densely occupied (estimated 100 adults and 75 neonates in a 379 m3 space) on weekdays only. 

The data were captured on Friday, Saturday, and part of Sunday (Figure 7). Lack of natural 

ventilation increased the CO2 concentration, as although outdoor air could be brought in via a 

glazed push-bar fire exit at one end of the room, this was closed and blocked with chairs 

during the researchers’ visit, and air delivered by the mechanical ventilation was insufficient. 

 

3.2 Understanding ventilation practices 

 

In the TH Paediatrics U6m ward, staff reported closing the windows when the air-

conditioning was switched on to allow for effective cooling. Similarly, windows were 

reported to be often closed during the rainy season in Ghana, as parents claim that their 

children are feeling cold. When the windows were opened at 06:00 in the morning, the CO2 

concentration reduced from ~2000 ppm to ~500 ppm, indicating that there was an adequate 

supply of fresh outdoor air for satisfactory indoor air quality, when windows were open (see 

Paediatrics U6m ward in Figure 7). 

 

The TH Kangaroo ward is where premature babies are placed on their mothers’ chest with 

direct skin-to-skin contact to keep the babies warm because there are not enough incubators in 

 
5 The AH NICU, the AH Emergency ward, and the TH Paediatrics U6m ward. 
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the hospital. Here windows are also frequently closed, even when the mothers’ thermal 

comfort is compromised, to keep the babies warm. Yet, because air was supplied to the ward 

via a central mechanical ventilation system, and the occupants limited in number, satisfactory 

air quality was maintained even without supplementary window opening. 

 

In the AH NICU, the staff close all the windows and doors to keep mosquitoes from entering 

and to ensure the room remains sterile. The air-conditioning is often switched on because the 

incubators emit heat which makes it uncomfortably hot for staff. At night, two staff are 

present in the room with the doors and windows closed. During the day, frequent entry and 

exit through the ward doors increases the ventilation rate, even though windows are likely to 

remain closed, and this day/night cycle is observable in the CO2 profiles (Figure 6). 

 

In the AH Emergency ward, which had high and varying CO2 concentrations, three large 

peaks in CO2 concentration coincide with 09:00, 13:00, and 00:00 over the almost 4-day 

monitoring period (Figure 6). Staff did not offer any reasons for the time-varying peaks, 

hence this warrants further investigation. It was observed that windows were always shut in 

this ward, which has ductless air-conditioning. 

 

Staff reported that there are privacy concerns in the TH Pre-natal ward. The families of 

pregnant women try to look through the louvred windows if they are open, so they are 

generally shut as the frosted glass helps maintain privacy. Here, mechanical ventilation 

supplies outdoor air and CO2 concentrations remained low (Figure 5 and Figure 7). 
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Figure 4: Boxplot of CO2 concentration in AH. Arranged by the smallest to greatest mean concentration. Y-axis 

minimum is 400 ppm. 

 

 
 

Figure 5: Boxplot of CO2 concentration in TH. Arranged by the smallest to greatest mean concentration. Y-axis 

minimum is 400 ppm. 
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Figure 6: CO2 profiles in the wards and outside at AH. Y-axis minimum is 400 ppm. 
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Figure 7: CO2 profiles in the wards and outside at TH. Y-axis minimum is 400 ppm. 
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4 DISCUSSION 

 

The monitoring of CO2 concentration, as a proxy for indoor air quality, in 14 wards in two 

hospitals in Ghana revealed that mechanically ventilated wards generally have the best indoor 

air quality, as do most naturally ventilated wards when the windows are open. Wards with 

ductless air-conditioning, where overcrowding occurs, or where there is inoperable natural 

ventilation, have the poorest indoor air quality. Studies of nosocomial respiratory infections in 

Africa frequently report dense occupancy as a contributing issue, but rarely mention 

ventilation (e.g., Madhi et al., (2004). Overcrowding itself does not necessarily cause poor 

indoor air quality if there is adequate ventilation provision. The two waiting rooms monitored 

were both densely occupied during weekdays, but the TH Maternity waiting room had 

considerably higher CO2 concentrations due to lack of ventilation compared to the AH OPD 

waiting room, which was a semi-outdoor structure with large openings on one side and in the 

roof. 

 

Mechanical ventilation, which supplies outdoor air to wards, was effective at maintaining 

good indoor air quality where windows may be closed for privacy reasons, such as the TH 

Pre-natal ward, or where spaces must be kept sterile, as in the TH NICU and Kangaroo ward. 

However, it was insufficient in the crowded TH Maternity waiting room which also had 

limited options for supplemental natural ventilation. In contrast, mechanical ventilation alone 

was sufficient in the sparsely occupied TH NICU where emission of respiratory CO2 is likely 

to be lower in intensive care wards containing neonates, as staff and visitors are restricted for 

hygiene reasons and the neonates themselves exhale much smaller quantities of CO2 than 

adults. One of the lowest CO2 concentrations was observed in the AH Physiotherapy room 

where natural ventilation openings were large and located on opposite sides of the room, 

allowing for cross-ventilation. This is important in such a room where high levels of physical 

activity take place, which increases the emission of potentially virus-laden aerosols compared 

to wards where patients are confined to beds and are less active (Blocken et al., 2021). At the 

other extreme, the TH Emergency ward was located in an older part of the hospital, with 

small, single-sided window openings (Figure 2a). This ward is almost continually occupied 

hence mean CO2 concentrations were consistently higher here than most other wards, perhaps 

due to the suboptimal natural ventilation provision. 

 

In wards without mechanical ventilation, where windows were closed to provide thermal 

comfort, the CO2 concentrations often exceeded the BS EN 16798 (BSI, 2017) limits. A 

similar trend was found in Chinese hospitals where CO2 concentrations increased in wards 

when windows were closed to keep patients warm (Zhou et al., 2015). When the windows 

were open in the TH Paediatrics U6m ward, the CO2 levels indicated good indoor air quality, 

suggesting that staff should be encouraged to intermittently ventilate the ward whilst using the 

ductless air-conditioner to improve the indoor air quality. In four wards, CO2 concentrations 

also exceeded levels that can impair cognitive function (Allen et al., 2016) which may be 

detrimental to the quality of patient care offered. 

 

Seasonal differences in indoor air quality may occur due to the way natural ventilation and 

air-conditioning are operated in response to the thermal comfort demands of patients and 

staff. Indoor air quality may improve as windows are opened to provide cooling, however, 

increased ductless air-conditioning use may be detrimental to indoor air quality if windows 

are closed. Monitoring will continue for one year to investigate this. It will also be important 

to investigate the impact of inconsistent electricity supply (Codjoe et al., 2020; Tabiri et al., 

2018) on the indoor air quality in hospitals. Whilst no power cuts were reported during the 

short monitoring period reported here, these are likely to occur in the future (Kayaga et al., 
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2020) and indoor air quality may be affected in wards where mechanical ventilation fails to 

operate. 

 

Thermal comfort and hygiene drives ventilation and air-conditioning use in the case study 

hospitals. Cultural and societal practices may also be influential, however, and future research 

should address and ultimately improve practices through education and awareness creation. 

 

Infection risk can be inferred from CO2 concentration (Rudnick & Milton, 2003), however, 

more sophisticated relative exposure models, such as the one proposed by Jones et al., (2021) 

are required to make an assessment of airborne virus transmission risk. Further work is also 

required to explore this. 

 

The attributes of wards identified with good indoor air quality are that they are sufficiently 

ventilated, either via natural or mechanical means, with low occupancy rates. Consequently, 

some recommendations are: 

 

1. Identify and prioritise the most densely crowded spaces and increase the ventilation. 

For example, use semi-outdoor spaces if privacy and thermal comfort requirements 

allow. 

2. In rooms where windows cannot be opened for reasons of thermal comfort, mosquito 

entry, and/or sterility, mechanical ventilation should be installed. Extractor fans could 

be retrofitted to existing hospitals, which would have the benefit of negatively 

pressurising the ward to reduce the risk of aerosols escaping to other wards (WHO, 

2021). 

3. Ductless (recirculating) air-conditioning units should not replace other natural or 

mechanical ventilation systems (WHO, 2021). 

 

5 CONCLUSIONS 

 

To assess the indoor air quality in 14 wards in two hospitals exposed to a tropical climate, a 

CO2 monitoring campaign was initiated during the rainy season in Ghana. This was combined 

with informal discussions with staff about their experiences of the indoor environment and the 

ways they operate the ward ventilation and air-conditioning. Most wards were naturally 

ventilated, but some were also supplemented by mechanical systems. Ductless air-conditioning 

was used in some wards, where staff reported closing windows and using air-conditioning to 

provide comfort and sterility. 

 

The key conclusions are: 

 

1. Indoor air quality was satisfactory in most wards. 

2. Air-conditioned wards suffered from poor indoor air quality due to recirculating air 

without additional outdoor air input. 

3. Semi-outdoor spaces ensured good air quality for densely crowded waiting rooms, 

compared to those without adequate ventilation provision. 

4. Staff concerns about patient thermal comfort and mosquito entry were drivers of 

window opening (and closing) and subsequent ventilation provision. Windows were 

much more likely to be closed in air-conditioned wards. 

 

Future research will analyse CO2 data over a longer time period in Ghana, including during the 

dry season. This will allow for deeper understanding of the factors causing variation in indoor 

air quality and result in more nuanced policy recommendations. 
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ABSTRACT 

Topic. Ventilation of buildings is a good way of preventing transmission of some virus in 

aerosolized form as the SARS-CoV-2. In many buildings, prevention strategies as window 

opening and sealing door have to be considered with a multizone approach. Approach. We 

modelled a residence equipped with a exhaust-only ventilation system where a family is isolating 

in a pandemic context, with one infected person. We modelled and analysed the impact of opening 

the window and sealing the door in the quarantine room on exposures. We tested several window- 

and door-opening strategies. Results. We illustrate the importance of moving from a single zone 

approach to a multizone approach for quantifying ventilation and airing impacts in multizone 

buildings as residences in order to prevent epidemics of viruses like SARS-CoV-2.  

KEYWORDS 

indoor air quality, aerosolized virus, airflow distribution, residences, window opening 

1 INTRODUCTION 

If aerosol transmission of SARS-CoV-2 was underestimated at the beginning of the 

pandemic, this way of transmission has been recognized by WHO (WHO, 2020) and the 

American and European centres for disease prevention and control CDC (CDC, 2020; 

ECDC, 2020), and several countries implemented airing in the list of barrier gestures or 

actions on building ventilation systems, or in national protocols, in order to prevent the 

Covid-19 transmission (ECDC, 2020; HCSP, 2020; SAGE-EMG, 2020; Task force 

ventilation Belgium, 2021).  

If several authors have identified poor ventilation as a particular factor favouring 

transmission of the SARS-CoV-2 (Correia et al., 2020; Dai and Zhao, 2020; Jones et al., 

2020), there is still a need to push work forward from theory to prevention practices, 

particularly regarding which ventilation conditions have a strong impact on the 

environmental contexts that favour (or hamper) the survival and transport of infectious 

aerosols (Fernstrom and Goldblatt, 2013).   

Technical guidelines for building ventilation were provided by two international 

associations : the Federation of European of Heating, Ventilation, and Air-conditioning 

Associations (REHVA), and the American Society of Heating, Refrigeration, and Air- 
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Conditioning Engineers (ASHRAE) (ASHRAE, 2020; Guo et al., 2021; REHVA, 2021).  

In contrast to REHVA, ASHRAE does not recommend maximum airing but rather the 

minimum necessary, they warn of the risk of creating thermal discomfort which would 

reduce the resistance of individuals to infection.  

With the exception of one measure proposed by the REHVA: avoid opening windows in 

toilets), published literature and technical guidelines on ventilation rarely take into 

account the risk of contamination within zones of the same building. However, a few rarer 

published examples also demonstrate the possibility of transmission of the virus between 

different rooms in a building in New Zealand (Eichler et al., n.d.) and in Seoul (Hwang 

et al., 2021). 

We observe that ventilation is mainly considered from a single-zone point of view, and 

not from a multizone point-of-view. Therefore, it is considered that the higher the air 

change rate (through ventilation and/or airing), the lower the risk of infection. However, 

from a multizone perspective, we should ensure that the higher the air change rate in one 

zone, the lower the risk of infection in that zone, but also in all connected zones, which 

is not obvious.  

2 METHODS 

1. Case study presentation 

We study a multi-family building with houses rental accommodation, spread over 8 

floors. We study particularly one of the flats, named the "reference apartment" (or app. 

R). It is a 3-BR flat on the fifth floor. Its neighbourhood consists of four other flats 

arranged as in Figure 1: two identical flats below (app. D) and above (app. U), as well as 

two flats on the same floor, a 3BR flat to the south (app. S), and a 3BR flat to the east 

(app. E). We assume that two inhabitants live in the master bedroom (BR2 in the flat) and 

one inhabitant in each other bedroom. All occupants are isolating in their homes in a 

pandemic context such as the first wave of Covid-19 in 2020.  

 
Figure 1. Plan of the studied building 

In App. R, one of the occupants is infected and is quarantined in his bedroom, BR1. He 

stays in this room all day long, except for 40 minutes in the bathroom (Bath1) in the 

evening.  

Quarantine room 
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For the time spent in the various rooms by the other occupants, we use detailed data from 

the IAQ French national campaign (Zeghnoun et al., 2010). According to these data, each 

day people spend on average around 2 h 40 min in the kitchen, 2 h 50 min in the living 

room, and 40 min in bathrooms. In the particular context of lockdown, we suppose that 

the rest of the time is spent in the bedrooms, with people either working, studying or 

sleeping. 

2. Modelling 

We investigate airflows and particle concentrations using numerical modelling with 

CONTAM software (Emmerich and Dols, 2016; Lorenzetti et al., 2013; Walton and 

Emmerich, 1994). Each room in the house is modelled as one air zone (making a total of 

11 zones). The air mass balance equation is considered for each zone. Once the airflow 

rates are known, the concentrations of pollutants are obtained by calculating a) the 

pollutant transport due to airflows, and b) the mass balance for each zone.  

We use typical dynamic meteorological data for two winter weeks in Paris, France, on a 

10-minute time step (ASHRAE IWEC Weather file, 2001), from 00:00 am on January 1st 

until 00:00 am on January 16th. 

For the airleakage distribution, we use for external walls, data from on-site measurements. 

For leakage between the walls separating the different flats, our data are calculated from 

the proportions of q50 proposed by (Lozinsky and Touchie, 2021) and the value of the 

overall measured air leakage of the building.  Thus, the values of the model are as follows: 

q50=0,504 

m3.h-1.m-2 for ceilings and floors; q50 = 0,07 m3.h-1.m-2 for vertical walls between two 

neighbouring flats; and q50 = 4,01 m3.h-1.m-2 for walls facing the common corridor of the 

building. It should be noted that these values are quite low, so our study tends to minimise 

virus circulation through permeability defects between dwellings. 

We model an exhaust-only ventilation system, which provides extract units in wet rooms 

and trickle vent to allow fresh air into living and bedrooms. The values of the exhaust 

airflows in wet rooms in the model are those provided by the French regulation (J.O., 

1983), given in Table 1.  
Table 1. Extracted airflows by the ventilation system 

Case study Zone Q (m3.h-1) 

Qpeak (m3.h-1) - 

12:00–13:00 

19:00–20:00 

App R (3BR)  

App D (3BR) 

App U (3BR) 

Kitchen 45 120 

WC 30  

Bathroom 1 &2 30  

App E (2BR)  

App S (2BR) 

Kitchen 45 105 

WC 15  

Bathroom 30  

 

Airflows through the open windows are modelled using a two-way flow model, with a 

neutral height (air can enter and exit at the same time), and a discharge coefficient of 0.78 

as proposed by Weber and Kearney (1980) (Weber and Kearney, 1980), for an opening 

measuring 1.2 m x 1.35 m.  

The aerosolized virus is considered as a pollutant, in precisely the same way as 

contaminated particles transferred through the air. As (“REHVA_COVID-

19_Ventilation_Calculator_user_guide.pdf,” n.d.), we assume that the infected occupant 

is at rest throughout the modelling, emitting contaminated particles at a constant rate, 

which corresponds to the 90ème percentile of Buonnano (Buonanno et al., 2020) : 3,1 

quanta.h-1. We take into account a decay rate of the virus of : λ=0,32 h-1 (Miller et al., 
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2020) (“REHVA_COVID-19_Ventilation_Calculator_user_guide.pdf,” n.d.), a deposition 

rate of 0,3 h-1 (“REHVA_COVID-19_Ventilation_Calculator_user_guide.pdf,” n.d.), and a 

penetration factor of 1 (Liu and Nazaroff, 2003), (Chen and Zhao, 2011). 

3. Reference case and studied scenarios  

In the reference case all the internal doors and all the windows of the house are closed. 

We will also follow the recommendation of the French high council for public health 

(HCSP) (HCSP, 2020) of opening the window and seal the door of the quarantine room, 

in all our scenarios, with windows being opened three times a day for fifteen minutes at 

the following times: at 8:00 am, at 12:00 pm and at 6:00 pm. The neighbouring flats all 

have, in all scenarios, all doors and windows closed. 

To study the sensitivity of our results, we studied six mitigation scenarios, Table 2. 
Table 2. Definition of the studied mitigation scenarios based on different window- and internal door-

opening scenarios and assessment strategies. 

 Quarantine 

room window 

Quarantine 

room door 

Other 

internal 

doors 

3 other 

windows -

same facade 

3 other 

windows -

opposite 

facade 

Reference case Closed Sealed Closed Closed Closed 

Scenario 1-HCSP Open Sealed Closed Closed Closed 

Scenario 2- low 

diluting strategy 

Open Open Closed Closed Closed 

Scenario 3- high 

diluting strategy 

Open Open Open Closed Closed 

Scenario 4-

balanced strategy 

Open Sealed Closed Open Closed 

Scenario 5-

balanced strategy 

Open Sealed Closed Closed Open 

Scenario 6- entering 

airflow limiting 

strategy 

Half-open Sealed Closed Closed Closed 

4. Relative exposure as a performance indicator 

As a very common indicator by (Brinke et al., 1998; BSR/ASHRAE, 2016; Laverge et 

al., 2013; Morawska et al., 2017; Weschler, 2009) and as proposed by (Jones et al., 2020), 

in this study, we examine the cumulative exposure to the contaminated particles for each 

occupant. We compare it to the reference case exposure, in order to assess the relative 

performances of different strategies.  

This cumulative exposure is calculated considering the occupancy schedules over the 2-

week simulated period (360 h). The use of the Wells Riley equation to calculate the 

probability of infection has also been investigated in (Guyot et al., 2022).  

5. Results and discussion 

The results include the occupants’ exposure for different strategies of windows and doors 

opening, presented in comparison to the reference case. The relative exposures of the 

seven most exposed occupants of the multi-family building (in the reference flat and in 

the adjacent flats) compared to the reference case are given in Figure 2. As this type of 

ventilation system extracts airflows from high-moisture rooms, it creates a pressure 

difference with respect to the living room and bedrooms, where fresh air enters through 
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grills placed in the wall or on the windows, thanks to the pressure differences created, 

plus the wind and stack effects. With this kind of ventilation system, there are higher 

pressure differences between rooms (than with balanced ones), which causes air to flow 

from room to room. In this case, we observe that opening the window in the quarantine 

room always results in increased exposure for at least one other occupant, including in 

neighbours’ dwellings. Some scenarios even cause extremely high relative increases.  

 
Figure 2. Relative exposures for the 6 studied mitigation scenarios 

 

3 CONCLUSION AND PERSPECTIVES 

In a virus pandemic context, ventilation of buildings has also been characterised as a 

risk in some cases (for instance, air recirculation), but overall offers a solution that could 

curb or even prevent aerosol transmission of a virus.  

We observed that with the door of the quarantine room sealed (sc.1,4,5&6), opening 

the window in the quarantine room always results in increased exposure for at least one 

other occupant, including in neighbors’ apartments, sometimes with extremely high 

relative increases. For the scenarios with dilution strategies (all internal doors opened (sc. 

2&3)), they show moderate impacts, with rather an increase of exposure of the occupants 

of the same apartments, and a decrease for the occupants located in other apartments.  

It shows that with this case study, more the opening of the window, the sealing of the 

door has a strong negative impact on the occupants' exposure.  

In the light of these results, we illustrate the importance of moving from such a single 

zone approach to a multizone approach for quantifying ventilation and airing impacts in 

multizone buildings as residences in order to prevent epidemics of viruses like SARS-

CoV-2.  

More results could be found, with the study of two other ventilation systems, and the 

estimation of the probability of infection, in (Guyot et al., 2022). 
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FOREWORD 
 
The content presented comes from the VIP (Ventilation Information Paper) “Durability of building airtightness” 
that will soon be published on the Airbase, the AIVC bibliographic database. 
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1 REVIEW OF ON-SITE STUDIES TESTING BUILDINGS AIRTIGHTNESS 

DURABILITY 

 
A literature review of 14 field measurements studies from 8 countries is presented, with various 
numbers and type of buildings which had their air permeability measured both after completion 
and years later. One can draw the following conclusions from the results: 

- Airtightness is not robust: Significant changes in air permeability with time are 
observed for at least part of the tested houses in all studies except one. 

- Airtightness tends to deteriorate after completion: The mean change in air 
permeability is positive for all studies. The average of all mean changes weighted by 
the sample size gives an increase of 24%.  

- Changes in airtightness are very variable: For each study results differ considerably 
between the tested houses, with almost always at least one presenting an improved 
airtightness (by up to 40%) and almost always at least one presenting a very deteriorated 
airtightness (by up to 580%). 

- Changes in airtightness occur quickly after construction: the mean change in 
measured air permeability does not seem to clearly increase with the building age, which 
would mean that changes occur mostly within the first (1 or 2) year(s) of the building 
use.  

- Changes in airtightness in percentage does not seem to be correlated to the initial 

air permeability level. This however means that changes in absolute terms are bigger 
for initially more permeable buildings.  

- Changes in airtightness does not seem to strongly depend on the main construction 

material: both wooden and concrete constructions were sometimes found to have a 
durable airtightness and other times a strongly deteriorated airtightness.  

 
2 KEY FACTORS FOR AIRTIGHTNESS CHANGE OVER TIME 

 
Based on the results of field studies regarding the evolution of the air permeability in real 
buildings, it seems that the air permeability, when it increases, increases in the first years and 
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then stabilises. Different factors have been identified in the literature to explain the increase of 
air permeability, sometimes contradicting each other: 

- Building’s natural “movements” with in particular the first house heating that may 
induce the shrinkage of mastics and/or structural timber (Wingfield et al., 2008); 
shrinkage of mastic when a backer rod is not used (Feist et al., 2016; Wingfield et al., 
2008); and structure movements and packing may induce cracking in the junctions 
between the air barrier and penetrations (Chan et al., 2015). 

- External interventions: Drilling hole into the envelope deteriorating the air barrier 
system (ADEME, 2016) (Novák, 2018); installation of cables or ductwork after the 
completion of the building (Verbeke and Audenaert, 2020). 

- Specific building materials and construction types:  
o Uncertain impact of the number of storeys: In (Moujalled et al., 2021) 2-storey 

houses seem to deteriorate more than 1-storey ones, but this probably not a 
predominant factor as according to (Philips et al., 2011) houses generally 
became leakier than the flats 

o Air barrier made by plasterboard seems to deteriorate more in average than air 
barrier made with membrane (Proskiw, 1998) (Johnston and Lowe, 2006) 
(ADEME, 2016) 

o Air barrier made with membrane can however also potentially strongly 
deteriorate: timber frame dwellings showed the largest change in airtightness 
compared to plastered masonry in (Philips et al., 2011). Especially in case of 
exposed wood frame roofs; which seems to deteriorate more than other roofs 
according to (Moujalled et al., 2021).  

- Poor workmanship 
- Unsuitable implementation conditions for adhesives and mastic such as cold and/or 

dusty conditions (Antonsson, 2015). 
It is interesting to notice that, in many studies, the airtightness of some of the tested dwellings 
had improved. Apart from measurement uncertainty, it could be due to the settlement (Philips 
et al., 2011); the user reducing the air inlets to decrease the heating load (Ramos et al., 2013); 
or wood expansion with humidity (Moujalled et al., 2021). 
 

 

3 RECOMMENDATIONS FOR FUTURE FIELD STUDIES 

 
Unfortunately, very few studies have tried to isolate one specific factor to investigate its 
impact on durability. In order to go beyond these factors, field studies shall include in the 
future the following: 

- Ideally, repeated measurements year after year (and even every few months for the 
first 2-3 years) on large sample sizes 

- Questionnaires to occupants to identify drillings made in the air barrier after the first 
test and check with leakage detection consequences of drilling and to check if air 
inlets have been reduced (for heating load reduction purpose as observed by Ramos et 
al. (Ramos et al., 2013)). 

- Information about construction details, products used for the air barrier (compatibility 
of products, whether or not backer rod is used under mastics), the period when the air-
barrier was laid out (during the heating period or not), and whether the air-barrier has 
been heated prior to the first test. 

Moreover, the following recommendations would help to reduce test result variability due to 
the testing procedure: 

- The same standardized procedure should be followed for each test (for example ISO 
9972), including for the calibration of measurement devices. 
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- A qualified tester shall perform tests; if possible the same for all tests. 
- The measurement and data analysis methodology should be documented in details so 

that repeated measurements can be performed as closely as prior tests, including a 
precise description of the building preparation (locked/unlocked external doors, etc).  

- Measurements shall be performed in low wind conditions. 
- Airtightness level shall rather be compared at 50 Pa than 4 or 10 Pa. 
- The average of pressurisation and depressurisation shall be used for comparison. 
- For wood houses, tests shall be performed in the same season. 
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ABSTRACT 
 

This study sets out to investigate to what extent the air permeability of a building envelope of a dwelling remains 

constant over longer periods of time. This was evaluated by executing an air pressurisation test in 30 dwellings 

located in Belgium and comparing these results to the initial measurement results obtained shortly after the 

construction of the buildings. The time span between both measurements ranges from 293 days to 4045 days. On 

average, the air infiltration rate of the building envelope increased with 24%, i.e. an increase of 64 m³/h at a 50 Pa 

pressure difference. In 9 of the 30 case study buildings, the building envelope appeared more airtight compared to 

the initial measurements. Most of the buildings in this study have been conceived as relatively airtight, with an 

initial air infiltration rate n50 of 1.2 h-1. As a result, the projected impact of the change in air tightness on the 

annual heating energy demand is relatively limited, with an estimated average increase of 4.1%. 
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1 INTRODUCTION 

Over the last decade, the construction industry has been under pressure to improve the 

energy performance of buildings, in Europe most notably through the national implementation 

of the European Energy Performance of Buildings Directive (EPBD). Building designers can 

use a number of design strategies for enhancing the energy performance of buildings. Apart 

from conventional energy efficiency measures such as thermal insulation and more efficient 

technical installations, improving the air tightness of the building envelope can have an 

important contribution to the overall building performance. The energy performance of a 

building can increase up to 5-10% due to an improved airtightness of the building envelope, 

and even more in low-energy dwellings (Miszczuk, 2017). In the EPBD regulations of the 

region of Flanders in Belgium, a default value for v50 of 12 m³/h.m² is assumed in the calculation 

of the energy performance score of a building. This value can be replaced by measured data 

retrieved from a fan pressurisation test since this default value is quite high for the average 

newly constructed Flemish buildings. Typically, newly constructed buildings achieve a value 

between 6 and 12 m³/h.m², but can even be reduced to 2-6 m³/h.m² with a well-thought-out 

design and a meticulous execution. Obtaining a value of less than 2 m³/h.m² requires thorough 

expertise in the field of airtightness. It remains to be evaluated whether the reported airtightness 

after the initial measurement – typically shortly after the initial construction of a dwelling - 
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remains stable over time. Prior studies reported in literature have indicated that significant 

changes in air permeability might effectively be expected (Bassam et al.; 2018; Bracke et al; 

2016; Ademe, 2016; Philips et al, 2011). There are indications that the airtightness decreases in 

the short-term and then stabilises (Leprince et al., 2017). The main reasons for short-term 

degradation may be the shrink of mastics when heating for the first time, mastics shrinkage 

when the joints are not filled, settlement of the dwelling and unsuitable conditions for adhesives 

and mastics (cold/dusty) as well as a greater chance of actions by occupants e.g. drillings. 

Furthermore, W . Feist et al. found out that most of the products used to ensure airtightness 

appear to degrade only to a very limited extent in the long-term (Feist et al., 2016). However, 

windows and door seals will degrade more likely hence a replacement is generally 

recommended after a maximum period of 25 years. The reason could be the ageing of the seals, 

the sagging and deforming of the frames or a combination of these two. Finally, previous 

research shows that occupants’ behaviour, i.e. actions undertaken by the occupants that affect 

the airtight barrier of a dwelling, is an important reason for the variation of the reported changes 

in air permeability (Lux, 1987). Most studies, reported in literature, found a general degradation 

of the airtightness of dwellings in the short-term and mid-term but no exact correlation was 

found. Therefore, in this research, follow-up airtightness tests were carried out in order to 

investigate the evolution of 30 dwellings. In addition, it was attempted to locate the source of 

the main air leaks and compare these results to other sources.  

 

2 METHOD 

 

Fan pressurisation tests were carried out in 30 different dwellings located in the region of 

Flanders (Belgium). In accordance to European Standards NBN EN ISO 9972:2015 and 

Belgian technical specification STS P71-3, the discharge or suction flow is measured when 

applying a pressure difference of 50 Pascal. This value is interpolated by a range of values 

between 10 and 60 Pascal. For this research, the Minneapolis Blower Door with a DG-700 

pressure monitor was used for the second measurement of the dwelling for a comparison with 

the original evaluation. The original fan pressurization test was reproduced as accurately as 

possible by measuring the corresponding door or window. Methods to find locations of air 

leaks, i.e. using a thermographic camera FLIR T640 and smoking pen, were used in 

combination with the Blower Door Test to map the different air leaks. Furthermore, a 

questionnaire was used to ask about some of the characteristics of the dwellings and whether 

any changes had been made to the dwelling after the original measurement. 

 

3 RESULTS ON OVERALL EVOLUTION OF AIR PERMEABILITY 

 

Table 1 provides an overview of the statistics of the initial measurements in the 30 test cases. 

A mean specific infiltration rate v50 of 1.75 m³/h/m² indicates that the buildings under 

investigation are relatively airtight compared to current building practices, and especially if 

compared to the air infiltration of the current building stock at large. The default value in the 

Flemish EPBD calculation procedures is 12 m³/h/m², whereas for the newly constructed 

buildings that actually measured air infiltration rates as part of the energy performance 

certification process, an average value of 3.2 m³/h/m² is reported by the Flemish Energy and 

Climate Agency (building permit requests of 2019). 12 out of the 30 case study buildings would 

comply to the requirements of Passive House Institute demanding a maximum air infiltration 

rate value of 0.6 ACH50. 
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Table 1: Statistics on 30 case study buildings 

Time between 

tests [days] 

Envelope area 

[m²] 
Volume [m³] qE50 [m³/h.m²] n50 [m³/h.m³] 

Min: 293 

Max: 4045 

Mean: 1923 

Min: 212 

Max: 1028 

Mean: 518 

Min: 294 

Max: 1534 

Mean: 768 

Min: 0.27 

Max: 6.65 

Mean: 1.75 

Min: 0.21 

Max: 3.64 

Mean: 1.15 

 

The difference in absolute air infiltration [m³/h] at a 50 Pa pressure difference between the first 

and second test is plotted in Figure 1. It is apparent that the air infiltration for this set of 

buildings is not a stable value over time. The average change in air flow rate q50  is a 64 m³/h 

increase, with a mean of 55.7m³/h and a standard deviation of 253. The relative permeability 

qE50 increases on average with 0.13 m³/m²·h with a mean of 0.14 m³/m²·h and standard deviation 

of 0.50. 

 

 

Figure 1: Measured air permeability [q50] in first test shortly after construction and renewed test 

 

The average increase of 24% air infiltration rate at 50 Pa is comparable to the results of Bracke 

et al. who reported a median increase of 25% in the evaluation of 15 passive houses in Belgium 

(Bracke et al. 2016), and the results of the Fraunhofer Institute for Building Physics which also 

report an average increase of 24% in their evaluation of 52 passive houses (Reiß and Erhorn, 

2003; Erhorn et al, 2008). In the field studies of the French Durabilitair project, Moujalled et 

al. report a change in air leakage rate q50 of +18%  for a sample 30 newly constructed dwellings 

followed over a 3-year period, respectively 20% for a sample of 31 dwellings that was measured 

again with an interval of 3 to 10 years compared to the initial assessment. These reported 

changes in air permeability are clearly higher than the estimated measurement uncertainty of 

10% (Moujalled et al, 2021). 
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Interestingly, 9 out of the 30 cases show a reduction of air permeability over time. A similar 

observation was made in a previous measurement campaign where 4 out of 41 cases showed an 

reduction in air infiltration compared to the original measurement (Verbeke, 2020). A potential 

explanation for this improvement of the envelope could be the timing of the initial test. If this 

test was carried out prior to the completion of some interior finishing, this test might have 

reported an underestimation of the actual air tightness. Further research is required to 

investigate the actual cause. 

 

Figure 2 and Figure 3 plot the absolute and relative changes in air permeability against the time 

interval between the two measurements. The results indicate a wide spread and no apparent 

direct relation between the timing between two measurements and the change in envelope air 

permeability for the case study dwellings.  

 

 

 

Figure 2: Absolute evolution of envelope air permeability [Δq50] in relation to the time interval [days] between 

initial airtightness evaluation and renewed test. 

 

 

Figure 3: Relative evolution of envelope air permeability [Δq50] in relation to the time interval [days] between 

initial airtightness evaluation and renewed test. 
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4 LOCALISATION OF AIR LEAKS 

 

It was attempted to locate the main sources of air infiltration. This was done using the 

classification system of the STS P 71-3 guideline. The highest percentages of air leaks appear 

to occur at exterior joinery and penetration of the building envelope. Namely, almost 79% of 

the tested dwellings have air leaks at external doors and 83% of the dwellings at windows. 14% 

of the tested dwellings had air leaks around skylights. Additionally, 17% of the measured 

dwellings have air leaks when a wall or a floor slab is punctured and 24% where the vapour 

barrier is punctured. 

To compare these results with the French study DURABILIT’AIR, with an extensive dataset 

of 35 382 single-family dwellings, the detected air leaks were categorised using the same 

criteria (Bailly, Guyot and Leprince, 2015). Figure 4 compares the relative occurrence of air 

leaks in dwellings in this study and the DURABILIT’AIR dataset. In the latter, a proportion of 

30% of the leaks was found around windows and doors and 24% around electrical components. 

All building components penetrating the envelope, i.e. ventilation terminal devices, pipes and 

ducts are also an important source of air leaks since 18% of all air leaks are observed at these 

locations. The significant differences between the two datasets require further investigation, 

amongst others by expanding the datasets. Possible explanations include differences in local 

building traditions and differences in the practical application of the assessment protocols for 

locating the air leaks. 

 

 

Figure 4: Relative occurrence of air leaks (in percentage of reported air leakage locations). (a) Left part of the 

figure displays the 30 Belgian dwellings, (b) right part of the figure displays the Durabilitair results. 

 

5 IMPACT ON HEATING ENERGY CONSUMPTION 

 

The changes in air permeability of the building envelope will have an impact on the energy 

demand for heating. The actual change in energy consumption depends on several uncertain 

factors, including the actual outdoor temperature and solar gains, occupant behaviour patterns, 

etc. Hence, the annual difference in energy loss is not exactly know, but instead estimated based 

on the calculation method of the Flemish EPBD regulations. This analysis is carried out for six 

buildings where sufficient data could be obtained. The results reported in Table 2 indicate that 

all six dwellings have a reasonably low initial air permeability (qE50< 0.5 m³/h.m²) and show 

some variation in respect to their evolutions in airtightness. The largest absolute increase is 

found in dwelling 3 where the change will cause an increase in characteristic annual primary 

energy consumption (CAPEC)  of 417 MJ. However, the yearly additional cost of the increased 
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heating demand due to the change in airtightness is only 40.19 €, assuming an electric heater 

with average energy cost of 0.347 €/ kWh; and even lower in case of more efficient heating 

installations such as condensing gas boilers or heat pumps. 

 

Table 2: Heating energy consumption estimated according to initial air tightness and  

Dwelling n° 1 2 3 4 5 6 

qE50-initial 0.36 0.38 0.47 0.29 0.24 0.28 

qE50-retested 0.41 0.33 0.7 0.64 0.35 0.44 

CAPECinitial [MJ] 18758 -3971 8338 -2347 28776 4650 

CAPECretested [MJ] 18854 -4006 8755 -2045 29022 4940 

∆CAPEC absolute 96 -35 417 302 246 290 

∆CAPEC relative 0.51% -0.88% 5.00% 12.87% 0.85% 6.24% 

 

 

 

6 CONCLUSIONS 

 

By carrying out an air pressurisation test a few years after initial construction and comparison 

with initial measurements, the evolution of the air permeability of 30 Belgian dwellings was 

assessed. The results demonstrate that the air permeability is indeed subject to change, but no 

clear relation with the time span between two measurements could be established. On average, 

the air permeability of the building envelope increased with 24%, but for 9 out of 30 buildings 

a reduction of air permeability was found.  With construction years ranging from 2011 to 2020, 

all of the buildings are fairly recent and they adhere to the local energy performance regulations. 

Furthermore, their initial air permeability was rather low. Although the relative changes in air 

permeability can be high – up to 143% for one specific dwelling – the absolute changes in air 

permeability are relatively limited, with a maximum increase of the specific air permeability of 

1.57 m³/h.m² and an average change of + 0.13 m³/h.m².  As a result, the projected impact of the 

change in air tightness on the annual heating energy demand is relatively limited, with an 

estimated average increase of 4.1% for 6 of the analysed dwellings. 
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FOREWORD 
 

This work is part of two French research projects “Durabilit'air1” (2016-2019) and “Durabilit'air2” (2021-2024), 

that aim at improving our knowledge on the variation of buildings envelope airtightness through onsite 

measurement and accelerated ageing in laboratory-controlled conditions.   

The content presented in this paper is based on two publications in past AIVC conferences (Moujalled et al., 2019, 

2018) and a research paper (Moujalled et al., 2021) about the mid-term and long-term changes in building 

airtightness through on-site measurements in low-energy houses. 
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1 FINDINGS FROM DURABILIT’AIR1 PROJECT 

 

During the first project “Durabilit’air 1”, we have conducted two filed measurement campaigns 

on two samples of new low-energy houses: a mid-term sample (MT) composed of 30 new 

houses and a long-term (LT) sample composed of 31 houses built during the last 10 years. The 

main objectives were to quantify and qualify changes in building airtightness on different time 

scales, and to identify factors that may explain the variations observed. 

A special measurement protocol, based on ISO 9972 (airtightness measurement) but with some 

additional requirements, was defined after a detailed literature review. It also includes a detailed 

qualitative leakage detection and questionnaire for occupants. For the MT campaign, the 30 

houses of the MT sample were measured once per year over a 3-year period. Besides, five 

buildings of this sample were measured twice per year in order to investigate the impact of 

seasonal variations. For the LT campaign, the 31 houses of the LT sample were measured once. 

For the MT campaign, it was observed that air permeability increases slightly during the first 

year (a mean increase of 18%), and then stabilizes during the second and third years. We did 

not observe any significant seasonal variation. For the long-term campaign, air permeability 

showed a similar increase to that of the mid-term campaign after 3–10 years (a mean increase 

of 20%). However, we have observed that building airtightness deteriorated significantly in 

some houses while in others it stabilised or even improved. One reason would be the 

environmental conditions (hygrothermal, dustiness) during the installation of the airtightness 

barrier during the construction phase, which the literature review identified as a factor that could 

impact the durability of the airtightness.  
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In addition, the results showed an overall increase in the number of leakages detected for all 

houses, but this increase was not always correlated with the change in air permeability 

measurements. Results pointed to three factors that could explain the deterioration of 

airtightness: the number of levels, the type of roof and the type of building material and air-

barrier. 

 

 

2 EXPERIMENTAL PROTOCOL DEFINED FOR DURABILIT’AIR2 PROJECT 

(ON GOING PROJET) 

 

The first study showed that the evolution of the mid and long-term changes in air permeability 

of low-energy houses occurs mainly in the first few years after construction is completed. 

However, the reasons for the deterioration of airtightness during the first years are still poorly 

understood. 

As part of the ongoing project “Durabilit’air 2”, we will conduct a new onsite measurement 

campaign on a small sample of houses (12 houses). Each house will be thoroughly monitored 

during the construction phase (checking implementation of materials including the creation of 

the air barrier, hygrothermal and dustiness measurements…) to one year after the building is 

completed with airtightness measurements. The main objectives are to better understand the 

evolution of the airtightness of the building and to identify the possible factors of its 

deterioration during the first few years of the building. 

We will set up a new experimental protocol adapted to the needs of this study integrating the 

two phases of construction and operation of buildings. 

During the construction phase, the protocol should allow the collect of the information about 

implementation of materials including the air barrier and the conditions of its implementation. 

Six visits are planned at key stages of house construction (Table 1) depending on the 

interventions of the different craftsmen. 

 

Table 1: Visits at key stages of house construction 
Visit number Key stages of house construction 

1 Completion of the structural works 

2 Installation of the joinery 

3 1st work of electricians, heating engineers, plumbers… 

4 Work of drywall installer (installation of plasterboard) 

5 2nd work of electricians, heating engineers, plumbers… 

6 Completion of the finishing work 

 

The references of the products used will be collected and the installation conditions will be 

documented. In addition, we will monitor the air temperature and relative humidity on site and 

characterize the condition of the wall surfaces receiving the sealants (dust). The method of dust 

characterization is currently being developed. 

During the operation phase, after the commissioning measurement of the air permeability of 

the building upon completion (reference measurement), the air permeability will be measured 

six times every two months: at 1, 3, 5, 7, 9, 12 months of the building reception. During each 

test, a detailed qualitative leakage detection will be done in order to track changes in leakage 

distribution over the duration of the measurement campaigns. In addition, questionnaires will 

be used to know in detail the modifications made by occupants on the building envelope. 
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1 KEY POINTS FOR LABORATORY AIRTIGHTNESS DURABILITY 

ASSESSMENT 

 

A literature review of 13 laboratory studies from 8 countries is presented, with the performance 

of sealing products and/or assemblies tested before and after artificial ageing. The results differ 

from one study to another. One of the reasons may be that the protocol is not standardised. 

Nevertheless, the following general conclusions can be drawn (Langmans et al., 2015; Michaux 

et al., 2014; Ylmén et al., 2014) : 

- The airtightness durability depends on many factors and further research are 

needed to better define each impact: product selection (Antonsson, 2015); 

compatibility problems between products (Ylmén et al., 2014); implementation 

conditions including both the workmanship and the environmental conditions; type of 

loads 

- Importance of testing the durability of wall assemblies rather than products alone: 

mechanical resistance tests (peel, shear, …) of specific products are often used to 

evaluate the ageing impact on adhesive tapes (Fufa et al., 2018; Jucienė and Dobilaitė, 

2021) but they seem to not be relevant to evaluate the airtightness durability of wall 

assemblies (Ylmén et al., 2014). Especially with implementation conditions for 

standardised mechanical resistance tests that could be too far from on-site conditions 

(Møller and Rasmussen, 2020). 

- All load types should be included in the protocol: the impact of the various constraints 

(extreme temperature, humidity or pressure) is different depending on the air barrier 

type with plasters sensitive to humidity and temperature (cracks appeared when the 

plaster was too thin) and membranes sensitive to pressure variation (due to staples) 

(Michaux et al., 2014). 

- Necessity to test simultaneous loads: this would be more representative of reality, and 

is necessary since for example the required temperature to induce significant wall 

airtightness deteriorations is lower when a pressure load is applied simultaneously 

(Litvak et al., 2019) 
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- A general standardised procedure to test the airtightness durability of wall 

assemblies through artificial ageing is missing (Ylmén et al., 2014): the only existing 

standard on the durability of airtightness components in building is focusing on adhesive 

tapes with the ageing impact evaluated through peeling tests (DIN 4108-11) (Stefan 

Hückstädt, 2019) 

- The ageing strategy has to be consistent with real solicitation of products: the 

strategy may differ for an exterior, indoor or embedded air barrier (Fufa et al., 2018). 

 

2 LOADS ON THE AIR BARRIER AND EQUIVALENT ARTIFICIAL AGEING 

 

Various load types are applied on the air barrier to test its durability through artificial ageing 

in laboratory, simulating more or less properly the natural ageing: 

- Pressure load (mechanical ageing): rather easy to simulate. 

- Thermal & humidity loads (physical ageing): difficult to estimate a correspondence 

between the artificial and natural ageing. 

- Outdoor weathering loads (irradiation and wetting): different if the sealing product is 

intended for internal or external use. 

 

3 RECOMMENDATIONS FOR FUTURE FIELD STUDIES 

 

Recommendations were given in some studies to improve their test protocol and can be useful 

for anyone willing to perform further experimental studies in laboratory on this airtightness 

durability issue: 

- Wait at least 24 hours after the tightening of wall before the first tests: this should 

avoid a release of tension in the joint during the ageing that could interfere with the 

durability evaluation (Møller and Rasmussen, 2020) 

- Use inert materials as sample holders: to avoid wood expansion affecting the air 

permeability. If not possible, at least an initial measurement should be performed 

under saturated humidity conditions (Litvak et al., 2019) 

- Limit the duration of outdoor climate exposure tests for tapes intended for 

indoor application: for durability tests simulating the potential maximum outdoor 

climate exposure during the construction period, the laboratory exposure time can be 

decreased from 2 weeks to 3 days for vapor barrier tapes (indoor application). In 

practice they should indeed not be exposed to solar radiation and moisture during the 

construction but still possibly during the transportation, storage or installation (Fufa et 

al., 2018) 

- Intensify the wind exposure test: Increase the duration to at least 1000h, with higher 

pressure to represent more stressing conditions than urban areas (Litvak et al., 2019) 

- Perform more airtightness durability tests on various surfaces (like wood) to 

confirm the significant airtightness deterioration (Møller and Rasmussen, 2020) 

- For standardized mechanical resistance tests: limit the number of substrates to one 

hard substrate (as they all gave similar results) and the intended flexible 

membrane (vapor barrier or wind barrier) (Fufa et al., 2018) 

- To perform not only mechanical tests but also evaluate the chemical properties, with 

the use for example of Fourier transform infrared spectroscopy (FTIR) or scanning 

electron microscope (SEM). (Fufa et al., 2018) 
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1 WORKMANSHIP – HUMAN IMPACT 

 
 Workmanship quality and reproducibility 

In Netherlands Colijn et al. (Colijn et al., 2017) have shown the influence of workmanship 
quality on the airtightness of dwellings. They noted differences in performance among 
building crews for 44 similar detached houses. The application of minor technical solutions 
and educational sessions allowed to reduce the specific air leakage rate by 27% on 14 houses. 
In Czech Republic the analysis of 558 tests on newly built houses between 2006 and 2019 
showed large differences in airtightness performance for identical types of houses built with 
the same technology and by the same construction company (Böhm et al., 2021). The authors 
concluded that the most important parameter influencing the resulting airtightness values was 
the control of the implementation of individual building details during the construction of a 
building.  
Some studies at a smaller scale focus on the impact of workmanship on the airtightness 
performance of specific construction details. For example, in Norway Relander et al. have 
studied the influence of widely used lightweight aggregate concrete element chimneys on the 
airtightness level of houses (Relander et al., 2010). They pointed out that the airtightness 
provided by the surface treatment was very sensitive to the workmanship and that a thorough 
workmanship could make this influence negligible. 
Van Linden and Van Den Bossche (Van Linden and Van Den Bossche, 2020) have tested 18 
sealing materials and attest that faulty workmanship has a significantly greater impact on the 
material performance than artificial ageing.  
Concerning building joints submitted to external environment, Nečasová et al. (Nečasová et 
al., 2017) also noted the necessity to verify the compatibility of materials and to follow the 
recommendations since “in most tested cases, diversion from the above-given steps resulted 
in failure of the sealed joint”. 
 

 Last minute corrections 
Concerning the airtightness test phase, last-minute corrections can also impact the airtightness 
durability. Wingfield et al. (Wingfield et al., 2008) have pointed out that secondary sealing 
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may have benefits in the short-term to pass the airtightness test but is prone to degradation 
over a relatively short time and is therefore not a robust long-term solution.  
 
2 IMPLEMENTATION CONDITIONS – ENVIRONMENTAL IMPACT 

 
The impact of implementation conditions on the airtightness performance has not been much 
experimentally studied yet. One interesting study on this topic was carried out by Antonsson 
and Emanuelsson (Antonsson and Emanuelsson, 2018). They studied the durability of three 
airtightness systems with air permeability measurements before and after artificial ageing for 
three implementation conditions: 

 Ideal conditions: normal indoor laboratory climate 
 Cold and humid environment: about 5°C and 90-95% RH on both sides of the wall 
 Dusty conditions: artificial dust (made of crushed concrete sieved to a grain size of 

max. 0.063 mm, gypsum and wood sawdust) sprayed against the plastic foil 
The results showed that, depending on the set of products used for the wall sealing, the 
implementation conditions can more or less impact both the initial airtightness level and its 
durability.  
About sealing implementation on dusty conditions, in their above mentioned study Wingfield 
et al. (Wingfield et al., 2008) observed on-site that dust prior to application was often the 
reason behind the adhesive failure of the sealant. 
Fufa et al. (Fufa et al., 2018) have also underlined the necessity of having a surface dry, free 
from dust and grease for the adhesion performance, with the necessity of a good adequation 
between the intended and actual tape use, and a special treatment of the substrate when 
required. 
3 AIRTIGHTNESS TESTS REPRODUCIBILITY AND REPEATABILITY – 

HUMAN AND ENVIRONMENTAL IMPACT 

 
The reproducibility and repeatability of airtightness pressurization tests was investigated by 
Bracke et al. (Bracke et al., 2016) in extremely airtight houses, showing that the human factor 
impacts the test results even if the same protocol is followed.  
Concerning the reproducibility, with special attention to airtightness they could obtain a 
variance coefficient of 12% on 15 quasi-identical houses, which is much lower than the 28% 
of a previous similar study on 29 houses with no special attention to airtightness (Laverge et 

al., 2014).  
To investigate the repeatability issue on the pressurization test, 2 houses were tested up to 10 
times a day, on respectively 7 and 6 different days. On average, the measurements showed a 
standard deviation of respectively 1.1% and 2.7% and a maximum variation within the same 
day of respectively 3.5% and 7.7% which is in agreement with other literature results. 
Additional tests were performed to evaluate the impact of small preparation details such as 
locking doors (without neglecting standard EN 13829) and it was concluded that apparently 
small decisions can be determining for passing the test for passive houses. 
This underlines the necessity of having the same operator testing all houses when studying 
other aspects such as the airtightness durability. 
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FOREWORD 

This work is part of two French research projects “Durabilit'air1” (2016-2019) and “Durabilit'air2” (2021-2024), 

that aim at improving our knowledge on the variation of buildings envelope airtightness through onsite 

measurement and accelerated ageing in laboratory-controlled conditions.   

During a past AIVC conference, a publication of the Durabilit’air1 project has presented and discussed an 

experimental protocol for characterizing assembly of products for buildings’ airtightness in laboratory controlled 

conditions.   

 

FINDINGS FROM DURABILIT’AIR1 PROJECT 

The overall objective of our work is to define and develop an experimental protocol capable of testing and 

quantifying the airtightness evolution of assembled airtightness products samples and comparing the relative 

ageing of the samples. 
 

During the first study “Durabilit’air1”, a state-of-the-art showed that there is no standardised protocol to 

characterise in laboratory-controlled conditions the durability of product assemblies regarding airtightness 

performance. As a matter of fact, due to the diversity of airtightness products, it is difficult – and even, perhaps 

impossible – to define an accelerated ageing universal protocol that would be equivalent to a known amount of 

years of natural ageing. From the light of the state of the art results, we defined the exposure conditions of a relative 

ageing test, through thermal, humidity and pressure variation cycles. We developed a 1 m3 environmental chamber 

and exposed three different 1 m2 samples of assembled products to the defined exposure conditions cycles.  
 

The tested samples represent three different treatments of airtightness of the joints between windows and walls: 1) 

impregnated foam; 2) sealant with backing foam and 3) adhesive and membrane complex. During each exposure 

cycle, we have measured the evolution of the airtightness of the sample. 
 

The ageing tests of the samples 2 and 3 showed a significant degradation of the airtightness performance after the 

ageing cycle, whereas air permeability of sample 1 could not be assessed by our experimental protocol. We 

concluded that modifying the duration and the characteristics of the exposure cycles (humidity, temperature and 

pressure) would certainly allow more differentiating results in future works. 

 

EXPERIMENTAL PROTOCOL DEFINED FOR DURABILIT’AIR2 PROJECT (ON GOING RESEARCH) 

In the light of these preliminary results, we defined a new experimental protocol for the on-going research 

Durabilit’air2. The main changes, as compared to Durabilit’air1 project are the following: 

-  an increase up to 100 l/min of the airflow rate in the environmental chamber (instead of 50 l/min) 

-  the adjustment of exposure times after implementation,  

-  the wind exposure cycle, with an increase in maximum pressure between 205 and 240 Pa (instead of 150 Pa) 

-  a new protocol for dust measurement of the samples 

Finally, three sample types have been defined to be tested as assembly products for buildings’ envelope 

airtightness, namely: 

- gypsum plasterboard (drywall) / seal / PVC material 

- gypsum plasterboard (drywall) / seal / wood 

- membrane / adhesive tape / staple / wood 

 

Prior to every test, each sample will be implemented according to the following conditions: 

- in normal conditions (18-20°C), with measurement of temperature and relative humidity 
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- in cold conditions (2-5°C), with measurement of temperature and relative humidity 

- in dusty conditions at normal room temperature 20°C, with measurement of temperature and relative 

humidity 
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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. 
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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 marketing 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.  
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SUMMARY 
 

Personalized Environmental Control Systems (PECS) with the functions of heating, cooling, ventilation, lighting, 

and acoustics have the advantage of controlling the localized environment at occupant’s workstation by their 

preference instead of conditioning an entire space. This improves personal comfort, health of the occupants, and 

energy efficiency of the entire heating, ventilation and air-conditioning (HVAC) system substantially. Some of the 

major advantages and limitations of PECS are summarized. 
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Environmental Quality 

  

1 INTRODUCTION 

 

Personalized Environmental Control Systems (PECS) allow individuals to control different 

aspects of indoor environment (i.e., thermal, air quality, light, and acoustics) according to their 

preferences, creating a personalized indoor space. This is in contrast to conventional room-

conditioning systems that aim at creating mostly uniform conditions in indoor spaces. 

 

IEA EBC Annex 87 - Energy and Indoor Environmental Quality Performance of Personalised 

Environmental Control Systems has recently started and has the overall objective of establishing 

design criteria and operation guidelines for PECS and to quantify the benefits regarding health, 

comfort, energy, and cost performance. This includes control concepts and guidelines for 

operating PECS in spaces with general ambient systems for heating, cooling, ventilation and 

lighting. 

 

2 ADVANTAGES AND LIMITATIONS OF PECS 

 

The concept of PECS is not new, and a significant amount of research exists (Madsen and 

Saxhof, 1979), (Melikov, 2004), (Rawal et al., 2020), (Zhang, 2010). PECS have certain 

advantages and limitations, as summarized in the following. 

 

The following are the main advantages of PECS: 

 Improved occupant comfort, health, and productivity 

 Higher occupant satisfaction with the indoor environment, due to 

o Improvements in the immediate indoor environment experienced by the 

occupants 
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o Possibility of personalized control 

 Potential energy and cost savings 

 Possibility of addressing the individual demands and preferences towards the indoor 

environment 

 Resilience to extreme outdoor events (both thermal and air quality) 

 Pandemic-proofing of indoor environments, such as providing clean and fresh air 

directly to the occupants and minimizing cross-contamination. 

 

The following are the main limitations of PECS: 

 No design guide or operation manual exists  

 No guide about PECS’ integration in buildings exists 

 Standards and building codes are not ready to accommodate PECS 

 Several practical issues to be addressed 

 Not at the level of a “common” solution in buildings 

 Very limited application examples from real buildings 

 Very few commercial products exist. 

 

3 CONCLUSION 

 

PECS is a very promising solution and has the potential to improve occupant satisfaction with 

the indoor environment and reduce energy use in buildings drastically. However, there is a need 

for further guidance and documentation before these potentials can be fully exploited. 

 

There is ongoing work to develop a complete PECS focusing on the PECS itself, personalized 

control aspects, and the PECS’ interaction with the ambient HVAC system. The main goals are 

to provide design, operation and control guidelines and specifications for PECS, to provide 

guidelines and specifications regarding the interaction of PECS with the ambient system and 

its effects on the design of the ambient environment and conditioning systems, to provide 

enough data so it can be seen as a ”standard” HVAC component, and to promote the use and 

market uptake of PECS. 
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SUMMARY 
 

Personalized Environmental Control Systems (PECS) condition the immediate surroundings of occupants, and 

they are expected to provide increased comfort, health, and productivity. Studies have reported on their benefits 

and limitations in addressing individual Indoor Environmental Quality (IEQ) factors, especially in terms of thermal 

comfort and indoor air quality. The COVID-19 pandemic and risks associated to climate change, such as heat 

waves, highlight the necessity for PECS that can address multiple IEQ factors. The new IEA EBC Annex 87 – 

Energy and Indoor Environmental Quality Performance of Personalised Environmental Control Systems aims to 

provide guidelines and frameworks necessary for the further development and deployment of PECS.  
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1 INTRODUCTION 

 

Personalized Environmental Control Systems (PECS) condition the microclimate of occupants 

instead of the ambient space indoors. Such systems provide each occupant individual control 

over their immediate surroundings, increasing comfort and satisfaction. A summary of past 

developments of PECS will be given, and next steps will be discussed in this topical session. 

 

2 PAST DEVELOPMENTS 

 

There have been several literature covering a wide range of studies conducted on PECS and its 

effect on indoor environmental quality (IEQ) factors, namely thermal environment, indoor air 

quality, luminous (visual) environment, and acoustic environment (Godithi et al., 2018; Rawal 

et al., 2020). PECS come in various forms and functions, such as fans, radiant heating/cooling, 

heated/cooled chairs, desktop air terminal devices (ATD), task lights, and sound masking 

systems. Each study reported on the benefits of personalized systems in terms of comfort, 

health, productivity, or energy. While there is substantial evidence on the capabilities of 

different PECS, limited number of PECS is available on the market. Some of the challenges in 

the development and deployment of PECS are the cost, maintenance, and responsibility in the 

stages of installation, operation, and maintenance. In addition, due to the diversity in the type 

of PECS, there is a lack of a unified performance evaluation scheme.  

3 CURRENT STATUS AND DEVELOPMENTS 
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The COVID-19 pandemic had a significant impact on the building industry, especially in the 

field of ventilation. In terms of airborne infection, mixing ventilation has a higher infection risk 

compared to a personalized ventilation system, even with increased ventilation rate (Melikov, 

2020). Hence, there is a need for PECS with a ventilation function to mitigate indoor infection 

risk for the current and future pandemics.  

 

The change in climatic conditions over the years continue to be a challenge for buildings as 

well. With more frequent and severe heat waves, buildings need to be “resilient” against high 

temperature and disruptive events that follow (e.g., power outage) (Attia et al., 2021). PECS 

that can provide cooling at low power would provide more flexibility to a building in cases 

where the ambient mechanical system fails or cannot accommodate the thermal load during 

extreme weather conditions.  

 

As shown in the two examples above, recent situations highlight the necessity for a system that 

can address thermal and air quality (ventilation) factors. Lighting and acoustics are equally 

important for the health and comfort of occupants, and studies to evaluate multiple IEQ factors 

are being reported (Wargocki et al., 2021). Therefore, development of PECS that can address 

multiple IEQ factors are needed, as well as a common evaluation and operation framework for 

them. The new IEA EBC Annex 87 aims to provide such guidance. 

 

4 CONCLUSION 

 

Past and current development of PECS, along with their relationship to current situations of the 

indoor environment of buildings were introduced. There is a need for PECS with functions that 

can address multiple IEQ factors, and guidance in the performance evaluation, installation, and 

operation of PECS.  
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ABSTRACT 
 

A Personalized Environmental Control System (PECS) aims to condition the immediate surrounding of occupants. 

This approach is fundamentally different from typical HVAC systems, which aim to create uniform indoor 

environments, regardless of the occupant preferences. PECS has several advantages including allowing occupants 

to adjust their immediate surroundings according to their preferences, which could improve their satisfaction with 

the indoor environment, and may lead to higher productivity. PECS can also lead to noticeable energy savings, if 

implemented effectively in buildings and if coupled to building HVAC systems. PECS can also be an effective 

solution in combating pollutant and disease transmission in indoor spaces. An emerging type of personalized 

devices is wearable heating and cooling devices, which can be used in both indoor and outdoor settings. An 

international project “IEA EBC Annex 80 – Resilient Cooling of Buildings” is developing qualitative and 

quantitative key performance indicators (KPIs) for evaluating the resiliency of different cooling solutions under 

heat wave and power outage events. The present study evaluates the resiliency of PECS in terms of thermal comfort 

and indoor air quality, using and expanding the principles and KPIs developed by IEA EBC Annex 80. The results 

serve as the first step towards the quantification and guidance on the applicability and potential of PECS under 

future heatwaves, power outages, and indoor and outdoor air pollution.  
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1 INTRODUCTION 

 

A Personalized Environmental Control System (PECS) conditions the local environment of 

occupants through heating, cooling, ventilation, lighting and acoustic functions. The benefits 

of PECS have been reviewed and organized by Rawal et al. (2020). Individual control of the 

local environment is expected to increase occupant satisfaction with the indoor environment 

and productivity. If coupled with the building heating, ventilation, and air conditioning (HVAC) 

systems, PECS has the potential to reduce energy use. In addition, ventilation functions can 

more efficiently provide occupants with fresh air, protecting them from pollutants.  

 

International Energy Agency (IEA), Energy in Buildings and Communities Programme (EBC) 

Annex 80 – Resilient Cooling of Buildings (IEA-EBC, 2022a) is developing an evaluation 

framework for building cooling solutions in terms of their resiliency towards heatwaves and 

power outages. Qualitative and quantitative key performance indicators (KPIs) are being 

developed for this purpose (Zhang et al., 2021). To enable simulation studies of different 

cooling strategies, future weather files (both typical meteorological years and years with 

heatwaves) have been developed within the annex (Machard et al., 2020). The present study 

evaluates the resiliency of PECS using the developed qualitative KPIs and weather files, and 

expands the evaluation scheme to address the resiliency of PECS in terms of indoor air quality. 
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2 METHODOLOGY 

 

The present study is organized in two steps. In the first part, resiliency characteristics of PECS 

are presented and analysed individually in terms of the thermal environment and indoor air 

quality. Previous simulation studies of Annex 80 and findings from literature were used. PECS 

was then evaluated in terms of the thermal environment using the KPIs developed in the annex 

and the scope was further expanded to indoor air quality. 

 

Annex 80 proposed to characterize the resiliency of cooling strategies by four criteria, i.e., 

absorptive capacity, adaptive capacity, restorative capacity, and recovery speed (Zhang et al., 

2021). Absorptive capacity is the ability to absorb the impact of disruptive events. Adaptive 

capacity is the ability to adjust to disruptions, especially in cases where the absorptive capacity 

is exceeded. Restorative capacity represents the ability to return to the normal operation after a 

disruptive event, or even to a better state than before the disruption. Recovery speed is the speed 

of the restorative process. The recovery speed is ranked in three categories, i.e., high, moderate, 

and low. Each level corresponds to a recovery speed of one hour or less, several hours, and one 

or more days, respectively. The absorptive, adaptive, and restorative capacities are also ranked 

in high, moderate, and low levels. Cooling strategies categorized as “high” can maintain or 

increase its capacity during disruptive events. “Moderate” level strategies can maintain its 

capacity for the majority of the time during disruptive events. “Low” level strategies will 

experience a decrease in its capacity during a disruptive event. (Zhang et al., 2021) 

 

The resilience characteristics described above have been developed primarily for the evaluation 

of thermal performance of cooling strategies in the event of heatwaves and power outages. 

However, the developed criteria may be adapted to other disruptive events and indoor 

environmental quality variables. In the present study, the resiliency of PECS was also evaluated 

in terms of indoor air quality in the event of outdoor air pollution and spread of pathogens 

between building occupants. 

 

3 RESULTS AND DISCUSSIONS 

 

3.1 Thermal Comfort 

 

In principle, the use of PECS enables the relaxation of the ambient temperature setpoint. For 

example in ISO 17772-1:2017, it allows a correction of the indoor operative temperature in the 

presence of increased air velocity with personal control (when the operative temperature is 

above 25 °C). The air speed at occupant level of 0.6, 0.9, and 2.2 m/s corresponds to an offset 

of 1.2, 1.8, and 2.2°C, respectively (ISO, 2017). EN 16798-2 provides example criteria for 

PECS, of which the requirement for temperature control during the summer is to allow 

temperature adjustment within a range of 22 – 27°C, in equivalent temperature (CEN, 2019b). 

A literature review conducted by Veselý and Zeiler reported that thermal comfort can be 

maintained up to ambient temperature of 30°C and relative humidity of 70% with the use of 

PECS (Veselý & Zeiler, 2014). Some studies report that thermal comfort can be achieved even 

at higher temperatures, e.g. 32°C (He et al., 2017; Huang et al., 2013). In addition to the energy 

savings potential with relaxed setpoint temperatures, this characteristic of PECS is also 

beneficial from a resiliency point of view. Maintaining comfort conditions at higher 

temperatures allows buildings to be habitable for a longer time during disruptive events, such 

as heat waves and power outages. 

Figure 1 shows the operative temperature of a two-person office for the first 7 days of a 

concurrent occurrence of a heat wave and a power outage, and 7 days after the disruptive event. 
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The dataset for the analysis was based on those reported in a previous simulation study 

(Kazanci, Shinoda, & Olesen, 2022). The building model was based on those developed by 

Olesen and Dossi, and the boundary conditions were based on those specified in the Dynamic 

Simulation Guideline of the IEA EBC Annex 80 (Olesen & Dossi, 2004; Zhang, Kazanci, Attia, 

et al., 2021). A heat wave weather file developed within Annex 80 for Copenhagen was used 

(Machard et al., 2020). The simulated office had either heavyweight or lightweight 

construction, and the cooling system was either a packaged terminal air conditioning unit 

(PTAC) or a thermally activated building system (TABS). For TABS, both a 24-hour and 

intermittent operation was simulated. The simulation assumed the worst case scenario in which 

a power outage occurred during the whole duration of a heat wave. 

  

 

Figure 1: Operative temperature in an office for the first 7 days of the heat wave and power outage (left) and 7 

days after the heat wave (right) 

 

Table 1 compares the number of hours a building could maintain its indoor temperature below 

a certain baseline temperature at the beginning of a major disruptive event (concurrent heat 

wave and power outage), and the number of hours it takes until the indoor temperature recovers 

to the baseline temperature after the event. The values are based on the dataset shown in Figure 

1. The number of hours in the table varies (i.e., given in a range of hours) depending on the 

thermal mass of the building, the cooling system (PTAC or TABS), and the system operation. 

Operative temperature of 26, 27, and 28°C corresponds to the upper limit of Categories II, III, 

and IV of EN 16798-1 (CEN, 2019a), respectively, and 30°C corresponds to the upper limit in 

which PECS can provide thermal comfort according to the review by Veselý and Zeiler (2014). 

 

Table 1: Hours below baseline temperature at the beginning of heatwave/power outage and hours until baseline 

after heatwave/power outage 

Baseline 

Temperature (°C) 

Hours maintained below baseline 

temperature (h) 

Hours until baseline temperature is 

reached (h) 

26 0 – 16 27 – 126 

27 12 – 19 25 – 117 

28 14 – 40 24 – 108 

29 15 – 42 23 – 106 

30 17 – 64 21 – 64 

 

Under an extreme event in which a heat wave and power outage occurs concurrently, buildings 

can still maintain a certain temperature range depending on the thermal mass and cooling 
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operation at previous time steps. In the presence of a backup battery or reduced electricity 

supply in which only PECS operation is possible (and not sufficient for the ambient system to 

operate), it would be possible for comfort conditions to be met for the first 17 – 64 hours of the 

disruptive event. PECS would act as a backup conditioning system in this case. When such use 

is intended, the required power use of the PECS should be sufficiently low. After the power 

outage ended and the ambient system started to operate, it took 1 – 5 days for the indoor 

temperature to reach the upper limit of category IV (28°C) in the simulated scenario. However, 

if thermal comfort could be met with an indoor temperature of 30°C with the use of PECS, the 

building could be occupied within 1 – 2.5 days. The lower ends of the recovery time are cases 

with thermally active building systems, and the higher ends are cases with packaged terminal 

air conditioning units. It should be noted that while comfort conditions may be met for 

occupants with (stationary) PECS within the extended comfort range, occupants in other areas 

without PECS would experience overheating. Wearable devices may be a viable option for such 

occupants to compensate for the high ambient temperature. 

 

In summary, if PECS can be used during a heatwave and power outage, occupants can stay 

longer in the building, and if it can be used after the disruptive events, the building can be 

occupied again earlier. In both cases, thermal comfort will not be compromised thanks to the 

increased comfort range due to the use of PECS. 

 

3.2 Indoor Air Quality (IAQ) 

 

PECS is not limited to conditioning the thermal environment but can also condition the air 

quality if equipped with an air terminal device (ATD) that provides personalized ventilation, 

i.e. air directed towards the occupant’s breathing zone. According to Lipczynska et al. 

(Lipczynska et al., 2015) personalized ventilation can be almost ten times more efficient in 

delivering clean air at workstations than total volume ventilation strategies such as mixing 

ventilation. Nevertheless, in order to reach high personal exposure effectiveness, the air jet 

coming from the ATD should be free of pollutants, i.e. reduce entrainment of polluted room air 

(Assaad et al., 2017; Melikov, 2016; Melikov et al., 2002).  

 

Several types of ATDs can be found in literature, ranging from workspace to workstation and 

wearables. Workstation designs include movable panels, vertical or horizontal desk grills 

(Melikov et al., 2002) to different duct type ATDs (Assaad et al., 2017; Khalifa et al., 2009) 

such as the co-flow nozzle presented by Khalifa et al. (Khalifa et al., 2009). Wearable air 

terminal devices are usually headset oriented (Dyson, n.d.; Melikov, 2016) while workspace 

devices consist of ceiling, workstation or floor mounted diffusers that direct the flow towards 

the occupant’s zone (Alotaibi et al., 2018; Melikov, 2016; Yang et al., 2007). The advantage of 

an ATD that is close to the occupant, i.e. workstation or wearable, is that it can easily be oriented 

towards the mouth and nose, i.e. breathing zone, even at low air flow rates (2.4 to 7.5 L/s). 

However, to ensure high personal exposure effectiveness, an air speed of 0.3 m/s to 0.5 m/s 

close to the person’s face is required to penetrate the thermal plume of the person without being 

too high to cause discomfort due to eye irritation or draft (Khalifa et al., 2009; Melikov et al., 

2002). An optimized ATD intermittent airflow may however lead to satisfactory personal 

exposure effectiveness levels by reducing entrainment of surrounding air (Assaad et al., 2017). 

 

PECS research is focused on reducing inhaled contaminants by supplying fresh outdoor air or 

cleaned indoor air directly to the breathing zone (Assaad et al., 2017; Melikov, 2004; Melikov 

et al., 2002). This is effective in reducing exposure to indoor pollutants (human respiration, 

computers, office furnishing, bacteria/virus), which has positive effects in case of cross-

contamination (Cermak et al., 2006; Lipczynska et al., 2015; Li et al., 2013). Although 
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dependent on the ATD (Cermak et al., 2006; Melikov, 2004), when combined with total volume 

ventilation strategies (mixing or displacement ventilation) personalized ventilation will 

generally be able to improve the inhaled air quality. However, additional considerations are 

required regarding displacement ventilation and the direction of the flow coming from the ATD 

to avoid exposure of the co-occupant (Cermak et al., 2006; Li et al., 2013). Therefore, it is 

proven that personalized ventilation coupled to fresh outdoor air can be a resilient ventilation 

method when the pollutant source is located in the space (the indoor environment) – such as a 

virus in the context of the COVID-19 pandemic.  

 

There are limited studies on how and if personalized ventilation could be used when the outdoor 

air is polluted. According to Power and Worsley, urban air pollution (industrial emissions, car 

exhaust, high levels of bacteria and allergens) is a major environmental concern (Power & 

Worsley, 2018) while extreme events such as wildfires (forest fires), volcanic eruptions, and 

sandstorms generate high amounts of particulate matter and organic aerosols (Liu et al., 2017) 

which pollute the outdoor air. Under these scenarios, filtration - which is effective in lowering 

particulate matter from wildfires - and air cleaning may be the only effective solutions at 

reducing pollution in the indoor air (Barn et al., 2008; Carlsten et al., 2020; Fisk & Chan, 2017). 

 

Air cleaning and filtration systems are already combined with total volume ventilation systems, 

either centralized (e.g. on the main outdoor supply) or as standalone units (Bogatu et al., 2021). 

One such example was presented by Kazanci et al. where the PECS ventilation system was 

equipped with a high efficiency particulate filter (HEPA) and an ultraviolet germicidal 

irradiation component (Kazanci et al., 2022). Aside for the fact that the cost of implementing 

filtration-based standalone units in case of wildfires exceeds the economic benefits of reduced 

hospital admissions (Fisk & Chan, 2017), typical energy intensive ventilation systems may not 

be available during blackouts, which could also occur during heatwaves. The idea behind 

personalized ventilation is that air quality is increased even for small airflows leading to similar 

or added benefits to perfect mixing for a lower energy use (Olesen et al., 2011; Schiavon et al., 

2010; Schiavon & Melikov, 2009). Table 2 shows that personalized ventilation exceeds the 

ventilation effectiveness (Ɛv) range of mixing ventilation and displacement ventilation 

(maximum 3.5 compared to 1.0-1.4), however dependent on the air terminal device (ATD). 

Furthermore, portable air cleaners may reach high enough clean air delivery rates but they are 

dependent on their placement and air movement inside the space. Thus, the advantage of 

personalized ventilation coupled with filtration and air cleaning devices is that the clean air is 

supplied directly into the breathing zone of the person. Being less energy intensive, these 

systems could potentially operate even during blackouts if coupled to a battery. Such solutions 

are already emerging, as researchers and manufacturers point to wearable headsets coupled with 

air filtration, however in the context of indoor and urban air pollution (Melikov, 2016).  

 

Table 2. Ventilation effectiveness (Ɛv) ranges for different combinations of supply-return air positions (Adapted 

from (Olesen et al., 2011)) 

Mixing ventilation Mixing ventilation Displacement 

ventilation 

Personalized 

ventilation 

    

Ɛv [-] Ɛv [-] Ɛv [-] Ɛv [-] 

0.4 - 1.0 0.9 – 1.0 0.2 - 1.4 1.2 - 3.5 
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3.3 Overall Qualitative Assessment of PECS 

 

The resilient capabilities of PECS in terms of thermal comfort and indoor air quality have been 

discussed in the previous sections. Table 3 summarizes the assessment of PECS in terms of its 

resilience to heatwaves, power outages, and outdoor air pollution. The columns correspond to 

the four criteria described in section 2, and the assessments for the heatwave and power outage 

were taken directly from Zhang et al. (2021). The assessment for air pollution was added in the 

present study. Although the same four criteria as the heatwave and power outage cases were 

adopted for the evaluation of air pollution, the time span of the recovery speed was adjusted, 

i.e., instantaneous (high), several hours (moderate), and one day (low). PECS with heating, 

cooling, and ventilation (either clean/fresh air from outdoors or cleaned indoor air) functions 

were assumed for the assessment.  

 

PECS presents no absorptive capacities no matter the type of extreme event even if equipped 

with heating, cooling, ventilation, light, and acoustic functions. This is because PECS does not 

have a buffer, e.g., heat storage, to absorb the impact. As presented in Zhang et al. (2021) in 

terms of cooling, adaptive capacity is low or not present during power outages if the PECS is 

not coupled with a backup power source, e.g. battery. The restorative capacity and recovery 

speed would however be both high if PECS is operational. During heat waves, except for the 

absorptive capacity, all other KPIs would be high as long as the PECS is able to offset the 

impact of the event (see section 3.1). 

 

In the event of outdoor air pollution or when the source of pollution is in the indoor space (e.g., 

a pandemic), PECS has high adaptive and restorative capacities, as well as recovery speed. By 

supplying air individually to each occupant breathing space, PECS can minimize cross-

contamination. This applies however only if the air supplied by the PECS is clean and free of 

pollutants and, in case the outdoor air is polluted, its efficiency is dependent on the air cleaners 

integrated. While PECS does not have an absorptive capability where it can dampen the effect 

of pollution, it is able to provide fresh air more efficiently to the breathing zone of the occupants. 

Clean air is provided when operating the PECS and delivered as soon as the users turn on the 

device. This allows the system to maintain better air quality for the occupants (adaptive 

capacity) and to make the building habitable earlier than a ventilation system for the whole 

room such as a mixing ventilation system (restorative capacity and recovery speed).  

 

Nevertheless, PECS does not restore the air quality conditions to the entire building volume as 

prior to the event. If fitted with an air cleaner, the maintenance of PECS, i.e. regular cleaning, 

may be required to ensure its resilient attributes are preserved. 

 

Table 3: Assessment of PECS in terms of resilience (Excerpted and modified based on Zhang et al., 2021)  

Extreme 

event 

Absorptive 

capacity 

Adaptive 

capacity 

Restorative 

capacity 

Recovery 

speed 

Heatwave N/A High High High 

Power outage N/A N/A or low High High 

Air pollution N/A High High High 

 

3.4 Future Research Needs 

 

As shown by the qualitative assessment, PECS has the potential to be a highly resilient system 

in the event of heatwaves, power outages, indoor pollution (e.g., viruses), and outdoor air 

pollution. Despite its known benefits such as improved occupant satisfaction and comfort, there 
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is a limited number of PECS currently available in the market (Zhang et al., 2021). Open issues 

in further promoting PECS are interdisciplinary, involving both technical issues and policy-

related issues (e.g., regulations/standards for the combined use of PECS and the ambient 

system, responsibility over installation and maintenance). Such issues will be addressed in the 

new IEA EBC Annex 87 – Energy and Indoor Environmental Quality Performance of 

Personalised Environmental Control Systems (IEA-EBC, 2022b). 

 

One of the future research needs for PECS is the evaluation method of PECS. As PECS could 

come in various shapes and functions, standardized quantitative KPIs and evaluation 

framework are necessary. Measurement with a breathing thermal manikin is an effective 

method, but not available for many interested parties. Computer Fluid Dynamics (CFD) 

simulations are commonly conducted for evaluating the air distribution characteristics and 

performance of ATDs. However, other simulation methods are lacking, as many building 

energy simulation studies assume a relaxed setpoint but do not simulate the interaction between 

PECS and the ambient system. Human subject experiments are difficult to conduct in extreme 

conditions (e.g., high/low temperatures or pollutant levels) as a reference condition without 

PECS would expose subjects to highly uncomfortable or even health-affecting conditions. 

Another research need is the interaction of indoor environmental quality (IEQ) factors, as many 

PECS are equipped with multiple functions that would influence them. The interaction of IEQ 

factors are yet to be implemented in comfort standards (Khovalyg et al., 2020) and is an open 

topic for research. Indicators for short term resiliency, as was explored in this study, would be 

necessary as well. 

 

4 CONCLUSIONS 

 

Previous studies have shown that PECS is a promising solution in many different aspects 

(Rawal et al., 2020). Preliminary assessments in this study showed that PECS has the potential 

to be a resilient solution to maintain thermal comfort and indoor air quality in the case of 

extreme events such as heatwaves, power outages, and outdoor and indoor air pollution (e.g. 

wildfires, sandstorms, volcanic eruptions, pandemics). Qualitative KPIs developed within IEA 

EBC Annex 80 were used and expanded to evaluate the resiliency characteristics of PECS. This 

study was therefore a first step towards identifying the resilient characteristics of PECS and 

their quantification. 
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1. ABSTRACT 
 

Common metrics used for assessing air quality are based on guidelines and/or standards for regulating 

concentrations that should not be exceeded over a period. Exceeding those values would represent problematic 

situations. A lack of agreement on appropriate norms or standards deem this approach sub-optimal. Moreover, this 

approach does not relate a proportion of exceedance to specific health outcomes. A need to develop health-centered 

IAQ metrics that can quantify burden of disease in terms of epidemiological evidence of population morbidity and 

mortality supported by the best knowledge of health effects, is pressing. This work proposes an approach that 

harnesses the advantages of using Disability Adjusted Life Years (DALYs) as a valuable metric to quantify and 

rank the burden of household air pollution, as a global perspective. Two methods were used to compute DALYs, 

one mainly based on incidence data and another mainly based on effect factors (i.e. DALYs per unit-intake of 

contaminant of interest). The methods are based on the following parameters: risk estimates, baseline incidence 

rates, damage factors, indoor air contaminant concentrations, human toxicological & epidemiological effect 

factors, dose-response factors, cancer-related variables and breathing rates. Systematic searches and reviews of 

peer-reviewed literature (including systematic reviews and meta analyses) were performed to find information on 

said input parameters. Meta-analysis was used to pooled and synthesize data from different studies. A Monte Carlo 

approach was used to model results in disability-adjusted life-years (DALYs) lost. Over 1000 articles were revised 

and overall ~200 unique sources were used as sources of data.  

Ten contaminants were accounted for with specific risk estimates and damage factors data, for which human 

epidemiological effect factors were derived. Representative concentrations of 45 contaminants were calculated. 

39 contaminants were accounted for human toxicological effect factors. Total pooled DALYs were estimated per 

100,000 exposed population with corresponding uncertainty intervals. Estimated population-averaged annual cost, 

in DALYs lost, of chronic air contaminant inhalation in dwellings indicate that the contaminants with highest 

median DALY loss estimates are PM10 and PM2.5 (magnitudes of 103); PMcoarse, formaldehyde, and NO2 could be 

found with magnitudes of 102; contaminants with magnitudes of 101 include radon and ozone, finally SO2 and 

acrolein would have magnitudes of 100; mould-related bioaerosols could be of interest as well. The updated 

strategies allowed for the quantification of contaminants and health outcomes that were not accounted for in 

previous works. Computed DALYs have lower uncertainty intervals than those previously proposed. The updated 

methodology presented in this study may be used to assess cumulative health impacts of indoor air contaminants. 

 

2. KEYWORDS 
 

DALYs; IAQ; health; dwellings   
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1 INTRODUCTION 

 

Air pollution is one of the most serious health risks (WHO, 2021), and there now is enough 

scientific evidence to justify establishing and/or upgrading approaches for quantifying the 

health burden of (indoor)-air contaminants using current epidemiological and toxicological 

research. Common metrics used for assessing air quality are based on guidelines and/or 

standards for regulating concentrations that should not be exceeded over a period. Exceeding 

them would be problematic but the magnitude of doing so is unclear (Jones, 2017). This is 

because the approach does not relate a proportion of exceedance to specific health outcomes. 

Therefore, there is a pressing need to develop health-centered IAQ metrics that can quantify 

burden of disease in terms of epidemiological evidence of population morbidity and mortality 

supported by the best knowledge of health effects. Consequently, the Disability Adjusted Life 

Year (DALY) has been adopted worldwide in air pollution global burden of disease studies 

(Cohen et al., 2017). It was developed in the 1990s and is the sum of the years of life lost, and 

the time lived with a disability, attributable to some cause (Homedes, 1996). 

A methodology to estimate the population-average health effects attributable to the inhalation 

of selected air contaminants in U.S. residences was proposed in Logue et al. (2012) using 

disease incidence data and health-related effect factors, and accounting for output uncertainty. 

It uses the DALY metric by defining an Intake-Incidence DALY (IND) method and an Intake-

DALY (ID) method. Although the method proposed by Logue et al. (2012) is pioneering 

because it quantified DALY losses based on two distinct methods, the approach has limitations. 

Here we provide a way of strengthening the method, harnessing the advantages of using 

Disability Adjusted Life Years (DALYs) as a valuable metric to quantify and rank the burden 

of household air pollution, using a global perspective.  

 

2 METHODS 

 

Two methods were used to compute DALYs, one based on incidence data [IND-method], and 

another based on effect factors that use a DALY value per unit-of-mass-intake of the 

contaminant of interest [ID-method] (Logue et al., 2012).  

 

2.1. THE IND METHOD 

The IND method (Equation 1) uses an epidemiologically-based concentration-response 

function to quantify disease incidence, which, when combined with a damage factor (DF), 

yields an expected  DALY loss. 

 

���� ����	� = �����
�(���������)����  × �(�����	��	)���	     (1) 

 

In the IND model, a damage factor is used to  represent the life-years adversely impacted  by 

each disease event, in DALY.(incidence)case-1. The DFIND is expressed for a specific 

contaminant h and disease k  as 

 
�����

�(���������)���� = � !"� #,% =  ��&�'	 (��)�*   (2) 

The second term on the right of Eq 1, the disease incidence, refers to the relationship between 

contaminant concentration (IAP), risk of disease (β), and baseline incidence (γ0); see Eq (3). 

This relationship is modeled using a log-linear concentration response function given by Eq. 

(3). As mortality is expected to have a greater impact on the global disease burden than 

morbidity, it is recommended that mortality data be used to represent disease incidence for most 

air pollution-related diseases (Cohen et al., 2017). 
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�(�����	��	)���	 =  +,#,% × (1 − 	/012,3×!435) × 6�67��)��� (3) 
where, +,#,% is the baseline incidence of disease k of contaminant h, and 9�:%  is a statistic 

describing the concentration of contaminant h. Beta ;#,% is an empirical parameter representing 

the estimated change in risk for a given change in contaminant concentration, ΔC, for disease 

k and contaminant h. This is expressed as 

;#,% = ��(<��# =�>�?�>�)
@A    (4) 

 

A breathing rate (BR, in m3.yr-1) combined with the 9�:% parameter (in unit-intake.m-3)1 is used 

to obtain an estimate of the human epidemiological effect factor (B !"�, in DALYs per unit-

intake of contaminant) via the IND method, as shown in Eq. (5) 

 

B((	�) (��)�* 0B !"� #,%5 =  ��� CD����
��>�#� = ��� CD����

E< ×!43   (5) 

2.2. THE ID METHOD 

The ID method (Eq. 6) quantifies DALYs as the product of effect factors (EFID), intakes, a 

cancer-related parameter (ADAF), and breathing rates (BR), involving Eq. (6) to (9). In this 

method, the EFID is the product of a dose–response factor (DRF, in case.kgintake
-1) and a damage 

factor (DFID, in DALY.(cancer or non-cancer)case)-1. 

 

���� ����	� = �����
���>�#� × ���)�F	  (6) 

 ���)�F	 = 9�:ℎ × H*	�)��' I�)	 (7) 

�����
���>�#� = B((	�) (��)�* 0B !� J,%5 = �I J,% × � !�(�����K DK �D�/�����K)J (8) 

With �I J,% = L ,.N
=�OPQ,3

R (8a)  

And 
�����
���>�#� = B !� �D?S���� J = (�����TUVTWX

���>�#� × ��� ) + (�����VZV[TUVTWX
���>�#� ) (8b) 

or 

�����
���>�#� = B((	�) (��)�* 0B !"� #,%5 = �I #,% × � !"� #,% (9) 

With �I #,% = ( A<\2,3
EK��>��] <�>�) (9a) 

2.3. THE INPUT DATA 

Parameters described in Section 2, can have more than one available value or set of data; see 

Datasets in Table 1. Thus, pooling independent data points is the recommended strategy for 

data synthesis (Schmid et al., 2020).  

For the IND method, values of the parameters beta (β), baseline incidence (γ0), representative 

contaminant concentration (9�:%), and damage factor (DFIND) are obtained by combining 

systematic reviews with supplementary references. Baseline disease incidences are derived 

from epidemiological studies. 

For the ID method, damage factors, representing overall cancer or non-cancer effects should be 

based on the latest available data from the World Health Organization (WHO) and/or the Global 

Burden of Disease studies. The DRF takes as a point of departure either the ED50 (median 

effective dose) benchmark measure (see Eq. 8a) or concentration-response factors (CRF) (see 

Eq. 9a). The ED50 is the human-equivalent lifetime daily dose per person, related to inhalation 

(intake) of a substance that produces a specific effect (e.g carcinogenic or non-carcinogenic 

 
1 A unit-intake could be kg, Bq, or Colony Forming Units (CFU). 
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effects) in 50% of the population that takes that dose (Fantke et al., 2021) and CRFs are 

contaminant-associated mortality or morbidity rates per unit concentration of contaminant 

inhaled (Gronlund et al., 2015). ED50 based- DRF (ED50-DRF) for the contaminants of interest 

are extracted from Life Cycle Impact Assessment (LCIA) databases. CRF based- DRF (CRF-

DRF) are compute using the same epidemiological inputs as the IND method and can be derived 

following Fantke et al. (2019). When EFs are based on the ED50, they are referred to as human 

toxicological effect factors (Eq. 8) while those based on CRFs are called human 

epidemiological effect factors (Eq. 9). The ADAF parameter used for the estimation of cancer 

risks and the breathing rates representing the volume of air breathed indoors each year, are 

determined from relevant sources following a focused literature review.  

 

2.4. THE MODELLING 

Since each method will derive an estimate of DALY and EF (one estimate via IND method and 

two estimates via ID method, for a total of three theoretically possible independent DALY and 

EF estimations), we pooled the results from each independent method via meta-analysis to 

obtain pooled DALYs and pooled Effect Factors. To account for the uncertainty of the 

parameters, the Monte Carlo (MC) method is applied. First, a bootstrapping technique is applied 

to populate a synthetic database for each parameter and described using a probability 

distribution function (PDF). The PDF is then combined with the bootstrapped results to 

generate random samples of the inputs, which in turn are used to compute the three outputs: i) 

disease incidence, ii) effect factors and iii) DALYs. We repeated this process until the means 

of the results were normally distributed. All outputs are reported by their median and 95% 

confidence interval of its distribution, representing the range that contains 95% of the 

population values.  

 

Preliminary analysis of the input data showed that they can be well described by a lognormal 

distribution around its median. This type of distribution is widely used and accepted to 

adequately adjust for right-skewed data (Crow and Shimizu 1987). A MATLAB code was used 

to run the Monte Carlo simulations. All pooled estimates (meta-analysis) were computed with 

STATA 16.0's "metan" commands, using the DerSimonian and Laird (random effects) 

estimators (Harris et al., 2008).  

 

3 RESULTS 

 

Systematic searches and reviews of peer-reviewed literature (including systematic reviews and 

meta-analyses) were performed to extract information on the input parameters. Over 1000 

articles were identified and ~200 unique sources were used as sources of data. Tables 1 and 2 

provide descriptive statistics and recommended values for each input parameter for IND and 

ID model, respectively. Ten contaminants were accounted for with specific risk estimates and 

damage factors data:  Acrolein, Benzene, Mould-related bioaerosols, Formaldehyde, NO2, O3, 

PM10, PM2.5, Radon and SO2 (see Table 1). The methodology allowed for the identification, 

using the literature, of a single representative health outcome for each of the ten contaminants 

(see Table 1). The health outcome chosen to represent each contaminant is the most reported 

health impact associated with it, either for mortality or morbidity endpoints. 

Representative concentrations of 45 contaminants were calculated. They are all included 

because they have previously been identified as contaminants of interest in dwellings (Logue 

et al., 2011). Fig. 1 shows the representative mid-range concentrations, including a 95% CI and 

the magnitude of individual values (data sets) used to obtain them. Mid-range indoor 

concentrations for the contaminants are, in general, within the values reported by others 
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(Vardoulakis et al., 2020, Logue et al., 2011). With over 50 data sets, PM2.5, formaldehyde, 

Toluene, Benzene, and NO2 would be the contaminants with the most reported values. 

Table 1: Summary descriptive of the IND model inputs and disease incidence output for 

selected contaminants+. 

C
o

n
ta

m
in

a
n

t 
 

H
ea

lt
h

 o
u

tc
o

m
e  Beta parameter (β) Baseline incidence rate 

(γ0) 

Damage factor 

(DFIND) 

Annual disease 

incidences, per 

105 pop. 

Parameter values  

[Datasets]  {Main reference} 

A
cr

o
le

in
 

A
st

h
m

a 0.141 

(95%C.I.-0.082-0.200) 

[2] {Annesi et al. 

(2012)} 

0.001 

{Annesi et al. (2012)} 

0.588 

 (95%C.I.0.059-5.875) 

[1] {GBD (2019)} 

8.287 (95%C.I. 

3.577-18.729) 

H
C

H
O

 

A
d

d
ed

 e
ff

ec
ts

*
 

--* 

9.789 

 (95%C.I.4.249-

54.005) 

46.478 (95%C.I. 

9.607-1015.678) 

O
3
 

A
C

M
 0.001 

(95%C.I.0.000-0.002)  

[7] {WHO (2021)} 

0.008  

(95%C.I.0.004-0.016) 

{Crouse et al. (2015)} 

15.346 

 (95%C.I.6.856-

34.348) 

[3] {OS/RD)} 

1.305 (95%C.I. 

0.031-55.739) 

P
M

1
0
 

A
C

M
 0.004 

(95%C.I.0.003-0.006) 

[17] {WHO (2021)} 

0.013  

(95%C.I.0.007-0.026) 

{Fischer et al. (2015)} 

9.554 

 (95%C.I.2.528-

36.101) 

[3] {OS/RD)} 

349.077 (95%C.I. 

190.536-603.739) 

P
M

2
.5
 

 A
C

M
 

0.008 

(95%C.I.0.000-0.002)  

[25] {WHO (2021)} 

0.007  

(95%C.I.0.003-0.018) 

{Crouse et al. (2015)} 

15.303 

 (95%C.I.11.798-

19.850) 

[40] {OS/RD)} 

102.893 (95%C.I. 

24.256-433.625) 

ACM: All-Cause Mortality. LCM: Lung Cancer Mortality. HCHO: Formaldehyde. OD/SR: Own data/ systematic review. *added effects of 

epidemiological data from LCM, leukaemia and asthma. +Other contaminants not shown due to spacing issues and are available upon request. 

 
*Radon in Bq.m-3. **Bioaerosols in CFU.m-3 

Figure 1: Recommended representative concentrations for the 45 contaminants included in the 

analysis. In alphabetical order. Central estimate and 95% C.I. of distribution in black. Datasets in parenthesis 
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The annual incidence of disease for the ten indoor contaminants and selected typical health 

outcomes was calculated using Eq. (3) and data inputs are presented in Table 1. The highest 

disease incidences are found in PM10, PM2.5, and mould, with estimates exceeding magnitudes 

of 102. Because particle contaminants are based on all-cause mortality risk estimations, this is 

to be expected. Mould-bioaerosols have a high value because asthma morbidity in children 

accounts for a large portion of the illness burden.  

 

Table 1 presents the damage factors for the contaminants in the IND model and their 

corresponding number of datasets found. Our method for calculating this parameter yielded 

novel damage factors for a broader range of contaminants not presented before in related works 

(Fazli et al., 2018). Results are based on contaminant and health outcome-specific effects, 

which allows the information gaps on contaminant-related damage factors to be reduced. 

 

To account for updated information and variability of data for standard breathing rates (Phillips 

and Moya, 2013), we pool recommended values for long-term inhalation rates for adults aged 

16-81+ yrs (USEPA, 2011). For the ADAF parameter, the review of pertinent references 

indicates that the USEPA (2005) recommendations are still in use; see CalEPA (2009). The 

recommended estimate for the standard breathing rate is 14.80 m3.(pop.d)-1 (95%C.I.13.50-

16.20) and for the ADAF parameter is 1.6 (95%C.I.1-10). The USEtox database was used to 

extract ED50-DRFs (Fantke et al., 2017). The USEtox model is chosen because it is a widely 

used global scientific consensus model for characterising human toxicological consequences in 

LCIA. CRF-DRFs were calculated following Fantke et al. (2019). Regarding the DFID 

parameter, we use the latest results from the 2019 GBD study. Table 2 shows descriptive for 

ID model. 

Table 2: Summary descriptive of the ID model inputs, for selected contaminants+ 

C
o

n
ta

m
in

an
t 

ED50-DRFc ED50-

DRFnonc 

CRF-DRF DFIDc DFIDnonc 

From USEtox Database Own 

computation 

From GBD (2019) 

A
cr

o
le

in
 

NA 

59.74 (95%C.I. 

1.82-1963.49) 

{non-carcinogenic 

effects} 

25.15 (95%C.I. 

7.34-83.37) 
{Asthma} 

NA 
0.59 (95%C.I. 

0.44-0.77) 
{Asthma} 

H
C

H
O

 1.06 (95%C.I. 

0.27-4.25) 
{carcinogenic effects} 

0.01 (95%C.I. 

0.00-0.15) 
{non-carcinogenic 

effects} 

2.92 (95%C.I. 

0.52-63.65) 
{Added effects} 

41.77 (95%C.I. 

38.60-45.15) 
{added Leukaemia and 

lung cancer} 

0.59 (95%C.I. 

0.44-0.77) 
{Asthma} 

O
3
 

1.09 (95%C.I. 

0.16-7.60) 

{carcinogenic effects} 

NA 0.29 (95%C.I. 

0.00-18.70) 
{ACM} 

21.18 (95%C.I. 

20.06-22.36) 
{Lung Cancer} 

NA 

P
M

1
0
 

NA 

7.98 (95%C.I. 

3.21-18.91) 
{ACM} 

NA 

P
M

2
.5
 

7.33 (95%C.I. 

1.58-33.75) 
{ACM} 

Note. Curly brackets represent {health outcome}. ACM: All-Cause Mortality. ED50-DRFc = carcinogenic Dose-Response Factor; ED50-

DRFnonc = non-carcinogenic Dose-Response Factor; CRF-DRF = concentration-response based Dose-Response Factor; DFIDc = ID model 
carcinogenic Damage Factor; DFIDnonc = ID model non-carcinogenic Damage Factor. HCHO = Formaldehyde. Added effects from LCM, 

leukaemia and asthma. OD/SR: Own data/ systematic review. NA= not applicable. GBD (2019):https://ghdx.healthdata.org/gbd-results-tool 
+Other contaminants not shown due to spacing issues and are available upon request. 
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Combined carcinogenic and non-carcinogenic (toxicological)-effect factors were computed for 

39 contaminants using Eq. (8b) whilst (epidemiological)-effect factors were computed for ten 

contaminants using Eq. (5) and Eq. (9). The results are pooled, giving 45 contaminants with 

effect factors. Results are shown in Fig. 2. PM2.5 has the highest pooled effect factor [1.1×102 

(95%C.I. 3.6×101-3.3×102)] (an order of magnitude higher than the other contaminants) 

indicating that this would be the contaminant with the highest chronic health impacts per kg 

inhaled in the exposed population, in dwellings. Other PMs are among the contaminants with 

the highest EFs, with chromium, NO2 and formaldehyde having all >101 effect factors. These 

results represent an update to the preeminent work on human-toxicological&epidemiological 

effect and damage factors of carcinogenic and noncarcinogenic chemicals for life cycle impact 

assessment presented by Fantke et al. (2019) and Huijbregts et al. (2005). The results given in 

Fig. 2 have narrower confidence intervals when compared with those of Huijbregts et al. (2005).  

 

Total pooled DALYs were estimated per 100,000 population with corresponding uncertainty 

intervals; see Fig. 3. Estimated population-averaged annual cost, in units of DALYs lost, of 

chronic air contaminant inhalation in dwellings, indicate that the contaminants with the highest 

median pooled DALY loss estimates are PM10 [1.9×103 (95%C.I. 4.4×102-8.7×103)] and PM2.5 

[1.5×103 (95%C.I. 5.3×102-4.4×103)]. PMcoarse, formaldehyde, NO2, radon and ozone have 

medians among 102-101. Acrolein and SO2 are within 100. Mould-related bioaerosols could still 

be of interest having >0.5 DALYs per 100.000 exposed population. The confidence intervals 

of the results indicate a lower uncertainty range than those presented by Logue et al. (2012). 

 
*Radon in DALY.(10-9Bq-intake)-1. **Bioaerosols in DALY.(10-9CFU-intake)-1 

Figure 2: Pooled effect factors. Highest to lowest DALY median. Central estimate and 95% C.I. of 

distribution in black. 

Contaminant with highest median DALYs include the so called criteria pollutants, which are 

defined as the indoor contaminants with the highest health impacts based on the DALY metric. 

There is sufficient epidemiological evidence that indicates PM10, PM2.5, NO2, O3 and SO2 have 

the potential to be associated with harm in humans, using other health based-metrics such as 

relative risks (WHO, 2021). Other airborne contaminants where health based-evidence exists 

to indicate that they are contaminants of interest in the indoor environment, having also elevated 

DALY values, include Formaldehyde (Golden, 2011), Radon (Pawel and Puskin, 2004), 

Acrolein (Ghilarducci and Tjeerdema, 1995) and mould (Heseltine and Rosen, 2009). 
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Figure 3: Pooled DALYs. Highest to lowest median. Central estimate and 95% C.I. of distribution in black.  

 

4 CONCLUSIONS 

PM2.5 have the highest median DALYs per unit intake (1.1×102 (95%C.I. 3.6×101-3.3×102)), 

being one order of magnitude above the rest of contaminants included in the analysis, indicating 

that higher harm is associated with fine PM. The highest absolute DALY medians were found 

for PM10 with 1.8×103 (95%C.I. 4×102 -9×103) and PM2.5 with 1.9×103 (95%C.I. 4.4×102-

8.7×103). PM10 is higher because it includes the burden associated with the PM2.5 fraction. 

Reporting representative indoor concentrations or disease incidence as the sole metrics to assign 

harm from exposure to contaminants, is rendered suboptimal. Computed DALYs have lower 

uncertainty intervals than those previously proposed. The updated methodology presented in 

this study may be used to assess cumulative health impacts of indoor air contaminants and 

contribute to the development of standards. 
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ABSTRACT 
 

The TAIL scheme was developed to rate buildings' indoor environmental quality (IEQ). The scheme was 

developed to assure that occupants' health and well-being are not compromised during deep energy renovation 

(DER) of office buildings and hotels, but it is expected that TAIL can also be used as a general rating scheme of 

IEQ in any building. TAIL combines the quality of Thermal, Acoustic and Luminous environment and Indoor air 

quality to determine the overall quality of the indoor environment. The rating is based on the levels of twelve 

parameters characterizing IEQ, which are measured, modeled, or inspected in actual buildings. To allow the 

prediction of TAIL parameters during the design phase, a method was developed called PredicTAIL. It uses 

modeling tools for the prediction of IEQ under different design scenarios. The feasibility of TAIL and PredicTAIL 

was examined in the hotel and office buildings. It showed the sufficient discrimination power concerning the IEQ 

and its components in these buildings when using these rating schemes. TAIL and PredicTAIL create a complete 

method for evaluating IEQ and its components during the design and operation of a building. No such method has 

been available previously. 

 

KEYWORDS 
 

IEQ, indicator, modeling, measurement, well-being 

  

1 INTRODUCTION 

 

European Energy Performance for Building Directive (EPBD) requires that building IEQ 

should not be degraded in the process of energy renovation (EPBD 2010; 2018). Specifically, 

EPBD stipulates that "The Member States should support energy performance upgrades of 

existing buildings that contribute to achieving a healthy indoor environment" and that each 

long-term renovation strategy shall encompass "an evidence-based estimate of expected energy 

savings and wider benefits such as those related to health, safety and air quality." However, 

there is no standard accepted method that can be used to rate indoor environmental quality 

(IEQ), its components, and its impact on building occupants.  

 

Wei et al. (2020) reviewed certification schemes to identify parameters used to assess IEQ. 

Fourteen schemes were examined, among which ten were European and four non-European. 

Besides, they surveyed fourteen research articles and seven reports from European projects to 

verify and broaden the information collected by reviewing certification schemes. They 

identified 90 different parameters to characterize IEQ.  
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Nineteen parameters were proposed in these documents to assess the quality of the thermal 

environment in buildings, of which six parameters assessing the quality of the thermal 

environment in terms of the resulting comfort of building occupants were included in at least 

five documents. These were: Predicted Mean Vote (PMV), Predicted Percentage Dissatisfied 

(PPD), operative temperature, air temperature, relative humidity, and air speed. Thirty-nine 

parameters were proposed to assess the indoor air quality (IAQ) in buildings, of which thirty-

five parameters were concentrations of indoor air pollutants and twenty-nine concentrations of 

gaseous pollutants, mainly volatile organic compounds (VOCs). Indoor air pollutants included 

in different GB schemes varied widely, and no rationale for their choice and inclusion was 

found; a few biological pollutants were considered, too. The ten most often proposed 

parameters were ventilation rate, total volatile organic compounds (TVOC), carbon dioxide 

(CO2), carbon monoxide (CO), formaldehyde (HCHO), particles with a size below 10 µm 

(PM10) and 2.5µm (PM 2.5), ozone, benzene, and radon; the last seven of these ten parameters 

are listed by the World Health Organization air quality guidelines (WHO, 2010; 2021). Twenty 

parameters were used to assess the quality of the acoustic environment in buildings. Two 

parameters: ambient noise and reverberation time, were used most frequently. Twelve 

parameters were used to assess the quality of the visual environment. Illuminance level, 

daylight factor, and spatial daylight autonomy were three parameters that were proposed most 

frequently. 

 

No standard set of parameters to examine IEQ in buildings was identified by Wei et al. (2020). 

Moreover, they did not find an agreed method for integrating the measured quality of the 

parameters defining thermal, acoustic, and luminous environment and indoor air quality to 

determine the overall quality of the indoor environment. The proposed aggregation of the 

components of IEQ was either by simple or weighted addition. In the latter case, different 

weighting coefficients were proposed and varied between 12% and 38% for thermal 

environment, 14% and 36% for IAQ, 16% and 25% for visual environment, and 18% and 39% 

for the luminous (visual) environment. Often equal weightings are used as there is no credible 

information in the literature on the weighting level (Piasecki and Kostyrko, 2017), and the 

information available is mainly based on subjective ratings and inadequate (Frontczak and 

Wargocki, 2011).  

 

Finally, Wei et al. (2020) concluded that their work could be considered a reference when 

selecting parameters commonly used to characterize IEQ. They also proposed that developing 

a metric of IEQ should be considered a priority as it would supplement energy metrics and 

allow complete characterization of building performance. It would also lead to technological 

advancements. Similar conclusions were made by Steinemann et al. (2017).  

 

Following these recommendations, the rating scheme for IEQ was developed and examined in 

actual buildings. The entire scheme is presented in the subsequent sections.  

  

2 DESCRIPTION OF TAIL RATING SCHEME 

 

A rating classification scheme was proposed to characterize the four major components of IEQ; 

it is called TAIL (Wargocki et al., 2021). T stands for the thermal environment, A for the 

acoustic environment, I for indoor air quality, and L for the luminous (visual) environment 

(Figure 1). The quality of each of the four components of TAIL is indicated by using one of the 

four colors: green denotes a high (desired) quality level, yellow a medium (refined) quality 

level, orange a moderate (ordinary) quality level, and red a low (undesirable) quality level.  
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Twelve parameters were chosen to describe the level of IEQ using the TAIL index: 

• the temperature is used to describe the thermal environment (T),  

• noise level is used to characterize the acoustic environment (A), 

• ventilation rate, concentrations of carbon dioxide, formaldehyde, benzene, PM2.5, and 

radon, relative humidity, and visible mold are used to describe indoor air quality (I), 

• illuminance and daylight factor are used to characterize the luminous environment (L).  

 

The selected parameters match the ones that are most frequently used to characterize IEQ (Wei 

et al., 2020). Except for a few parameters characterizing indoor air quality, the parameters 

describing IEQ in TAIL refer to conditions required for comfort. The parameters documenting 

IAQ conditions that reduce health risk comply with the WHO air quality guidelines (2010, 

2021). It was decided that the quality levels of parameters underlying TAIL are not determined 

by the arbitrary credits assigned to different parameters, as in many certification schemes (Wei 

et al., 2020). Objective measurements using calibrated instruments were chosen as the primary 

method for determining the levels of the parameters defining TAIL except for visible mold 

assessed by observations and daylight factor being modeled. The protocol for monitoring and 

determining the levels of the selected parameters was developed (Wargocki et al., 2021). It 

includes the temporal and spatial sampling strategy, a definition of the minimum number of 

locations (rooms) per building that shall be instrumented during the measuring campaign, 

details on instruments that shall be used for performing measurements and their minimum 

precision, and a description on how the results of measurements shall be analyzed. 

 

 

Figure 1: TAIL rating scheme 

 

Based on the quality levels of the four TAIL components, the overall (integrated) quality level 

of the indoor environment can be determined and indicated by a Roman numeral in the center 

of the graphical presentation of the TAIL rating (Fig. 1), where I denotes a high (desired) quality 

level, II a medium (refined) quality level, III a moderate (ordinary) quality level, and IV a low 

(undesirable) quality level. The Roman numerals and levels of quality of the indoor 

environment are aligned with the EN 16798-1 standard (2019), one of the many standards 

supporting EPBD by defining indoor environmental input parameters for the design and 

assessment of the energy performance of buildings. The overall level of IEQ is the lowest 

quality level among the four components to create an incentive to improve IEQ. Thus no 

weighting is proposed considering that information on how to aggregate the components of IEA 

is incomplete (Wei et al., 2020). The rationale for this choice was also that if the indoor 

environmental quality is to be regarded as high, the quality level of all components contributing 

to the overall IEQ must be high as well. The proposed method can be regarded as precautionary 

and protecting against the trade-offs between different components of IEQ, creating an 

incentive for improvement and encouraging excellence and innovation. The approach is similar 
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to methods for determining the ambient pollution level: the air quality index in the EU 

(https://www.eea.europa.eu/themes/air/air-quality-index) and the Pollutant Standards Index 

(PSI) in Singapore (https://www.haze.gov.sg/), where the highest concentration of any pollutant 

determines the ambient (outdoor) air quality level. 

 

The TAIL rating scheme and the measuring protocol were examined in six office buildings and 

five hotel buildings located in Southern, Central, and Northern Europe, in different climatic 

zones and countries. The field measurements documented the feasibility of the TAIL rating 

scheme and confirmed its intended attributes. The measurements indicated which parameters 

could be improved during the retrofit to achieve a higher overall indoor environment quality. 

They also indicated which IEQ parameters had good quality levels and should be at least 

maintained during the retrofit. It was also demonstrated that the TAIL rating scheme could also 

discriminate between buildings based on the indoor environment quality levels and classify 

them accordingly. 

 

3 DESCRIPTION OF PREDICTAIL 

 

TAIL rating scheme enables assessment of the changes in IEQ and is primarily based on 

measurements. Therefore, it cannot be determined prior to renovation operations to help design 

the IEQ. To fill this gap, the PredicTAIL method was developed (Wei et al., 2022).  

 

The PredicTAIL method is complementary to the TAIL rating scheme. However, it enables the 

prediction of only ten of the twelve parameters characterizing TAIL. These parameters are 

indoor air temperature, relative humidity, sound pressure level, daylight factor, illuminance, 

and concentrations of CO2, formaldehyde, benzene, radon, and PM2.5; they all can be predicted 

by the simulation tools. The visible mold area is not included in the PredicTAIL method because 

modeling of mold growth is based on the mold index, which qualitatively predicts the mold 

area. The ventilation rate is not simulated because mechanical ventilation depends on the system 

setup (input parameter) and natural ventilation depends on the occupants' window opening 

behavior, which remains challenging to predict.  

 

The PredicTAIL method uses the parameters whose levels are simulated during the working 

hours for office buildings and the sleeping hours for hotel buildings to derive the TAIL 

components and the overall TAIL rating describing IEQ.  

 

Different simulation models can be used to predict IEQ parameters. Wei et al. (2022) used the 

following five models: TRNSYS, IDA Indoor Climate and Energy (IDA ICE), ACOUBAT, 

MATHIS-QAI, and PHANIE but it is expected that other models can be used as well. 

 

To test the feasibility of the PredicTAIL method, it was applied to two buildings, i.e., a hotel 

and an office. The two buildings were located in two European cities where the measurements 

were performed (Wargocki et al., 2021). For each building, the simulations of the IEQ 

parameters considered the base-case scenario and four renovation scenarios. The base-case 

scenario corresponded to the building before renovation (current state), as documented by the 

measurements. The four renovation scenarios included common renovation actions related to 

the reduction in energy use or explicitly focused on the IEQ parameters. The former aimed to 

achieve intermediate and low energy use and did not consider the IEQ aspects. The latter aimed 

to achieve high and low IEQ levels and did not consider energy use. Although an optimized 

renovation scenario should consider the influence of both energy and IEQ, separation was 

performed to observe the sensitivity of the PredicTAIL method; no optimized renovation 
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scenario was eventually examined, which would attempt to reveal the lowest energy use with 

the highest IEQ. 

 

The results showed that the PredicTAIL method could document the impact of different 

renovation actions on the IEQ parameters according to the TAIL rating; thus, PredicTAIL is a 

useful tool when decisions regarding renovation actions need to be made. The thermal, acoustic, 

IAQ and luminous models integrated into the PredicTAIL method showed that simulations by 

different models could be performed under a holistic modeling framework, i.e., the PredicTAIL 

method, and that these models are sufficiently sensitive to quantify the changes in the TAIL 

parameters associated with different renovation scenarios. Still, the validation of this method 

with a larger number of measurements is necessary to verify the direction of change in IEQ 

parameters predicted through the simulations. 

 

4 CONCLUSIONS 

 

In the absence of a widely used standard or an approved method for rating the overall IEQ in 

buildings, a rating scheme was developed called TAIL. TAIL is not just a reporting scheme but 

also a rating scheme for IEQ in buildings during their intended use. It is thus a performance 

metric. The scheme makes it possible to rate the four components describing IEQ and derives 

an integrated rating of IEQ based on the quality of these four components. TAIL is voluntary 

and does not supersede the national codes and regulations but is based on existing standards 

and guidelines. Rather than setting arbitrary quality levels, the TAIL rating scheme refers to the 

quality levels defined by Standard EN 16798-1 (2019), so they can be assumed to be widely 

accepted and used.  

 

The unique feature of TAIL is that it provides a quantitative rating of the quality of the 

components describing IEQ and an integrated overall quality rating of the indoor environment 

in a building; these assessments are made when a building is in regular use. The TAIL rating 

scheme can thus be considered to provide new and systematized information on the indoor 

environmental quality in a building. 

 

The scheme can be regarded as a relatively crude yet robust method for rating components and 

the overall quality of indoor environments. The TAIL rating was shown to discriminate IEQ 

levels when its feasibility was examined in eleven European buildings to support its 

applicability and input for further modifications. 

 

TAIL was developed to classify and compare IEQ and its components before and after an 

energy renovation in an office building and hotel to document the impact of energy renovation 

on IEQ. However, it cannot be ruled out that TAIL might evolve into an overall rating scheme 

that will make it possible to compare the IEQ in different buildings as in energy labeling. An 

attempt to adapt TAIL for school buildings is ongoing (Tran et al., 2022). Therefore, the TAIL 

rating scheme should be considered the first step in developing a classification, an integrated 

index characterizing IEQ in buildings and a standardized approach at the EU level. It should 

also be added that TAIL is based on the levels of twelve parameters, but future modifications 

may also consider the inclusion of other parameters. 

 

In the energy renovation design, the strategy is defined for improving energy efficiency and 

verified by energy simulations. Achieving high energy efficiency is the primary objective. 

Different renovation strategies and complex operations can be defined, resulting in various 

renovation scenarios. To assess a building's IEQ evolution associated with these renovation 

scenarios or any other renovations, the PredictTAIL method was developed as a predictive tool 
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to be used as a decision tool during the design stage. PredicTAIL supplements the TAIL rating 

scheme that is mainly based on measurements in buildings in use: PredicTAIL provides the 

procedures that can be used during the design of energy renovation actions to assess their 

impacts on the IEQ. The PredicTAIL method determines the quality level of each IEQ 

parameter based on building simulation results so that renovation design can be guided to 

avoid unacceptable levels of any parameter. 

 

TAIL and PredicTAIL create a complete method for evaluating IEQ and its components during 

the design and operation of a building. No such methods have been available and used in 

practice. 
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ABSTRACT 
 

The energy performance of new and existing residential buildings needs to be radically improved to meet ambitious 

climate change goals and residential buildings are by far the largest component in the total building stock. A central 

boundary condition in constructing energy efficient buildings is doing so while maintaining a healthy, acceptable 

and desirable indoor environment. In its mission statement, the IEQ-Global alliance (IEQ_GA) states that Indoor 

Environmental Quality includes the thermal environment, the indoor air quality, lighting and the acoustic 

environment that occupants experience in buildings. While ventilation is the main strategy that is adopted for IAQ 

management, other technologies influencing IAQ (e.g. air filtration) are available as well and a large number of 

ventilation strategies exist. There is, however, no coherent assessment framework to rate and compare the 

performance of IAQ management strategies. IEA-EBC annex 86 is therefore developing a performance assessment 

method for maximizing energy savings while guaranteeing a high level of indoor air quality in terms of comfort 

and health for the occupants that works across different IAQ management strategies in new, renovated and existing 

residential buildings.   

 

By mapping and gathering the existing work on the pollution sources in residential context (including occupant 

activities and the penetration of outdoor pollution), we are developing a consistent set of metrics that allows us to 

assess the performance of the various technologies. This includes extending the framework developed in Annex 

68 with specific metrics for energy efficiency and particulate matter, explicitly including surface-room interations 

and HVAC component and controller modeling as well as creating a common methodology for IAQ data sharing 

among smart devices. By pooling and analyzing the data, the range of conditions in dwellings can be better 

understood and the most appropriate energy efficient IAQ management strategies can be identified. Ensuring 

performance over the lifetime of the system, however, requires continuous commissioning of the technical 

components of the system as well to prevent deterioration of the performance. The application of the assessment 

method on collected data over time will ensure that the predicted energy efficiency is actually maintained.  

 

A useful rating method needs to be flexible enough to adapt to the continuously evolving knowledge about the 

impact of pollutants and the new pollutants 'du jour' that are discovered. The most relevant track that is explored 

to ensure this flexibility is monetising all impacts. Nevertheless, since monetisation depends on countless 

assumptions, we are focussing on a reporting guideline that should come with all publications using the method to 

ensure that the assumptions are clearly reported and the results can be reproduced and updated. This way, we hope 

to take performance based rating of IAQ strategies one step closer to meaningful day to day implementation. 

 

 

 

KEYWORDS 
 

IAQ; Rating; Residential; Performance 
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1 INTRODUCTION 

 

The energy performance of new and existing residential buildings needs to be radically 

improved to meet ambitious climate change goals and residential buildings are by far the largest 

component in the total building stock. Since the introduction of the EPBD in Europe, the use of 

rating methods to compare different potential measures to achieve this improvement has 

become ubiquitous. A central boundary condition in constructing energy efficient buildings is 

doing so while maintaining a healthy, acceptable and desirable indoor environment. In its 

mission statement, the IEQ-Global alliance (IEQ_GA) states that Indoor Environmental Quality 

includes the thermal environment, the indoor air quality, lighting and the acoustic environment 

that occupants experience in buildings, thus immediately pointing to the inherently multifaceted 

character of IEQ, which complicates the use of rating compared to the relatively simple rating 

of energy expenditure or carbon emission. IAQ, as one component of IEQ, is in itself just as 

multifaceted, consisting of the exposure of occupants and buildings to a cocktail of often 

thousands of pollutants.  

 

While ventilation is the main strategy that is adopted for IAQ management, other technologies 

influencing IAQ (e.g. air filtration and sorbing or catalytic surfaces) are available as well and 

even within the narrow use of ventilation as a strategy, a large number of different ventilation 

strategies exist. There is, however, no coherent assessment framework to rate and compare the 

performance of IAQ management strategies. Most standards related to ventilation and IAQ are 

prescriptive in nature and are therefore only applicable to a very specific IAQ management 

strategy (e.g. ventilation) and context for which they were developed and cannot be applied 

outside those limits or to compare potentially competing strategies. Slowly, performance based 

approaches are therefore replacing these prescriptive approaches. Ongoing work on the new 

prEN 15665 standard “Ventilation for buildings — Ventilation systems in residential buildings 

— Design” is a great step forward in creating a general framework for performance based 

rating, but it is deliberately vague in that it only provides a procedural scaffold for a 

performance based assessment that can accommodate any specific performance based rating 

method. Comparing and rating different IAQ management strategies requires actually filling in 

all the assumptions required to make a performance based assessment and, additionally, doing 

so in a way that is consistent for all the IAQ management strategies considered and, to come 

back to the point raised at the onset above, minimises energy expenditure. 

 

Within IEA-EBC Annex 86 ‘Energy Efficient Indoor Air Quality Management in Residential 

Buildings’, we are therefore working on a performance based rating method suitable for 

maximizing energy savings while guaranteeing a high level of indoor air quality in terms of 

comfort and health for the occupants that works across different IAQ management strategies in 

new, renovated and existing residential buildings. By mapping and gathering the existing work 

on the pollution sources in residential context (including occupant activities and the penetration 

of outdoor pollution) in subtask 2, we are developing a consistent set of metrics that allows us 

to assess the performance of the various technologies (subtask 1). This includes extending the 

framework developed in Annex 68 with specific metrics for energy efficiency and particulate 

matter, explicitly surface-room interactions such as moisture and VOC buffering (subtask 3) 

and HVAC component and controller modelling such as moisture or VOC controlled demand 

controlled ventilation (DCV) (subtask 4) as well as creating a common methodology for IAQ 

data sharing among smart devices (subtask 5).  

 

In this paper, we will propose some open questions and problems that need to be addressed to 

achieve a working and relevant rating method and discuss the solutions for them that are being 

explored in the annex. More specifically, in the sections below, we will discuss different use 
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cases for the rating method and their implications for the implementation, the ranking of 

potential IAQ management strategies and the availability of an ecosystem that supports the 

rating method.  

 

 

2 USE CASES FOR A RATING METHOD AND THEIR IMPLICATIONS 

 

Although the introduction sets up a specific context, namely lowering the energy expenditure 

of a dwelling, within this context, a number of different use cases for the rating method remain 

and these have different implications for the requirements of the rating method.  

 

The first and most straightforward application is comparing the merits of 2 or more different 

IAQ management strategies for a specific dwelling. Here, only the relative performance of each 

of the selected IAQ management strategies on the desired performance indicators needs to be 

assessed. In this use case, the rating method therefore only needs to select the desired 

performance indicators and provide sufficiently detailed methods to be able to perform a 

performance based assessment and output the selected performance criteria in order to compare 

the selected IAQ management strategies.  

 

A particular application of this use case is comparing theperformance of an IAQ management 

strategy to absolute reference values. An example of this is given below for the comparison to 

ELV values as proposed within IEA-EBC Annex 86.   

 

 

Figure 1: An example of IAQ/Energy signature for low-energy residential buildings as proposed in IEA-EBC 

Annex 68 (data represented here are just for display and do not represent actual situation), from AIVC 

Contributed Report 17 (Abadie, 2017). 

  

0%

20%

40%

60%

80%

100%

Acrolein

Carbon dioxide

Formaldehyde

Nitrogen dioxide

PM10

PM2.5

Radon

TVOC

0.001

0.01

0.1

1

10

100

1000

Acetaldehyde

Acrolein

Benzene

Formaldehyde

Nitrogen dioxidePM2.5

Styrene

Toluene

Trichloroethylene

0.01

0.1

1

10

Acetaldehyde

Acrolein

alpha-Pinene

Benzene

Form aldehyde

Naphthalene

Nitrogen dioxide

PM 10

PM 2.5

Radon

Styrene

Toluene

Trichloroethylene

M old

Lo
n

g
-t

e
rm

 e
x
p

o
su

re

ELV indices DALY

S
h

o
rt

-t
e

rm
 e

x
p

o
su

re

ELV indices Energy consumption

Maximal value: 8.5 (Benzene) Total: 1166 DALYs lost/(year.100,000 persons)

Maximal value: 55% (PM 2.5) Energy consumption: 130 kW hPE/(m2.year)

777 | P a g e



Since it relies on monitoring and post-hoc analysis, the application of this first use case is 

relatively rare, except in research settings and in case of complaints. A more common use case 

is the one where this comparison needs to be made in order to select an option that will be 

realised. This use case can be called the ‘engineering’ use case and introduces the need for the 

rating method to rank the selected IAQ management strategies (select 1 above the other(s)).  

 

The selection of appropriate performance indicators and the complexities entailed by the need 

for ranking are discussed in section 3 below.  

 

Since in the ‘engineering’ use case the IAQ management strategy will only be implemented 

after the selection, this use case can only rely on simulation to predict the performance as a 

basis for the rating method. With the existing state of knowledge in Building Energy Simulation 

(BES), Coupled Heat, Air, Moisture and Pollutants Simulation (CHAMPS), Multi-Zone 

Airflow Simulation and Computational Fluid Dynamics (CFD) such an assessment is in 

principle always possible, provides sufficient data about the specific dwelling. That this is not 

always the case in the design stage is almost self-evident. In any case, the amount of work 

required to collect or decide on all relevant data may be prohibitive.  

 

A different dimension is introduced when the performance of an IAQ management strategy 

needs to be benchmarked against other buildings, other building design options or when the 

benefits of a generic strategy are to be assessed. In these cases, the rating method also needs to 

provide a set of clear reference conditions that assure that the assumptions for the assessment 

are consistent and robust across the considered cases.  

 

A relevant and applicable rating method therefore, in addition to a clear description of the 

methods, requires an ecology of relevant data and reference conditions that will be discussed in 

section 4 below.  

 

 

3 GENERAL RANKING METHODS FOR IAQ MANAGEMENT STRATEGIES 

 

A considerable amount of research has been devoted to the selection of the priority pollutants, 

both from a population level, burden of disease based and from an discrete occupant, acute 

health impact based perspective (Logue, 2013; Abadie, 2017; Ghijsels, 2022).  

 

By focusing on health, the indicators and ranking methods proposed are often not fully equipped 

to address the use cases discussed above. For example, it is an open question what cut-off value 

to use based on the estimated burden of disease and whether that cut-of should apply to the 

expected value or a certain probability. The aggregation method proposed by Abadie (2017) 

masks the relative benefits of a system on the non-dominant pollutants. If this indicator is used 

as a cost function in design or control optimisation problems, due to the trade-off between 

operating costs and benefits of the IAQ management strategy, the exposure of these non-

dominant exposures will be maximised within the envelope provided by the exposure to the 

dominant pollutant. On the other hand, an aggregation based on averaging will mask the effect 

of the dominant pollutant and are therefore not suited to identify failure to comply with 

minimum. 

 

More importantly, focusing solely on health impacts negates the other expectations that 

occupants have about a high quality indoor environment and therefore need to complemented 

with impacts on other aspects of IEQ such as noise or odour nuissance. Cony et al. (2022) 
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therefore proposed a monetisation method that allows to account for all impacts, costs and 

benefits of an IAQ management strategy.  

 

The assumptions behind the monetisation of each impact should be the subject of a lot of further 

research and debate, and the ranking of particular proposed IAQ management methods based 

on it should still always check a set of minimum performance criteria to avoid critical 

conditions. Nevertheless, the monetisation provides additional methodological benefits. It can 

take the temporal asynchronicity of impacts into account by discounting them for their distance 

in time. Additionally it can deal with probability of unlikely events or uncertainty in general by 

including the expected cost for insurance, allowing to incorporate notions or resilience (Al-

Assaad, 2022) and, if formulated as a rate of accrual as proposed by De Jonge (2022), it can be 

used in gradient based design and control optimisation. 

 

 

4 AN IAQ RATING ECOLOGY 

 

As mentioned in section 2, the application of a rating method is not only dependent on the 

sufficient documentation of the applicable assessment methods such as measurement protocols, 

applicable models and indicators and ranking methods. Especially if simulations or benchmarks 

across different implementations are used, a set of input or meta data and boundary conditions 

needs to be consistently defined and available.  

 

Currently, both of these conditions are rarely met simultaneously. Existing performance based 

assessment methods are usually developed for a specific use case and therefore the data and 

conditions selected for them cannot easily be applied in other use cases. For example, rating 

methods for the assessment of generic demand controlled ventilation (DCV) systems typically 

only include data and boundary conditions for the pollutants that are measured by the DCV’s 

sensors (Guyot, 2019). On the other hand, although the DALY or monetisation based methods 

referenced in section 3 are flexible enough to accommodate the assessment of any IAQ 

management strategy, all data and boundary conditions for their application to a specific (set 

of) case(s) is typically not available at the required level of detail. If the labour of constructing 

this consistent (at least for the case at hand) and available set of data and conditions needs to 

be started from scratch with every application of the rating method, the cost of applying it will 

be prohibitive outside a pure research context.  

 

The broad application of a rating method therefore requires the existence of an ecology of 

additional components feeding that rating method. This requires the rating method to be open-

ended, in the sense that the interdependencies of inputs and conditions are clearly defined and, 

whenever possible, reduced to first principles. A second condition is the accumulation of data 

and conditions in an accessible form that allows future work to build on the existing 

information.  

 

Within subtasks 2 and 5 of Annex 86, we are putting forward 2 elements to help realise this 

ecology. On the one hand, we are putting together a database of existing source strength data 

and monitoring data for IAQ assessments based on the Pandora database (Abadie, 2011), 

accompanied by a series of scripts that allow to convert and analyse the stored monitoring data. 

On the other hand, we are preparing a reporting guideline that should come with all publications 

using the method to ensure that the assumptions are clearly reported and the results can be 

reproduced and updated, similar to those proposed for adjacent fields (Nägeli, 2022; Stevens, 

2016; Grimm, 2010; equator-network, 2022).  
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5 CONCLUSIONS 

 

A useful IAQ rating method needs to be flexible enough to adapt to the continuously evolving 

knowledge about the impact of pollutants and the new pollutants 'du jour' that are discovered. 

In this paper, we proposed some open questions and problems that need to be addressed to 

achieve a working and relevant rating method and discuss the solutions for them that are being 

explored in IEA-EBC annex 86. We have discussed different use cases within which a general 

IAQ rating method could be applied and based on that analysis discerned a need for general 

ranking methods for IAQ management strategies and an IAQ rating ecology to support the 

rating method. The most promising track that is explored for the general ranking method is 

monetising all impacts. The building of the IAQ rating ecology is supported by a database for 

input data and boundary conditions. Additionally, since modeling and monetisation depend on 

countless assumptions, we are focussing on a reporting guideline that should come with all 

publications using the method to ensure that the assumptions are clearly reported and the results 

can be reproduced and updated. This way, we hope to take performance based rating of IAQ 

strategies one step closer to meaningful day to day implementation. 
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ABSTRACT 
 

Climate change is driving the construction sector to use of more environmentally friendly and sustainable 

materials. Hemp concrete has been recently adopted as an innovative solution by the building industry to reduce 

emissions, as this material stores more CO2 than the emitted during its production. Part of this storage occurs 

during its service life leading to a reduction of indoor CO2 levels. CO2 has been widely used as a proxy for 

evaluating indoor air quality (IAQ). However, these assessments do not consider the features of carbon 

sequestration materials where the use of CO2 as the sole indicator might lead to a poor IAQ. This paper describes 

the results of an IAQ monitoring campaign conducted in a CO2-negative prototype house built with hemp concrete 

and wood. During the campaign, temperature, relative humidity, total volatile organic compounds (TVOC), and 

carbon dioxide (CO2) levels were continuously monitored inside and outside the test house for three months. Due 

to the low occupancy of the prototype house, the indoor CO2 levels were generally low. These levels ranged 

between 400 and 1100 ppm when people was present and decreased down to 30 ppm once the visitors were gone 

and the house was closed. Such low indoor CO2 levels suggest that hemp concrete walls could sequestrate a 

significant amount of CO2. During the same period, TVOC concentration varied between 0.19 and 3.62 ppm and 

was negatively correlated to CO2 levels. The highest TVOC concentrations were recorded in the absence of visitors 

when the prototype house was closed, indicating that building materials or furniture could potentially emit such 

compounds. The comparison of CO2 and TVOC levels showed that, while the CO2 levels were very low, the levels 

of TVOC were at their maximum. Consequently, in buildings made of hemp concrete, the use of CO2 as a single 

indicator for ventilation might be misleading and could result in the occupants exposure to high pollution levels.  

Despite the importance of CO2 monitoring, the findings of this study indicate that in hemp concrete buildings 

additional measurements may be needed to assess IAQ and identify potential sources of pollution. In some cases, 

adapting ventilation strategies to CO2 levels could be sufficient to ensure acceptable IAQ, however, a preliminary 

assessment of IAQ should be conducted before making any decisions. 

 

KEYWORDS 
 

Hemp concrete, indoor air quality, carbon dioxide, VOC, air infiltration. 

  

1 INTRODUCTION 

 

In the context of climate change, the continuous rise of carbon emissions is a growing concern 

in the scientific community and the general public. Energy efficiency and the reduction of 

related greenhouse gas emissions are the major key challenges in all the economic sectors and 

more specifically, in the construction industry being responsible for about 40% of the global 

greenhouse gas emissions (Huang et al. 2018). Currently, companies are facing the challenge 

of rethinking construction design to create environmentally and climate friendly but also 

socially sustainable buildings. In the last decade, there has been an increasing demand to 

develop buildings that produce positive impacts in the natural environment, the so-called green 

buildings (Jami et al. 2019). For instance, positive energy buildings (PEB) which generate more 

energy than the energy needed for its operation (Hawila et al. 2022; Magrini et al. 2020) or 

carbon dioxide (CO2)-negative buildings, able to store more CO2 than they emit over their 
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lifecycle (Arehart et al. 2020). Hemp concrete has been one of the materials used to construct 

CO2-negative buildings. In this material, part of the carbon storage occurs during the plant’s 

growth through photosynthesis (biogenic CO2 uptake) while the other part happens during its 

service life (CO2 uptake by carbonation). It has been estimated that 1 m3 of hemp concrete wall 

can sequestrate up to 307 kg of CO2 (Jami et al. 2016) depending on mixture formulation. 

Hence, hemp concrete buildings are potential carbon sinks, sequestrating CO2 from ambient 

and indoor air through the external façades and internal walls. Outdoors, this process might not 

be relevant in terms of CO2 concentration variation, however, the sink effect of hemp concrete 

walls might notably influence indoor CO2 levels.  

 

For a long time, indoor CO2 concentration has been extensively used as a proxy for evaluating 

indoor air quality (IAQ) (Persily and Polidoro 2019). The basic hypothesis behind assumption 

was that, as outdoor CO2 levels are almost stable, the excess of CO2 indoors is directly 

correlated with human occupancy. Therefore, the emission of other pollutants related with the 

occupancy (human bioeffluents) and the level of acceptance of their odors, are expected to be 

acceptable as long as CO2 levels do so. This applies in the hypothetical case where human 

bioeffluents are the only emission source of pollutants. However, in the real world, there are 

multiple emission sources present (i.e. building materials, furniture, etc.), thus controlling CO2 

levels in certain cases may be an useful tool to manage IAQ but in some others might not be 

enough to ensure an acceptable IAQ. Assuming that CO2 is used to control ventilation rates and 

that hemp concrete could decrease indoor CO2 levels, the use of this material might lead to 

lower ventilation rates and to unclear effect on the other indoor air contaminants. 

 

Numerous studies have been conducted to characterize the CO2 sequestration potential of hemp 

concrete (Arehart et al. 2020; Jami et al. 2016). Most of these works are focused on the 

evaluation of its carbon footprint through Life Cycle Assessment (Arrigoni et al. 2017; Pretot 

et al. 2014) and the ones which investigate its impact on IAQ are primarily centred on its 

hygrothermal properties (Moujalled et al. 2018; Latif et al. 2015; Maalouf et al. 2014) and its 

impact on energy consumption (Maalouf et al. 2018). However, the direct influence of hemp 

concrete on indoor air quality in a real building has not been explored so far. Thus, the aim of 

this study was to provide evidence on the relationship between CO2 and other pollutants levels 

indoors in buildings made of hemp concrete. For that purpose, the IAQ was continuously 

monitored for a period of three months in a CO2-negative prototype house built using a 

combination of hemp concrete and wood. During this period, the effect of hemp walls on CO2 

levels was characterized. 

 

 

2 METHODOLOGY  

 

2.1 Prototype house 

 

The study was conducted in a prototype house built using a combination of sustainable 

materials, more specifically, wood and hemp concrete (see Figure 1). The stratigraphy selected 

for the walls of the house consisted of a timber frame filled with two rows of hemp concrete 

bricks of 12 and 24 cm thick. The external cladding was made of wood whereas the internal 

side was covered by a hemp-lime plaster for aesthetic finishing. This prototype was built as an 

example of CO2 negative construction and was mainly used to promote sustainable construction 

in South Tyrol (Italy) and raise awareness of sustainability in the region, therefore some of its 

features could not be representative of a real house. For example, the house was not equipped 

with heating or cooling systems.  
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The prototype was a one-room house of 9.4 x 1.8 x 2.20 m with a total volume of 36.2 m3. The 

ceiling and flooring of the house were made of untreated solid wood as well as the furniture 

inside. The house had a single door and was equipped with two casement windows and a fixed 

window.  As it was built to promote sustainable construction in the region, the prototype was 

mounted on a mobile platform enabling its transportation among different towns of the region. 

During this tour, the prototype was open to visitors in the mornings and afternoons, being closed 

overnight and often at lunchtime.  

 

 

Figure 1: Prototype house  

 

2.2 Air tightness measurement 

 

Infiltration is the uncontrolled flow of air into a space through adventitious gaps and cracks in 

the building envelope (Limb 2001) and represents an additional source of ambient air. A 

measurement of the envelope air tightness is necessary to understand the air infiltration rate at 

standard conditions and therefore to what extent the ambient CO2 is entering without control 

(i.e. when no natural or mechanical ventilation are intentionally used) in the investigated house. 

In the prototype house, air infiltration was measured according to a standardized fan 

pressurization method (EN ISO 9972-2015). 

 

2.3 Indoor air quality monitoring 

 

Indoor air quality (IAQ) was monitored inside and outside of the prototype house from July to 

October 2021. Measurements were collected by using an in-house developed multi-sensor 

device called “Environmental Quality bOX” (EQ-OX). EQ-OX was conceived to be a portable 

low-cost device that enable to measure multiple IEQ parameters such as as hygro-thermal 

parameters, lighting level, and some IAQ parameters. In this study, EQ-OX was used to 

measure air temperature, relative humidity (RH), total volatile organic compounds (TVOC) and 

carbon dioxide concentration (CO2). The sensors integrated in EQ-OX are listed in Table 1.  

To monitor both indoor and outdoor air quality, one device was placed inside the house, on a 

table at a height of 1.20 m approximately whereas the another was located outside the house, 

close to the main door at a heigh of 1.80 m above the terrace floor. This latter was protected 

with a hard plastic cover to prevent the sensors from being damaged by the rain or altered by 

the direct sunlight while leaving some holes for ventilation.  
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To assure the correctness of the measurements performed, prior to the IAQ monitoring in the 

prototype house, EQ-OX were tested. Air temperature sensors were tested in a climatic chamber 

in the range of 10 – 35 °C and compared to a high accuracy  RTD Pt100 1/10 DIN sensor, 

whereas the RH sensors were tested in the range of 20 – 80% and compared to E+E EE060 

previously calibrated in an accredited calibration laboratory. In both cases, correlation between 

the sensor and the reference instrument was high (R2>0.99). CO2 sensors were compared with 

a CO2 sensor TSI 7525 (TSI Incorporated, USA) during previous on-field measurements. TSI 

7525 sensor is based on dual-wavelength non-dispersive infrared spectroscopy and was 

previously calibrated by an accredited calibration laboratory. The datasets obtained from both 

sensors during a week were compared and the average Pearson squared correlation coefficient 

(R²) was calculated to be 0.86 demonstrating an acceptable performance of the K-30 CO2 

sensors used in this study. The TVOC sensor was factory calibrated with isobutylene prior to 

the monitoring campaign.  

Table 1: Sensors data 

Parameter Sensor Model Sensor Type 
Measurement 

Range 
Accuracy 

Air Temperature Littlefuse 11492 Thermistor 10k -50 - 150 °C ±0.2 °C 

Relative Humidity Sensirion SHT31 CMOS 0 - 100 RH % ±2 % 

Carbon Dioxide CO2meter K30 NDIR 0 - 10000 ppm 
±30 ppm ±3% of 

reading 

Total VOC 
Alphasense PID - 

AH2 

Photoionization 

detector 
0 - 50 ppm ±3% 

CMOS: Complementary metal-oxide-semiconductor; NDIR: nondispersive infrared sensor 

 

 

3 RESULTS AND DISCUSSION 

 

3.1 Air infiltration 

 

The air change rate (ACR) per hour in the prototype house determined by the blower door test 

under a pressure difference of 50 Pa (n50) was found to be 7.22 h-1. This level of air tightness 

is far from the standard air tightness requirements for new buildings in South Tyrol where the 

energy efficiency buildings classified as class A and B require n50 ≤ 1.5 h-1 and Gold class 

require n50 ≤ 0.6 h-1. In renovated buildings, the standard requirement is n50 ≤ 3 h-1. As 

mentioned before, this prototype was built as a proof of concept for CO2 negative construction 

and to raise awareness of the importance of sustainability in the construction sector, therefore, 

some aspects such as the air tightness does not replicate the levels found in new buildings. 

Nevertheless, the results obtained in this study may provide valuable insights on how carbon 

sequestration materials affect IAQ. In order to better understand these effects, it is necessary to 

estimate the air change rate (ACR) at a pressure difference closer to the operational conditions 

of the building. The simplest method that could be used for this estimation is the CO2 decay 

method which is based on the decrease of CO2 levels once the occupants leave a room. By 

analysing CO2 data from different days of the monitoring period, ACR values were estimated 

to be between 1.16 and 2.44 h-1. Given the CO2 sequestration capacity of the hemp concrete, it 

is probable that the CO2 decay method might slightly overestimate the air exchange rate as the 

CO2 decrease observed was not only due to the dilution through infiltration but also to the 

absorption of CO2 by the hemp concrete walls. Therefore, a method proposed in the ASHRAE 

Handbook of Fundamentals (ASHRAE 2017) to determine the ACR at other standard pressure 

differences from the data obtained at 50 Pa pressure difference was employed. This method 
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consists of two steps. First, to calculate the effective air leakage area using the data obtained 

from the blower door test using the following equation: 

�� = 10 000 ��
	
 2���

��  
(1) 

where AL is the effective air leakage area (cm2), Qr is the predicted airflow rate at Δpr (m
3/s), ρ 

is the air density (kg/m3), Δpr is the reference pressure difference (Pa) and CD is the discharge 

coefficient (assumed as 0.65). Then, the air leakage area at 50 Pa pressure difference can be 

converted to airflow rate at some other reference pressure difference as follows: 

 

��,� = ��,���,�10 000 �2
 (��,�)�.���(��,�)� (2) 

where Qr,2 is the airflow rate at reference difference Δpr2 (m
3/s), Ar,1 is the air leakage area at 

reference pressure difference Δpr1 (cm2), CD,1 is the discharge coefficient used to calculate Ar,1, 

CD,2 is the discharge coefficient used to calculate Ar,2, Δpr,1 and Δpr,1 are the two reference 

pressure difference (Pa) and n is the pressure exponent. Air flow through the prototype’ cracks 

is assumed to be turbulent, thus the flow exponent n is 0.5. Reference pressure differences of 1 

and 4 Pa are commonly used as they are closer to the pressure differences that actually induce 

air exchange in real buildings, thus, they were the pressure differences chosen. By using these 

equations, the air exchange rate was estimated to be equal to 1.4 and 0.57 h-1 at 4 Pa and 1 Pa, 

respectively. As expected, the ACR values obtained by the CO2 decay method were slightly 

higher than the ones calculated using the analytical method.  

 

3.2 Carbon dioxide 

 

Air quality data during the monitoring period showed, in general, relatively low indoor CO2 

levels corresponding to the usual low occupancy of the house. A repetitive daily pattern was 

observed over the different weeks of the tour. By way of example, CO2 levels from 22th July to 

13th August measured inside the prototype house are displayed in Figure 2. The orange line 

represents the outdoor CO2 concentration which was always close to 400 ppm (background CO2 

level) whereas the blue line is the CO2 concentration measured inside the prototype. As can be 

seen in the figure, there is a constant pattern increase-decrease that corresponds to certain time 

intervals throughout the day. Every morning around 9:30 – 10 am , when the door of the house 

was opened to the visitors, the indoor CO2 concentration increased to reach ambient CO2 levels. 

These levels were slightly higher (500-750 ppm) when visitors were inside the house. Once the 

visitors were gone (at around 4:30 – 6:30 pm) and the house was closed, it was expected that 

the CO2 concentration returned to the background level (~400 ppm), however, CO2 levels 

started to decrease until reaching a steady-state concentration around 50 ppm overnight 

suggesting a non-negligible CO2 sequestration capacity of the hemp concrete walls in the 

prototype house. To estimate the CO2 absorption rate of hemp concrete, the single-zone mass 

balance theory was employed. Assuming steady-state conditions, in a ventilated space with a 

uniform CO2 concentration, the ventilation rate and CO2 concentration are related as follows 

(Persily and Polidoro 2019):  

��� =  ���� + !� (3) 
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where Css is the CO2 steady-state concentration, Cout is the outdoor CO2 concentration and G is 

the CO2 generation or sink rate in the space, Q is the airflow into and out of the space. Indoor 

CO2 concentration will only achieve steady-state if conditions (specifically Q and G) are constant 

for a sufficiently long period of time. One can consider that the steady-state conditions are reached 

after three time constants (Persily and Polidoro 2019). As the prototype house has an air change of 

about 0.57 h-1, it will take 5h 15min to achieve the steady-state state, thus confirming that the CO2 

concentration measured overnight can be used as steady-state concentration. Considering an 

average CO2 steady-state concentration of 65 ppm, a CO2 outdoor concentration of 400 ppm, a 

house volume of 36.2 m3 and a hemp wall surface of 42.51 m2, the CO2 absorption rate of the hemp 

wall was calculated to be 7.88 ppm/hꞏm2. Note that this rate may vary based on climatic conditions 

(T, RH), composition of hemp concrete, type of finishing, surface-to-volume ratio (SA:V, amount 

of surface area per unit volume) and outdoor air ventilation rate. In fact, the SA:V of the 

prototype house (1.17 m2/m3) was slightly higher compared to the one of the European 

Reference Room as described in EN 16516 (SA:V = 1.0 m2/m3). This difference implies that a 

larger hemp concrete surface is in contact with air which potentially results in a more significant 

CO2 absorption observed in the prototype compared to other rooms with lower SA:V. On the 

other hand, the prototype house had an air exchange rate at 50 Pa of 7.22 h-1 which is relatively 

high compared with new buildings (n50 = 0.3-1.5 h-1). Thus, CO2 levels in new or recently 

refurbished buildings made of hemp concrete may reach even lower values as air renewal occurs 

at a lower rate. 

 

 

Figure 2: Monthly patterns of indoor and outdoor levels of CO2  

 

3.3 Total Volatile Organic Compounds 

 

As expected, indoor TVOC levels measured were higher than outdoors during the whole 

monitoring period. TVOC concentration shown wide fluctuations over time also in a form of 

repetitive pattern as shown in Figure 3. In this case, TVOC levels started to increase at around 

4.30-7.30 pm until reaching the peak maximum at around 9.30-10.30 am, right before the 

opening of the door to the visitors. Maximum levels were recorded always in the early morning 

after the prototype house was closed for several hours indicating that the main source of 

emission was located inside the house. It is well known that wood-based building materials and 

furnishings are one of the main VOC emission sources (Harb et al. 2018), therefore, these high 

TVOC levels observed could be potentially emitted by the solid wood furniture, the flooring or 

the ceiling inside the prototype house. 
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Figure 3: Monthly patterns of indoor and outdoor levels of TVOC  

 

In Table 2, mean, maximum and minimum TVOC concentrations measured over the study are 

presented.  As can be seen, during July and August mean TVOC concentration was 1463 and 

1594 ppb, respectively, whereas in cooler months the mean concentration decreased to 499 

(September) and 350 ppm (October). In fact, VOC molecules diffuse more easily to the material 

surface at higher temperatures thus resulting in increased emissions (Wang et al. 2021). Hence, 

this result reinforces the idea that building materials or furniture inside the prototype were likely 

to be the main VOC emission source.  

 

Table 2: CO2 and TVOC levels measured over the monitoring period. 

Parameter July August September October 

Indoor CO2 

(ppm) 

Mean 169 183 198 323 

Min 43 66 30 131 

Max 729 1056 814 879 

Indoor TVOC 

(ppb) 

Mean 1463 1594 499 350 

Min 190 195 230 185 

Max 3622 2923 998 785 

 

Unfortunately, during this study only TVOC measurements using a photoionization detector 

were conducted thus the different pollutants present could not be identified. TVOC comprises 

an undefined mix of compounds of varying toxicity and therefore, it cannot be used to estimate 

the health effects derived from a hypothetical exposure. To conduct this type of study, deeper 

chemical analysis using lab grade equipment is required. However, TVOC sensors can be used 

as a screening tool to detect pollution peaks or trends facilitating the identification of the 

emission sources with a minimum budget. 

 

3.4 Comparison CO2 vs. TVOC 

 

In many cases, the widespread use of CO2 as IAQ indicator has led to the belief that keeping 

levels below a certain threshold will ensure a healthy air quality. CO2 might be somehow 

representative of human-related pollutants (bioeffluents), however, it does not account of the 

pollutants emitted by other sources. The Figure 4 illustrates an overlay of CO2 and TVOC levels 

measured during one week of the monitoring campaign. In this figure, the effect of opening the 

door can be clearly observed: the CO2 concentration increased until the ambient levels were 

reached whereas the TVOC levels decreased. The highest TVOC concentrations (500-600 ppb) 

were recorded overnight and in the early morning when the house was closed for some hours 

and coinciding when the CO2 levels were at their lowest (< 100 pm). In this particular case, the 

use of CO2 as a single indicator to assure an acceptable IAQ would not be appropriate as CO2 
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levels would indicate adequate ventilation whereas in reality, levels of other pollutants were 

relatively high.  

 

Figure 4: Comparison of weekly patterns of indoor levels of TVOC (green) and CO2 (red) measured in the 

prototype house 

 

The results obtained in this study may be extrapolated to a real house made of hemp concrete. 

The ventilation in the prototype house could be considered similar to the natural ventilation 

usually conducted in a real house without a mechanical ventilation system where the air renewal 

is carried out during the day by natural ventilation. If a similar behaviour is followed in a real 

house, the occupants will probably be exposed to high concentrations of VOC overnight 

affecting the health and the sleep quality of occupants (Canha et al. 2021).    

 

The results must, however, be considered in context. As a result of low occupancy levels, CO2 

concentration in the prototype house was extremely low. In a non-hemp concrete building with 

similar occupancy, the average CO2 levels could likely be relatively low (400-700 ppm). The 

main difference among these two types of buildings could be potentially observed during 

periods of occupancy and where no natural ventilation occurs (overnight). In these periods, CO2 

levels in the hemp concrete building would remain low whereas they continuously increase in 

the non-hemp concrete building. The levels of pollutants emitted by other sources are expected 

to be the same in both buildings, therefore, using ventilation strategies based solely on the CO2 

concentration could not be sufficient to assure an acceptable indoor air quality in hemp concrete 

buildings. However, if the influence of hemp concrete on IAQ is characterized, smart 

ventilation strategies can be adapted to this specific context. For example, the ventilation system 

could be activated in the evening to prevent the build-up of contaminants overnight and during 

the day right before the occupancy periods. Alternative indicators could be used for ventilation 

activation such as humidity, occupants' presence or TVOCs levels but, unfortunately, more 

research is needed to improve the accuracy and reliability of some of the sensors used to 

measure these variables (Guyot et al. 2018). 

 

Other key aspects to consider when evaluating the impact of hemp concrete on IAQ are the 

surface-to-volume ratio and the air tightness of the studied building. The surface-to-volume 

ratio is a measure of the hemp concrete surface in contact with the air containing CO2 respect 

to the total volume of air contained in the room. Larger the surface in contact with air compared 

to the room volume, faster will be the decrease on the CO2 levels in the investigated room. 

Air infiltration constitute an additional source of CO2 and thus it will have a significant impact 

on indoor CO2 levels. In the prototype house, air infiltration rate (n50) was 7.22 h-1, which 

approximately represents 0.5-1.4 air exchanges per hour under operational conditions. In hemp 

concrete buildings with similar infiltration rate, comparable results can be expected. However, 

in less air tight buildings with higher infiltration rates, the ambient CO2 can penetrate into the 
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room more quickly and such low CO2 concentrations as the ones observed in the prototype 

house might not be achieved. The effects of hemp concrete on IAQ observed in this study, are 

therefore, representative of buildings with similar infiltration rates and surface-to-volume ratio.   

 

4 CONCLUSIONS 

 

It is known from the literature that hemp concrete is able to sequester CO2 during its service 

life, however, the impact of this material on indoor air quality has not been fully investigated.  

In this work, IAQ was continuously monitored in a prototype house made of hemp concrete for 

three months. The air tightness of the prototype house was evaluated by means of a blower door 

test where the air exchange rate at a pressure of 50 Pa (n50) was determined to be 7.22 h-1. The 

results of the IAQ monitoring showed substantial decrease of the indoor CO2 levels overnight 

reaching values lower than 100 ppm in many cases. This reduction of indoor CO2 levels 

indicated a non-negligible CO2 sequestration capability of hemp concrete. For the type of hemp 

concrete investigated in this study and under the specific experimental conditions of the 

monitoring campaign, the CO2 absorption rate of hemp concrete was calculated to be 7.88 

ppm/hꞏm2. Completely opposite trends were observed for TVOC concentration, being the 

maximum levels recorded overnight. In this case, TVOC levels ranged from 0.19 to 3.62 ppm 

depending on the time of the day and the month. These results indicate that, in this type of 

buildings, the widespread use of CO2 as solely indicator of an acceptable IAQ would not be 

adequate and could result in the occupants’ exposure to high pollution levels.  

In the context of climate change, hemp concrete offers path to a greener construction industry 

and further studies should be conducted to better characterize the CO2 sequestration properties 

of hemp concrete and the potential benefits of this passive CO2 capture material. However, the 

unusual properties of innovative materials need to be considered when assessing IAQ. The 

results of this study highlight the importance, besides more traditional CO2 monitoring, of 

additional measurements for IAQ evaluation and identification of pollution emission sources. 

In some cases, ventilation strategies can be adapted based on CO2 levels but before taking this 

decision, a preliminary IAQ analysis needs to be performed.  
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ABSTRACT 
 
Climate change is a growing global concern and building stock, in particular, is responsible for the emission of 
greenhouse gases, largely due to its poor energy efficiency. This problem is especially serious in educational 
buildings, where it is necessary to encourage energy efficient retrofitting under the parameters of nearly Zero 
Energy Building (nZEB), an objective which in Europe has been set for 2050. This is expected to produce 
economic, energy saving, hygrothermal comfort and health-safety benefits. In addition, the recent COVID-19 
pandemic has shown the advisability of adding to the retrofit aims, ensuring good indoor air quality in spaces with 
high occupancy density and long stays, not only as a health and hygiene measure but also to minimize the socio-
economic and labor repercussions associated with disruption to face-to-face teaching activity. 
 
In recent years, field studies focused on environmental and energy conditions in educational centers have 
intensified. However, the selection of the study sample does not usually respond to statistical considerations. The 
first and principal objective of this work is to develop a database of public Secondary Education Centers (school 
ages between 14-18 years) in Andalusia, a large region covering the southern Spanish area of the Mediterranean 
zone, and to identify the archetypes that should be included in the study sample. The second main objective is to 
carry out a field study, in winter conditions, in a selection of the centers that conform to these archetypes, in order 
to ascertain the conditions of hygrothermal comfort and indoor air quality in the current pandemic situation. 
 
In order to meet the first objective, a multi-parametric statistical analysis has been carried out which includes 
typological, constructive and operational characteristics as well as climate zoning. To achieve the second objective, 
several variables of environmental comfort and indoor air quality are monitored in the classrooms of the schools 
selected. Multifunction measurement equipment with sensors is used for indoor air temperature, indoor relative 
humidity, levels of CO2 and particulate matter (PM). 
 
The analysis of the database shows that approximately 41% of the public Secondary Education Centers in 
Andalusia were built before 1979, prior to the implementation of the first regulations on energy efficiency in Spain, 
while 53 % were built between 1979 and 2006, with regulations that are far from the nZEB requirements. The 
solution used in 95 % of the centers is natural ventilation, failing to comply with current regulations in Spain and 
compromising the air quality inside the classrooms when thermal comfort conditions cannot be achieved naturally. 
The statistical analysis according to different parameters of a study sample of 200 centers resulted in the selection 
of 39 archetypal centers, 6 of which were distributed to represent each climate zone in Andalusia and selected as 
the subjects of field studies on indoor air quality and thermal comfort. The results show predictably good indoor 
air quality as a result of the Covid continuous natural cross-ventilation protocol, but also good thermal comfort 
due to the unusually high winter temperatures.   
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IAQ, thermal comfort, Mediterranean climate, natural ventilation, school monitoring 
1 INTRODUCTION 
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Global warming, the unprecedented environmental damage unequivocally caused by humans 
(IPCC, 2014), will have multi-scale repercussions in diverse fields, damaging ecosystem 
integrity (Wang et al., 2011) and human welfare. The building sector is currently responsible 
for 19% of greenhouse gas emissions (GHGs). Fortunately, increasing awareness of the scale 
of this global challenge among governments and international institutions has led to the 
establishment of goals such as the progressive reduction of emissions, aiming to almost 
completely reduce these by 2050, and minimizing the impact of human activities on the 
environment (European Green Deal 2019). The Energy Retrofit Program for Buildings, 
approved in 2021 in Spain, will invest 400 million euros in order to reduce energy consumption 
and CO2 emissions in the building stock aiming to meet the parameters of nearly Zero Energy 
Buildings (nZEB).  
 
In addition, another aim is to achieve a healthy indoor environmental quality in high occupation 
density and long stay spaces such as classrooms, thus reducing the socio-economic 
repercussions of the interruption of teaching activity, as recently experienced during the 
COVID-19 pandemic. The considerable benefits of the retrofitting of educational buildings 
include energy and economic savings, as well as student health, well-being and indoor comfort. 
 
Due to the pandemic, natural cross, distributed and constant ventilation in buildings has been 
encouraged (Jiménez Palacios et al., 2021). However, natural ventilation is not a reliable system 
for achieving indoor air quality in winter conditions, even in mild climates such as the 
Mediterranean (Alonso et al., 2021) as, in addition to depending on external environmental 
pollution, it generally leads to a lack of thermal comfort (Fernández-Agüera et al., 2019) or a 
considerable increase in energy consumption (Stabile et al., 2019). Poor indoor air quality 
(IAQ) in schools inevitably leads to an increase in allergy and asthma in users (Madureira et 
al., 2015; Newman et al., 2020), as well as to serious repercussions contributing to the decrease 
of academic performance (Petersen et al., 2016). Therefore, the successive regulations that have 
been in place in the region since 1998 require mechanical ventilation to guarantee indoor air 
quality in classrooms.  
 
The objectives of this work are two-fold: to identify the archetypes of public secondary schools 
in Andalusia and to carry out a field study in a selection of schools considered as archetypes to 
determine the main hygrothermal and air quality parameters in classrooms, in winter conditions 
and in a pandemic situation. 

 
2 METHODS 
 
In order to achieve these objectives, this work involves two main tasks: 

- To compile a database of a representative sample of public secondary schools in order 
to identify archetypes following statistical analysis. 

- To monitor the main hygrothermal and air quality parameters in classrooms of a 
selection of these archetypal centers in winter pandemic conditions. 

 
2.1 Identification of the archetypes of public secondary schools in Andalusia 
 
The selected area for the study is Andalusia, the southernmost region of Spain. The interest of 
this area lies in both its great size, approximately 8.75×106 ha, and the fact that it is the most 
populated region in Spain, around 8.5×106 people (18% of the total population in Spain). 
According to data from the Government of Andalusia there are 872 public secondary schools 
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in Andalusia and this is an indicator of the size of the database developed.  The clustering was 
established following different criteria: climate zoning; date of construction of the center and 
applicable regulations; typology of the centers; predominant orientation of the classrooms; 
constructive solutions of the envelope (facade, roof, openings and solar protection); and 
heating, ventilation and air conditioning (HVAC) systems.In addition to the large size of the 
database, the novelty is mainly related to the high number of criteria used for clustering, which 
makes the selection of archetypal centers for this and future research feasible. 
 
Climate zoning (Figure 1) is the first criterion considered to establish the initial sample size. 
According to current regulations in Spain, climate zoning is defined by a letter and a number, 
based on winter climate severity, classified from lowest to highest using A-E, and summer 
climate severity, specified from lowest to highest using 1-4. According to the Köppen climate 
classification system (Rubel et al., 2011), there is a predominance of Csa typology (warm 
summer Mediterranean climate), although other climate variants can be found, especially in the 
eastern part of the region, with semi-arid dry climates, even desert (Bsk, BSh, BWh), 
Mediterranean climates with cool or temperate summers (Csb, Csc) and even continental 
climates (Dsb, Dsc) (Agencia Estatal de Meteorología, AEMET, 2011). 
 

Figure 1. Map of climate zoning by municipalities in Andalusia. 

 
 

Table 1. Climate zoning of the full database of 
Andalusian centers with 872 schools.  

FULL DATABASE (872 IES) 

   Summer climate severity 

   1 2 3 4 

   0 % 0 % 53 % 46 % 
       

Winter 

climate 

severity 

A 20 % 0 0 149 24 

B 47 % 0 0 162 247 

C 29 % 0 0 120 134 
D 4 % 0 1 35 0 

Table 2. Climate zoning of the study sample 
with 200 schools. 

SAMPLE DETAILED DATABASE (200 IES) 

  Summer climate severity 

   3 4 

   52 % 48 % 
     

Winter 

climate 

severity 

A 22 % 44 0 

B 46,5 % 32 61 

C 31 % 28 35 

     

Table 1 shows the distribution of the total amount of centers in Andalusia according to the 
climate zone where they are located. As can be observed, the most representative zone is B4, 
with 247 centers (28%), followed by B3 (19%), A3 (17%), C4 (15%) and C3 (14%). 
 
Once this first clustering criterion was established, prior to applying the remaining criteria, the 
study sample was limited to a selection of 200 centers reproducing the distribution by climate 
zones of the complete sample (Table 2), while the variation of the total set of centers, for a 
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confidence level of approximately 90% and a 5% error margin of sampling, was unknown. The 
date of construction determines the minimum requirements and performance of the envelope 
and HVAC systems. Prior to 1979, there were no mandatory regulations on the thermal 
performance of the building envelope or on how to ventilate to control IAQ. After that date, the 
main regulations applicable to the construction of these educational centers were: 
 

 NBE-CT, 1979. This was the first regulation to consider the thermal transmittance and 
hygrothermal behavior of the building envelope elements and of the building as a whole, 
as well as the air permeability of the windows and doors. The main parameter limited 
was the overall coefficient of thermal transmittance of the building (KG). 

 CTE, 2006. The KG parameter was eliminated, and the limit transmittances of each of 
the envelope elements were substantially reduced compared to the previous standard. 

 CTE, 2019. This is the most recent update of the previous regulation. It re-established 
KG as the main parameter, although restricting it considerably to achieve the 
consideration of nZEB.  
 

Given the date of construction of the educational centers and these main normative regulations, 
three regulation building periods have been considered: before 1979; from 1979 to 2006; and 
after 2006. Table 3 shows a balanced distribution between the first two periods, with 41% of 
the schools built before 1979, without energy efficiency requirements, and 53% between 1979-
2006, with the NBE CT-79 requirements, which set few energy restrictions. The percentage of 
schools built according to CTE 2006 (7%) is not very representative and serves to illustrate the 
poor energy performance of school buildings in Andalusia in general. 

 

Table 3. Distribution of school buildings according to construction dates and climate zones. 

 REGULATION BUILDING PERIOD 
 

BEFORE 1979 1979-2006 AFTER 2006 Climate zones 

A3 21 48 % 22 50 % 1 2 % 

B3 4 13 % 23 72 % 5 16 % 

B4 26 43 % 31 51 % 4 7 % 

C3 11 39 % 16 57 % 1 4 % 

C4 19 54 % 13 37 % 3 9 % 

 81 (41 %) 105 (53 %) 14 (7 %) 

 
The next clustering criterion is the typological characterization of the schools (Figure 2). The 
most commonly used typology in the educational centers (79%) is CCC (Class-Corridor-Class) 
or CC (Class-Corridor) in different grouping variants: I, L or U. 
 

Figure 2. Morphological models of public secondary schools in Andalusia. 

Other criteria for clustering were the orientation of the classrooms, the proportion and geometry 
of the openings with respect to the facade and their solar protection, all classified according to 
climate zones. In A3, B4 and C3 the predominant orientation is southeast-northwest, in zone 
B3 it is northeast-southwest, while in C4 it is north-south. In all climate zones, the openings are 
medium-sized and, in general, occupy approximately 30% of the surface area of facades. The 
predominant type of solar protection in A3, C3 and C4 are blinds, while in B3 and B4 vertical 
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blades are used. As a final criterion for clustering, the ventilation mode and heating systems 
were taken into account. 95% of the schools have only natural ventilation. In climate severity 
zone B, 46% have a heating system, while in zone C this percentage rises to 88%. 

 
2.2 Monitoring 
 
Hygrothermal and air quality parameters were monitored inside representative classrooms of 
the archetypal schools selected. Temperature, Relative Humidity, CO2, PM2.5 and PM10 
measurements were taken using properly calibrated Sensonet Multisensor SW20 datalogger 
(Table 4).  
Subsequently, IAQ and hygrothermal comfort analysis was performed by comparing these 
measurements with the normative or recommended limit values of the different parameters 
(Table 4). Outdoor environmental conditions data were obtained from the AEMET. Sensors 
were placed in the central area of one of the interior walls of each classroom at a height of 1.5-
1.8 m (Figure 3) in order to avoid data distortions due to air flows and exposure to direct solar 
radiation. The individual schools were monitored for a two-week period, between the months 
of February and March. The results evaluate the environmental quality variables during the 
period of occupation, which is 7 hours a day in all the centers. The COVID protocol mentioned 
above, which was in place during the monitoring period, recommends natural cross-ventilation, 
being a highly relevant climatization factor. 
 

Table 4. Monitoring device characteristics and reference and regulatory values. 

Analysis 

field 
Parameter Units 

Limit 

range 
Accuracy 

Limit or Reference Values Regulations or 

recommendation 

IAQ 
analysis 

CO2 concentration ppm 0 to 5000  ±10 
900 ppm 1 Cat II UNE-EN 16798 

1000 ppm Pettenkofer number 

PM2.5 µg/m³ 0 to 1000  
±15 < 100 
±15 % > 100  

25 µg/m³ 
(WHO, 2021) 

PM10 µg/m³ 0 to 1000  
±15 < 100 
±15 % > 100  

50 µg/m³ 

Hygro-
thermal 
analysis 

Air temperature (T) ºC -20 to +65  ±0.5 24.8-19.8 ºC 2 26.7-20.8 ºC A3 Thermal comfort.  
Adaptive method: 
Left: 
(ANSI/ASHRAE 
Standard 55, 2010) 
Right: (UNE-EN 
16798-1, 2020) 

Relative humidity (RH) % 0 to 100  ±3 25.8-20.8 ºC 27.9-21.9 ºC B4 

Outdoor Air temperature ºC -40 to 65  ± 0,3 25.9-20.9 ºC 27.9-21.9 ºC B3 

Outdoor Relative 
humidity 

% 0 to 100 ± 3  24.4-19.4 ºC 26.7-21.0 ºC C4 

1 Assuming an outdoor CO2 value of 400 ppm. 
2 Comfort bands (according to the outdoor temperature ranges of each climate zone). 

 

Figure 3. Typical distribution of analyzed classrooms. Placement of sensors.  
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3 RESULTS AND DISCUSSION 

 
3.1 Resulting archetypes, case studies 
 
Once the 200 schools selected from the total amount were clustered, a multi-parametric graph 
was drawn up ( 
Figure 4) with the list of criteria described above. On this graph, the representative values for 
each criterion are marked with a horizontal bar in gray scale. A list of archetypes (between 7-
9) is thus obtained for each of the 5 climate zones and their characteristics are described (Table 
5). From this list, we chose to monitor 12 classrooms of these archetypal centers ( 
Table 6), reproducing the distribution shown in Table 2 as closely as possible: two centers in 
zone A3, two in zone B4, one in zone B3 and one in zone C4. 
 

Table 5. Archetype’s definition. All archetypes follow the CCC (Class-Corridor-Class) typology and have only 
natural ventilation systems. 

Archetypes 
Climate 

Zone 

Regulation 

building period 
Classroom orientation Classroom windows 

Solar 

protection 

Heating / 

Cooling 

systems 

9 centers A3 
(48%) before 1979 
(50%) 1979-2006 

(32%) Southeast-Northwest 
(30%) East-West 

Medium sized (30% of facade), 
square windows 

Blinds None 

7 centers B3 (72%) 1979-2007 
(34%) Northeast-Southwest 
(31%) East-West 

Medium sized (30% of facade), 
square windows 

Vertical 
blades 

Radiators 

8 centers B4 
(43%) before 1979 
(51%) 1979-2008 

(38%) Southeast-Northwest 
(26%) East-West 

Large sized (50% of facade), 
rectangular windows 
Medium sized (30% of facade), 
square windows 

Vertical 
blades or 
Blinds 

Radiators 

8 centers C3 
(39%) before 1979 
(57%) 1979-2009 

(57%) Southeast-Northwest 
Medium sized (30% of facade), 
square or rectangular windows 

Blinds 
(plus trees) 

Radiators 

7 centers C4 (54%) before 1979 
(31%) North-South 
(26%) Southeast-Northwest 

Medium sized (30% of facade), 
square windows 

Blinds Radiators 

 

Table 6. Summary of case study characteristics. All case studies follow the CCC (Class-Corridor-Class) 
typology and have only natural ventilation systems. 

School 

ID 

Climate 

Zone 

(Location) 

Regulation 

building 

period 

Classroom orientation 

(Dimensions) 

Classroom windows 

Solar protection 

Heating / 

Cooling 

systems 

Occupation 

profile 

IES 1 
A3 
(Malaga) 

NBE CT-79 
(1979-2006) 

Southeast-Northwest 
(6.1 x 9 m, h=3 m  
Area = 54.9 m2) 

2 four-leaf sliding windows,  
max. aperture 2x 2.25 m² 

Radiators 
30 students, 
5.5 m3/pers. 

(16 years old) 
Solar protection:  
Vertical blades 

IES 2 
A3 
(Malaga) 

None 
(Before 1979) 

Southeast-Northwest 
(6.2 x 9.2 m, h=3 m  
Area = 57 m2) 

2 four-leaf sliding windows,  
max. aperture 2x 2.35 m² 

None 
25 students, 
6.8 m3/pers. 

(13 years old) Solar protection:  
Blinds 

IES 3 
B4 
(Sevilla) 

NBE CT-79 
(1979-2006) 

Southeast-Northwest 
(5.8 x 7.9 m, h=2.75 m  
Area = 45.8 m²) 

5 two-leaf swing windows,  
max. aperture 5x 0.65 m² Radiators + 

Fans 

25 students, 
5 m3/pers. 

(16 years old) Solar protection:  
Horizontal blades 

IES 4 
B4 
(Sevilla) 

None 
(Before 1979) 

Southeast-Northwest 
(6.3 x 9.4 m, h=3.15 m 
Area = 59 m²)  

3 three-leaf sliding windows 
max. aperture 3x 0.95 m² Radiators + 

Fancoils 

28 students, 
6.6 m3/pers. 
(14 years old) Solar protection:  

Blinds 

IES 5 
B3 
(Dos 
Hermanas) 

NBE CT-79 
(1979-2006) 

East-West 
(5.9 x 8 m, h=3 m 
Area = 47.2 m²) 

3 two-leaf sliding windows 
max. aperture 3x 0.65 m² Radiators + 

Split AC  

28 students, 
5.1 m3/pers. 
(15 years old) Solar protection:  

Vertical blades 

IES 6 
C4 
(Córdoba) 

None 
(Before 1979) 

East-West 
(6 x 8.7 m, h=3 m 
Area = 52.2 m²) 

2 four-leaf sliding windows,  
max. aperture 2x 1.9 m² Radiators + 

Fans 

30 students, 
5.2 m3/pers. 

(18 years old) 
Solar protection:  
Blinds 
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Figure 4. Parallel coordinate multi-parametric graph for the selection of representative secondary schools in 
climate zone B4.  

 
* The educational centers selected correspond to the archetype selection in zone B4, as shown in Table 5. 

 
 
3.2 IAQ and Thermal Comfort in Archetypes 
 
Table 7 presents a summary of the results of the IAQ parameters obtained during the 7 hours 
of occupancy (school day) in two classrooms with opposite orientations in each of the 6 
archetypal centers. The regulatory or recommended limit values for the parameters are shown 
in Table 4. Suitable CO2 values were observed in all the case studies and are attributed to the 
application of the COVID protocol, which required continuous natural ventilation in the 
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classrooms. The average percentage of hours of the school day in which 1000 ppm is exceeded 
is very low. The centers located in climate zone B4 display the highest maximum values: 
between 7.9 and 22.4 %. All classrooms except one (SE of IES 3) are in category Cat I, which 
is the best level of IAQ as defined in UNE-EN 16798. Good results are also obtained for 
particulate matter, with PM2.5 and PM10 values during the school day below the reference 
values, this could be due to the reduction in levels of particulate matter pollution in recent years, 
as indicated by the National Air Quality Index of the Spanish Ministry of Ecological Transition 
and the Demographic Challenge. Understandably the worst PM values are found in Malaga 
(A3) which, according to the latest source, has higher ambient concentrations of these particles. 
However, the accuracy of measurements makes it difficult to make statements with a high 
degree of certainty.  

Table 7. Summary of IAQ analysis results. 
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CO₂ (ppm) PM2.5 (µg/m³) PM10 (µg/m³) 

mean 
max. 

mean min. 
average 

IAQ classification 
(based on UNE-

EN 16798) 

average | max daily 
% of hours over 

Pettenkofer number 

mean max. 
mean min. 

average 

average 
daily % of 
hours over 
25 µg/m³ 

mean max. 
mean min. 

average 

average daily 
% of hours 

over 50 µg/m³ 

IES 1 A3 

SE 
876.8 

Cat I 0.8 % 7.8 % 
28.0 

13.9 % 

33.5 
5.2 % 476.1 14.8 14.7 

625.3 20.6 23.4 

NW 
805.6 

Cat I 0.2 % 2.3 % 
24.8 

10.0 % 

31.8 
5.0 % 454.7 12.2 13.3 

602.0 17.6 20.9 

IES 2 A3 

SE 
750.2 

Cat I 0.0 % 0.0 % 
32.3 

9.1 % 

35.3 
1.1 % 461.8 14.6 15.7 

582.3 19.4 21.9 

NW 
985.4 

Cat I 3.4 % 12.5 % 

34.2 

15.7 % 

46.7 

2.1 % 468.8 15.1 16.7 
637.0 20.5 23.3 

IES 3 B4 

SE 
1,147.2 

Cat II 11.3 % 22.4 % 

15.0 
0.0 % 

16.1 
0.0 % 488.4 4.1 4.3 

788.8 8.6 9.0 

NW 
980.6 

Cat I 1.1 % 7.9 % 
14.6 

0.1 % 
15.8 

0.0 % 461.2 3.2 3.4 
695.6 7.7 8.0 

IES 4 B4 

SE 
1,142.8 

Cat I 6.9 % 16.8 % 

24.2 
2.4 % 

28.7 
0.0 % 451.2 13.0 14.5 

654.4 16.6 17.9 

NW 
998.8 

Cat I 2.1 % 12.3 % 

24.0 
2.4 % 

27.5 
0.0 % 452.7 15.3 16.3 

693.7 18.8 20.4 

IES 5 B3 

E 
1,126.8 

Cat I 3.9 % 10.1 % 
26.0 

12.5 % 

29.0 
0.0 % 400.0 15.4 16.4 

568.3 19.3 21.1 

W 
952.3 

Cat I 1.4 % 10.1 % 
24.3 

1.0 % 
26.4 

0.0 % 400.0 13.7 15.1 
560.4 17.2 18.7 

IES 6 C4 

E 
963.0 

Cat I 3.4 % 6.7 % 
6.0 

0.0 % 
6.0 

0.0 % 466.5 0.0 0.0 
600.6 1.7 1.7 

W 
789.0 

Cat I 0.0 % 0.0 % 
16.0 

0.0 % 
17.0 

0.0 % 409.0 9.0 9.0 
528.2 13.4 14.6 

The most relevant values are shown in bold type. 
Class orientation: Southeast (SE), Northwest (NW), East (E) and West (W) 

 
Table 8 shows a summary of the thermal comfort evaluation data for each of the centers 
analyzed over a one-week period (35 school hours). The outdoor temperature ranges vary 
slightly in each climate zone, with margins of 7.7 to 4 ºC between maximum and minimum, 
respectively. The comfort bands therefore vary according to the location of each center and the 
method used (Table 4). The indoor thermal variation between the different climate zones is 5.8 
to 3.8 between maximum and minimum, respectively. Good results are obtained, with the 

799 | P a g e



exception of the classrooms in zone A3, with weekly discomfort percentages between 70 and 
86 %. These good overall values are due to the unusually high winter temperatures which 
occurred during the monitoring campaign (Table 8). However, it can be seen that in the centers 
with higher percentages of hours in discomfort, this is due to temperatures below the lower 
limit of the comfort band. The comfort model proposed by ASHRAE is less restrictive, since 
the comfort band, although narrower, is obtained from monthly average temperatures and not 
daily as in the case of UNE 16798. 

Table 8. Summary of thermal comfort analysis data. 
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IES 1 A3 
Southeast Class 

17.9 14.8 11.2 

21.4 20.6 19.5 0 % 5 % 5 % 0 % 70 % 70 % 

Northwest Class 21.3 20.5 19.7 0 % 2 % 2 % 0 % 86 % 86 % 

IES 2 A3 
Southeast Class 22.5 21.4 20.3 0 % 0 % 0 % 0 % 15 % 15 % 

Northwest Class 23.3 21.5 20.4 0 % 0 % 0 % 0 % 17 % 17 % 

IES 3 B4 
Southeast Class 

25.6 18.1 10.2  

25.3 23 20.5 0 % 4 % 4 % 0 % 17 % 17 % 

Northwest Class 24.3 21.5 18.7 0 % 31 % 31 % 0 % 61 % 61 % 

IES 4 B4 
Southeast Class 27.1 24.6 22.3 13 % 0 % 13 % 0 % 0 % 0 % 

Northwest Class 25.7 23.8 21.3 0 % 0 % 0 % 0 % 3 % 3 % 

IES 5 B3 
East Class 

25.6 18.2 10.6 
25.8 23.7 18.9 0 % 6 % 6 % 0 % 13 % 13 % 

West Class 24.7 23.2 18.5 0 % 5 % 5 % 0 % 15 % 15 % 

IES 6 C4 
East Class 

19.1 14.1 7.2 
24.3 22.1 19.9 0 % 0 % 0 % 0 % 15 % 15 % 

West Class 24.4 22.5 20.3 1 % 0 % 1 % 0 % 1 % 1 % 

The most relevant values are shown in bold type. 

 
 
4 CONCLUSIONS 
 
This research follows a statistical approach for the analysis of the archetypes of public 
secondary schools in Andalusia, a large region in southern Spain where different variants of the 
Mediterranean climate can be found. After clustering according to different parameters, up to 
39 archetypes were obtained with a distribution of between 7 and 9 centers for each of the 5 
most representative climate zones. The most significant parameters show that, in all the 
representative climate zones of the region, the centers are organized following the CCC (Class-
Corridor-Class) typology. In addition, 41 % of the sample was built before 1979 and therefore 
was not in compliance with any regulations related to energy efficiency or ventilation. 
Furthermore, given that 53% of the sample was built between 1979 and 2006, under the NBE 
CT-79 regulations, mechanical ventilation systems are present in 5% of this sample. The field 
study conducted in 6 of these archetypal centers, under winter conditions, results in generally 
good values for IAQ parameters, obtaining maximum CO2 concentration values between 1126 
and 1147 ppm and a maximum daily percentage of hours above the 1000 ppm of 22% in zone 
B4. These good results are mainly due to the COVID continuous natural cross-ventilation 
protocols in place during the monitoring period. Although this requirement for natural 
ventilation to achieve indoor air quality in classrooms should have produced unfavorable results 
for hygrothermal comfort, the fact is, that in general, except in climate zone A3, low results are 
obtained for the percentage of hours of discomfort, mainly due to the unusually high winter 
temperatures.  
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ABSTRACT 
 

The Performance 2 project (2020-2024) is a French national research project that aims to evaluate the robustness 

of Humidity-based DCV systems installed in two multi-family dwellings more than 10 years ago. This evaluation 

include analyses of results of measurements performed on the ventilation system and IAQ campaigns in 13 

dwellings. As the emissions of indoor pollutants strongly depend on the occupant’s behavior, information is 

required regarding the activities and habits of the occupants during the IAQ campaigns. The occupants often judge 

this information very intrusive and too big. Moreover, some bias may exist in the occupant’s response who may 

give answers that they judged more socially desirable that the real answer. In Performance 2, an important 

preparation has been made with the participation of a researcher in social psychology, in order to define tools to 

obtain reliable information from occupants. As the information given to the occupants and the time when it is done 

may strongly influence the occupants’ behavior during the measurement campaign, a reflection has also been 

conducted to limit the bias due to this behavior changing.  

This paper presents the methodology tested in Performance 2 IAQ campaigns on 14 dwellings. It proposes in a 

second part an analysis of the results of the first IAQ campaign of Performance 2 (winter 2021-2022). This analysis 

regards the quantity of answers collected (including response rate to the weekly log and the duration of the 

interviews) and the quality of the answers (including variability of the answers and comparison between 

observations and answers). As the measurements are performed during a strong COVID wave, the IAQ perception 

of the occupants, and thus their behavior, may be influenced by the sanitary situation.  

 

KEYWORDS 
 

IAQ campaign, occupants, interview, information reliability 

  

1 INTRODUCTION 

 

1.1 Performance 2 project presentation 

 

Winner of the call for projects of ADEME "Towards responsible buildings – 2020 edition", 

Performance 2 project aims to qualify the durability of smart ventilation systems with humidity-

based demand-controlled ventilation (Guyot et al. 2022), and especially their resiliency 

regarding long-term use by various tenants. This study relies on various on-site measurements 

(flow rates and pressure in air ducts, CO2, relative humidity, temperature, VOC, formaldehyde 
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and particles) in two multi-family buildings. These buildings, one in Paris and the other in 

Villeurbanne (near Lyon), were monitored since their construction during the 2007-2010 

Performance project. The measurements are taken from in situ sensors in the air terminal 

devices (directly inside the ATD and with circuit board near the ATD), and additional air quality 

sensors arrays in the living areas of the housing units (living room and bedroom) and outside 

(on the roof of the buildings). This program includes 4 different technical tasks: 

 On-site winter campaign: measurements in the dwellings of ventilation performance, 

the comfort parameters, and the indoor air quality, with interviews of the tenants; 

 Laboratory campaign: evaluation of the air terminal devices’ performance before and 

after cleaning, calibration of the sensors and study of the reliability of the indoor air 

quality sensors; 

 Results analysis: assessment of the performance of the ventilation systems regarding 

indoor air quality, energy input, and their robustness compared to their use by the 

tenants; 

 Development of technical recommendations, with a possible inclusion of such 

recommendations into IAQ regulations. 

 

1.2 Campaign preparation work – the key role of the tenants 

 

When indoor pollutants measurements are performed, the analysis of the results requires 

information on the possible sources of these pollutants, including but not limited to: floorings, 

walls and ceilings, furniture, heating and air conditioning systems, and human activities such 

as cooking, cleaning, personal care, craft work, use of ambient scents… It is also important to 

gather information on the habits of the tenants regarding how often they open their windows. 

Feedback from previous such campaigns shows that it is often hard to get reliable and complete 

information, in part because the questions are seen as intrusive. To alleviate such psychological 

holdbacks, the teams in charge of the interviews worked with a social psychology researcher to 

develop three tools: 

 A technical questionnaire on the dwelling itself, to be filled by the Cerema teams while 

in the dwellings, with a simple visual check, 

 A weekly log to be filled by the tenants during the duration of the measurements, with 

easily readable tables and checkboxes to avoid having to write more than the bare 

essentials, 

 An interview guide, with questions written in the most open way to avoid biasing the 

answers of the tenants. 

 

Those documents have been used during the campaigns on the two buildings. In this paper, we 

first present the two documents we develop to obtain information regarding occupants’ 

behavior during the IAQ campaign. We analyzed the answers we have obtained regarding the 

answers rate and the spread of the results for the 13 apartments of the Performance 2 project. 

Then, we present first results of the cross analysis of data from occupants answers and from 

IAQ measurements.  

 

2 DEVELOPMENT OF TOOLS TO GATHER INFORMATION REGARDING 

OCCUPANTS’ BEHAVIOR DURING IAQ CAMPAIGN 

 

2.1 The weekly log 

 

The on-site campaigns regarding IAQ in the Performance 2 project have been carried out for 2 

weeks for each of the 13 apartments. On the first day for each apartment, when the project team 

installed the IAQ sensors, they briefly presented the aim of the campaign without detailed 
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explanation in order to limit their impact on the occupants’ behavior. They also presented the 

weekly log that the occupants have been asked to fill during the 2 weeks of the campaign. The 

data collected through this log will be necessary to interpret the results of IAQ measurement. 

In particular, they are important to identify the pollutants sources and the occupants’ impact on 

the ventilation system functioning. In various previous IAQ campaigns, weekly logs have been 

used but most of the time, very few data have been collected because 1- they included two many 

questions and too many tables to complete, and 2- because the occupants refused to give 

information they judged too intrusive. In the Performance 2 project, we collected some of these 

existing logs and we improve them with the participation of a social psychology researcher. 

Thus, the weekly log we propose for the first IAQ campaign of Performance 2 includes five 

parts dedicated to five types of action that may have a strong impact on the IAQ: 

 

 Cooking 

The objective of this part is to know when the occupants have cooked, and what type of 

pollutants they may have produced. Thus, in order to simplify the answers, we identify four 

type of cooking: 

o Steam baking: for all types of cooking that will essentially produce water vapor 

and particles; 

o Frying 

o Hoven and microwave  

o Accidental burn 

We propose a table with these 4 types of cooking, with 2 time slots per day (Table 1). 

 

Table 1: Weekly log extract - Cooking section 

 
 

 Housework 

As for the cooking part, the elements we need to collect here are when the occupants have done 

housework, and what type of pollutants they may have produced. As this information might 

vary a lot from one day to another, and strongly depends on the type of housework they did and 

the type of products they used, we decide to simplify this part asking only to put a cross in the 

corresponding room for each day they did housework. More information will be collected later 

during the interview. 

 

 Bathroom use 

This part is the most intrusive one: we need to know when they produce vapor and pollutants, 

that means when they take a shower or a bath, and when they use cosmetics. As another day-

table to complete may demotivate the occupants, we propose to complete a table describing 

their weekly routine for each occupant (Table 2). Regarding the cosmetics, we ask only to 

indicate when they used a product in spray (with potentially a lot of aerosol pollutants) or a 

product like a cream (with less emission). The information may be less detailed, but it is better 

to obtain this information than an empty table and may be completed during the interview.  
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Table 2: Weekly log extract - Bathroom section 

 
 

 Apartment airing 

We propose here another day-table, in order to collect data regarding when the occupants aerate 

one room. We need to collect for each day, the times and the duration. To simplify, we ask to 

cross the column “less than 5 minutes” or “more than 5 minutes” (Table 3). 

 

Table 3: Weekly log extract - Airing section 

 
 

 

 Activities of do-it-yourself and hobbies  

In this part, we need to collect all others actions from the occupants that may 

significantly affect the IAQ. We ask the occupants to indicate if they did a DIY activity, 

painting, if they used perfumed candles or incense, if they did sporting activities in their 

apartment or other activities that they think may produce pollutants (leisure or manual 

activities).  

 

When the log was presented to the occupants, different techniques has been used to motivate 

the occupants to complete the log: 
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 Ensure that the data will be analyze using statistic tools, thus they are anonymous; 

 Explain that we need to know what the occupants do to analyze the result, and that there 

is no good or bad answers, no judgment; 

 Before leaving, the project team should have the engagement of the occupants to 

complete the log. 

 

2.2 The interview 

After 2 weeks of IAQ campaign in each apartment, the project team did come back to remove 

the IAQ sensors. They spend time with the occupants to conduct an interview in order to collect 

more information. First, the project team explained in detail the objective of the project, which 

is to evaluate the performance on the ventilation system: the IAQ measurements are a tool to 

perform this evaluation, and thus the information we need will be only used to analyze the 

functioning of the ventilation system. The social psychology researcher has advices us to insist 

on the presentation of the campaign that aims to produce data regarding the comfort and the 

quality of the apartment. It is important to explain to the occupants that there is not good or 

wrong answers, and that the object of the study is the ventilation system, and not them. 

 

Then, many questions have been prepared regarding: 

- the occupants (including people, animals and plants), equipment (extra heating system, 

air cleaner) and renovation of the apartment; 

- use of chemicals /cosmetics / cleaning products; 

- furniture and soil/wall surfacing; 

- cooking; 

- laundry and shower/bath; 

- airing and ventilation; 

- general comfort. 

 

To avoid influencing the answers, list of answers to cross are not used directly: we ask about 

the difficulty to maintain clean furniture to obtain clue regarding the frequency of the cleaning, 

or about the noise and the odors to obtain information regarding airing. Moreover, depending 

on the occupants’ answer to one question, the project team is free to add new questions or to 

pass some others: the interview guide has to be adjusted to each situation.  

 

 

3 ANALYSIS OF THE INFORMATION FROM OCCUPANTS’ DECLARATIONS  

 

3.1 Presentation of the 13 apartments and their occupants 

The IAQ campaign of the Performance 2 project has been carried out in 13 apartments: 

 7 apartments are located in a social multi-family buildings in Paris, built in 2007.   

 6 apartments are located in a social multi-family building in Villeurbanne (near Lyon), 

built in 2007. 

The construction of both buildings took place during the Performance 1 project, meaning that 

the occupants living in these buildings since their construction were aware of the quality 

management approaches regarding envelope airtightness and ventilation that have been tested 

on these buildings.  

Then, they have been contacted at the beginning of Performance 2 to ask them to participate to 

this new project. Moreover, the team project came 2 times before the on-site IAQ campaign: 

first to remove the ventilation air terminal devices and then to put them back after a laboratory 

campaign. Thus, the occupants’ behavior regarding the ventilation system might be impacted 

by their participation to Performance and Performance 2 projects. Moreover, the on-site 

campaign happened during the pandemic, during the third Covid wave in France, when the 
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Medias have raised awareness of the importance of airing and ventilation in buildings. This 

situation may induce another bias in the occupants’ behavior. Table 4 presents for each 

apartments the number of occupants and their age ranges.  

Table 4: Information regarding occupants 

Building Apartment Number of 

occupants 

Age range 

Villeurbanne 

Villeurbanne 

1 

2 

1 

1 

50 years 

40 years 

Villeurbanne 

Villeurbanne 

3 

4 

1 

1 

50 years 

30 years 

Villeurbanne 

Villeurbanne 

Paris 

Paris 

Paris 

Paris 

Paris 

Paris 

Paris 

5 

6 

7 

8 

9 

10 

11 

12 

13 

4 

7 

4 

4 

4 

6 

2 

4 

4 

Adult – Adult – 9 – 5 years 

50 – 50 – 18 – 17 – 15 – 6 – 3 years 

50 – 50 – 20 – 18 years 

50 – 50 – 20 – 19 years 

50 – 45 – 20 – 15 years 

55 – 55 - 30 – 20 – 15 – 10 years 

65 – 30 years 

65 – 60 – 21 -20 years 

40 – 40 – 3 -1 years 

 

We have collected 12 weekly logs for 13 apartments: one occupant has refused to fill in the 

document. Thus, in the next parts of this paper, 12 weekly logs and 13 interview answers have 

been analyzed. 

 

3.2 Completeness of the documents 

The weekly log has been fill in by the occupants during the 2 weeks of the IAQ campaign, 

without the presence of the project team. The filling of this document varies a lot from one 

apartment to another. It depends on the use of the apartment (if the occupants cook or not, if 

they eat at home or not, if they open often their windows, etc.) and on the rigor with which the 

occupants have completed the weekly log. Figure 1 represents for each apartment the average 

number of meals per day declared in the weekly log: it varies from 1.36 (in this case, we can 

consider than the great majority of the meal cook / eat in the apartment has been correctly 

declared in the log) to 0.0 (we can consider than the log has not been correctly completed). 

 

 

Figure 1: Daily average of meals declared in the weekly log 
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For the bathroom part, we asked occupants to describe their routine, thus we expected one 

routine per occupant. As we can see in Figure 2, for some apartments, we obtain routine for less 

occupants that the number declared during the interview. That means that there are missing data 

in the log (we observe one exception: for apartment 8, we have more “occupants” in the log 

that in the interview – it is because the occupants have declared the showers they gave to their 

dog in the log). 

 

 

Figure 2: Comparison between occupancy declared in the weekly log and during the interview 

 

 

 

3.3 Data consistency 

 

 Airing during housework 

The interviews have been conducted after the 2 weeks IAQ campaign for each apartment. As 

the questions have been directly asked by the project team, we obtained more answers and more 

details than from the weekly log. The interview includes questions regarding the weekly log 

topics. Thus, we have compared some answers from the two documents for some questions, in 

order to have some clues regarding the reliability if the answers.  

During the interview, we ask the occupants about their habit regarding airing when they do 

housework. In the weekly log, we have information regarding when they opened a window in 

each room, and when they did housework. Thus, when occupants declared that they opened a 

window during housework, we verify the correspondence with their declaration regarding 

airing and housework in the weekly log. For the apartment 6, we see in Figure 3 than for day 

10 and 11, they did housework but they did not open a window in the rooms that day. For the 

apartment 11, we observe the same situation on day 2. These three situations mean either that 

the occupants have forgotten to fill the weekly log regarding airing for these days, or they did 

not automatically open the window in the room when they did housework as they have declared 

in during the interview (as we do not have the time when they did the housework, we cannot 

know if the airing was done at the same time that the housework).  
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Figure 3: Occupants’ weekly declaration regarding airing and housework for 2 apartments 

 

 

 Number of showers/baths declared per occupant 

For shower and bath declaration, we observe a large variability of the daily number of shower 

and bath declared by each occupant in all apartments (Figure 4).  

One of the most intrusive questions according to the occupants’ feedback is their routine in the 

bathroom. Even if it is not recommended for medical reason to take a shower every day, in 

order to provide judgement in a cleanliness matter, some people would rather declare a daily 

shower, even if this is not the true. Others might forget one or several showers or bath if they 

have filled in the log at the end of the week for example. Thus, we are not able to get the true 

information for each occupant.   

 

J1 J2 J3 J4 J5 J6 J7 J8 J9 J10 J11 J12 J13 J14 J15 J16

Living room - Apt6

Housework Airing

J1 J2 J3 J4 J5 J6 J7 J8 J9 J10 J11 J12 J13 J14 J15 J16

Bedroom - Apt6

Housework Airing

J1 J2 J3 J4 J5 J6 J7 J8 J9 J10 J11 J12 J13 J14 J15 J16

Living room - Apt11

Housework Airing

J1 J2 J3 J4 J5 J6 J7 J8 J9 J10 J11 J12 J13 J14 J15 J16

Bedroom - Apt11

Housework Airing
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Figure 4: Daily use of the bathroom depending on the occupants 

 

 

4 COMPARAISON BETWEEN OCCUPANTS’ DECLARATION AND 

MEASUREMENTS RESULTS 

 

The objective of the collect of the occupants’ data is to better analyze the measurements data, 

especially to understand VOC concentration. However, we can use the measurements data to 

get some clues regarding the reliability of the occupants’ data. Indeed, the analysis of the CO2 

concentration and the relative humidity evolution may let us identify airing. Thus, in Figure 5, 

we draw CO2 and RH during one day, and we indicate the declared airing. For this day and this 

apartment, we observe a perfect correlation between the declared data and the measurement 

data. As we have just collected the measurements data, the same analyses for all days and all 

apartments have not yet been performed: it will be done as a first verification. 

 

 

Figure 5: Correlation between declared airing, and CO2 and RH in one apartment for one day 
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5 CONCLUSIONS 

Two tools have been developed during the Performance 2 project in order to collect data 

regarding occupants’ behavior during the first IAQ campaigns in 13 dwellings:  

- A weekly log including cooking, housework, bathroom use, airing, and do-it-yourself 

sections; 

- An interview guide with questions written in the most open way to avoid biasing the 

answers of the tenants. 

The filling of the weekly log varies a lot from one apartment to another, depending on the use 

of the apartment and on the rigor with which the occupants have completed it. In particular, 

data regarding the bathroom use are intrusive and some occupants might be unwilling to fill in 

this section.  

The cross analysis of some measurements data and occupants’ declaration, as for example the 

CO2 and RH levels and the declared airing may give some clues regarding the reliability of the 

data from the weekly log. It will be performed for all apartments of the Performance 2 projects. 

From occupants’ feedback and first analysis of the weekly log and interviews answers, the 

documents and the methodology will be improved and then be tested during the second IAQ 

campaign of the Performance 2 project by the end of 2023. 
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SUMMARY 
 

Energy transition and digital transformation have become real performance drivers across all markets. But they 

also frequently raise complex questions when it comes to taking action. Digitization and technology to realize 

healthy, energy-neutral and circular buildings will ask for specialist knowledge for interesting markets. This will 

create great opportunities for our joint customers, employees and other stakeholders.  
SPIE and its fellow companies in the sector play a crucial role in the global challenge of the energy transition. A 

challenge that has been present for some time now is the shortage of the employer factor: labour force. “On the 

one hand, we as an industry must try to make the profession attractive by showing that we are an essential link in 

the world in which we work and live. We are working on major social tasks such as the energy transition and that 

you as an employee can contribute to this by, for example, helping to build a CO2-neutral factory or connecting a 

wind farm to our electricity grid.  
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